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Abstract The extent to which genetic divergence can
occur in the absence of physical barriers to gene Xow is cur-
rently one of the most controversial topics in evolutionary
biology, with implications for our understanding of specia-
tion, phenotypic plasticity and adaptive potential. This is
illustrated by a recent study reporting a surprising pattern of
genetic diVerentiation between intertidal and subtidal mor-
photypes of the broadcast-spawning Antarctic limpet
Nacella concinna. To explore this further, we collected
almost 400 Antarctic limpets from four depths (intertidal, 6,
15 and 25 m) at Adelaide island, Antarctica, and conducted
a combined morphometric and genetic analysis using 168
polymorphic ampliWed fragment length polymorphism
(AFLP) loci. Morphological analysis revealed not only pro-
nounced diVerences between the two morphotypes, but also
a continuous cline in shell shape from the intertidal zone
down to 25 m depth, suggesting that the distinction
between the morphotypes may be artiWcial. Moreover,
genetic analysis using both Fst and a Bayesian analogue
found no evidence for diVerentiation either between the two
morphotypes or by depth, and a Bayesian cluster analysis
did not detect any cryptic genetic structure. Our Wndings
lend support to the notion that limpets can be phenotypi-

cally highly plastic, although further studies are required to
determine unequivocally whether there is any genetic basis
to the observed variation in shell morphology.

Introduction

Marine rocky shores are highly heterogeneous, physically
stressful environments characterised by strong environmen-
tal gradients in a variety of abiotic variables including tem-
perature, ultraviolet irradiation, salinity and wave action
(Menge and Branch 2001). These gradients not only shape
community structure but are also capable of generating
strong patterns of divergent selection within species, with
the potential to initiate genetic divergence even in the face
of substantial gene Xow. An interesting example (reviewed
by Johannesson 2003; Butlin et al. 2008) is provided by the
periwinkle Littorina saxatilis, a direct-developing gastro-
pod that inhabits rocky shores throughout Europe. This
species possesses two distinct morphotypes: a large, thick-
shelled form with a narrow aperture that is adapted to crab
predation at sheltered sites and a smaller, thin-shelled
morph with a larger foot area that is found in more wave-
exposed areas where crabs are largely absent. Here, strong
disruptive selection appears to have generated partial barri-
ers to gene Xow (e.g. Wilding et al. 2001; Rolán-Alvarez
et al. 2004; Panova et al. 2006; Galindo et al. 2009) that are
reinforced by assortative mating (Pickles and Grahame
1999; Rolán-Alvarez et al. 1999; Hollander et al. 2005).

In contrast, although gamete recognition proteins might
in principle allow assortative mating in broadcast-spawning
species (Palumbi 1999; Swanson et al. 2001), it is unknown
how widely this might occur. Moreover, long-lived plank-
tonic larvae facilitate long-distance transportation by ocean
currents but also greatly reduce the potential for Wne-scale
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genetic structure. Consequently, it is widely believed that
broadcast-spawners recruit from a common gene pool,
thereby constraining them to adapt to local conditions
through phenotypic plasticity (Johannesson 2003). This is
consistent with two studies of the planktonic-developing
periwinkle Littorina striata (now a synonym of Tectarius
striatus) that were unable to distinguish genetically
between two diVerent shell morphotypes; a nodulose form
inhabiting wave-sheltered sites and a smooth form domi-
nating more exposed shores (de Wolf et al. 1998a; de Wolf
et al. 1998b). However, a recent genetic study of the
Antarctic limpet Nacella concinna (Strebel 1908) by de
Aranzamendi et al. (2008) suggests that this generalisation
might not hold for all broadcast-spawning species.

Nacella concinna is one of the most abundant inverte-
brates found in the Antarctic marine environment, occur-
ring from the intertidal zone (Walker 1972) down to depths
of over 100 m (Powell 1951). This species is a broadcast-
spawner that reproduces between mid November and mid
December (Picken 1980, Stanwell-Smith and Clarke 1998).
Juvenile recruitment occurs from late January through to
March, the eggs require around 8 days from fertilisation to
hatching at 0°C and the free-swimming planktonic veliger
larval stage lasts for 1–2 months (Bowden et al. 2006). Two
distinct N. concinna morphotypes have long been recogni-
sed; an intertidal ‘polaris’ form and a subtidal ‘concinna’
type found below 4 m depth (Strebel 1908; Powell 1951).
The intertidal morphotype has a taller and heavier shell,
whereas the subtidal morphotype has a lighter, Xatter shell
that is usually microscopically ‘scalloped’ due to grazing
by other limpets on encrusting endolithic algae (Strebel
1908; Powell 1951; Nolan 1991; De Aranzamendi et al.
2008; Weihe and Abele 2008). The two morphotypes also
diVer in important physiological traits such as tolerance to
experimental deep freezing (Waller et al. 2006) and meta-
bolic response to air exposure (Weihe and Abele 2008).
These diVerences represent a remarkable suite of adapta-
tions to a strong environmental gradient characterised by
variation in periodic tidal emersion, ambient temperature,
humidity, oxygen availability, ultraviolet irradiation and
physical disturbance from ice (Menge and Branch 2001;
Peck et al. 2006).

Numerous authors have speculated that the two morpho-
types could be genetically distinct populations (e.g. Nolan
1991; Beaumont and Wei 1991; de Aranzamendi et al.
2008; Weihe and Abele 2008). However, this seems
unlikely given this species’ broadcast-spawning life history
and the fact that considerable levels of phenotypic plasticity
have been reported in several temperate limpet species (e.g.
Moore 1934). Moreover, the intertidal morphotype is also
migratory, moving seasonally between the intertidal and
subtidal zones (Walker 1972). Nevertheless, two indepen-
dent molecular studies have sought to determine whether

the two morphotypes are genetically diVerentiated. The Wrst
by Beaumont and Wei (1991) used Wve polymorphic allo-
zyme loci to compare intertidal and subtidal populations
from the South Orkney Islands and Stromness, South Geor-
gia. No diVerences were found between the two morpho-
types, but this could be attributable to low levels of genetic
polymorphism, with the loci used possessing on average
only three alleles. In contrast, a more recent study by de
Aranzamendi et al. (2008) using inter-simple sequence
repeat (ISSR) markers reported statistically signiWcant
genetic diVerences between the two morphotypes when
sampled from three populations within Potter Cove on the
South Shetland Islands. To account for their results, they
proposed an intriguing mechanism in which, although the
two morphotypes have overlapping spatial distributions for
much of the year, vertical migration of the intertidal mor-
photype from the subtidal into the intertidal zone prior to
reproduction prevents cross-fertilisation from occurring.
These authors further speculated that the magnitude of
genetic divergence between the two morphotypes should
vary with the heritability of migratory behaviour, with high
heritability favouring the Wxation of genetic diVerences and
low heritability allowing gene Xow and thus maintaining
species cohesion.

If veriWable, de Aranzamendi et al.’s (2008) Wnding
would make an important contribution to our understanding
of non-allopatric genetic divergence. However, with very
little being known about either larval behaviour or the
extent to which water layers from diVerent depths mix, it is
unclear whether vertical separation at spawning could pres-
ent a suYciently strong barrier to gene Xow to allow the
two morphotypes to diverge. Moreover, de Aranzamendi
et al.’s (2008) sample size was small, comprising a total of
108 individuals distributed over three populations and three
depths, and only 35 polymorphic binary loci were analysed.
The reported genetic diVerences between the two morpho-
types were also undetectable in all but one of the popula-
tions using Fst and could only be found using a Bayesian
approach.

AmpliWed fragment length polymorphisms (AFLPs) are
well suited to the study of population structure, being pre-
dominantly nuclear in origin and readily ampliWable across
a range of both prokaryotic and eukaryotic taxa. Impor-
tantly, they combine high reproducibility with the potential
to screen large numbers of loci (Vos et al. 1995; Mueller
and Wolfenbarger 1999; Bensch and Akesson 2005) and
are also capable of resolving even extremely small genetic
diVerences (Maughan et al. 1996). Consequently, they are
rapidly becoming one of the most popular tools for genetic
analysis in the Welds of evolutionary and conservation
genetics (Caballero et al. 2008).

Herein, we report the results of a combined morphological
and AFLP analysis of almost 400 N. concinna individuals
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sampled at Adelaide Island, Antarctica. Our primary aim
was to determine whether the two morphotypes represent
genetically divergent populations, as suggested by de
Aranzamendi et al. (2008). However, previous authors pro-
posed the existence of the two morphotypes on the basis of
only comparing samples from intertidal and subtidal locali-
ties (Strebel 1908; Powell 1951), whereas physiological
diVerences have also been observed between subtidal
limpets from 6 m and 25 m depth (S. Morley, personal
communication). Therefore, to allow the evaluation of
ecological factors that vary with depth both across the inter-
tidal zone and subtidally, we sampled individuals from four
diVerent depths along a linear transect. We then tested for
genetic diVerentiation both between the intertidal and
subtidal morphotypes and also by depth.

Materials and methods

Study site and specimens

The aim of this study was to analyse not only the two dis-
tinct morphotypes, but also to study a more extensive depth
proWle. Consequently, we collected 96 N. concinna individ-
uals from each of four diVerent populations (total n = 384
specimens) along a linear transect at South Cove, adjacent
to Rothera research station on Adelaide island on the Ant-
arctic Peninsula (Fig. 1). The intertidal morphotype was
sampled from the intertidal zone, while the subtidal mor-
photype was represented by three diVerent populations col-
lected at 6, 15 and 25 m depths. The specimens were
collected during the austral summer of 2008 either by hand
from the inter-tidal region or by SCUBA divers. The ani-
mals were immediately shucked, foot tissues were excised
from each limpet and stored in 95% ethanol for subsequent
genetic analysis and the shells were allowed to dry over-
night and stored in individually labelled plastic bags.

Collection and analysis of morphological data

Shell length (L), breadth (B) and height (H) were measured
to § 0.01 mm using vernier callipers and shell dry mass
(M) was recorded to the nearest 0.1 mg. Shell thickness (T)
was then estimated as M divided by shell surface area, cal-
culated by applying the standard formula for a cone using
the above measurements. To simultaneously visualise both
allometric and depth-related patterns of morphological var-
iation, L was plotted against M, H, T and B on a log–log
scale. Next, to determine whether any of these parameters
diVered signiWcantly between the two morphotypes, we
used the program R (R development team 2005) to con-
struct general linear models (GLMs), Wtting L as a continu-
ous variable, morphotype as a factor with two levels, and

the L: morphotype interaction. H, M and T were log trans-
formed prior to analysis, which improved normality. Using
standard deletion-testing procedures (Crawley 2002), each
term was then sequentially dropped from a model unless
doing so signiWcantly reduced the amount of deviance
explained (deviance is analogous to sums of squares in
standard regression analysis). The change in deviance
between full and reduced models should be distributed as �2

with degrees of freedom equal to the diVerence in degrees
of freedom between the models with and without the term
in question. Distributions of standardised residuals about
regressions were inspected to verify that they were approxi-
mately normally distributed. These analyses were also
repeated after restricting the dataset to the three subtidal
populations, this time Wtting L as a continuous variable,
depth as a factor with three levels, and the L: depth
interaction.

To compare the two-dimensional shell outlines of the
individuals, we next used Fourier shape analysis as devel-
oped and explained by Crampton and Haines (1996). This
approach decomposes an outline contour into a number of
basic waves termed harmonics, each of which is in turn
explained by two respective Fourier coeYcients. The more
harmonics, and therefore Fourier coeYcients calculated,
the more accurate the description of the outline will be.
Each shell outline is so described by a set of Fourier coeY-
cients that can be statistically treated as any usual variable.
Since Fourier coeYcients contain no size information, a
standardisation of the outlines to the same size is not

Fig. 1 Map showing the location of the Nacella concinna sampling
transect at Rothera Point, Adelaide Island. The bottom-right inset
shows the depth proWle along which the samples were collected
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necessary. For this analysis, digital photographs of all spec-
imens were taken. After enhancing the contrast between the
shell and its background, shell outlines were digitised using
the program IMAGEJ (Rasband 2008). The program HTREE

was used to rotate all of the outlines to allow maximum
overlap as strongly recommended by Haines and Crampton
(2000) for organisms such as limpets that are diYcult to
orient in a homologous way. After applying a smoothing
normalisation of 20 to eliminate any high-frequency pixel
noise resulting from the digitisation process, the digitised
outlines were then subject to fast Fourier transformation
using program HANGLE (Crampton and Haines 1996). The
shell outlines were captured with suYciently high precision
using the Wrst eight harmonics. However, since the Wrst of
these does not contain any shape information and is thus
discarded from the analysis, a set of 14 Fourier coeYcients
per individual was obtained. To visualise the shape infor-
mation contained within the Fourier coeYcients, these were
subject to principal component analyses (PCA) based on
the variance–covariance matrix using the program PAST

(Hammer et al. 2001). The resulting PC axes were cast in
units of standard deviation and centred about the overall
mean (see Crampton and Maxwell 2000). The number of
principal components to be retained was determined by use
of the Kaiser criterion (Kaiser 1960). To facilitate interpre-
tation, a scatter plot of the population centroids of the Wrst
two principal components (PCs) was constructed and syn-
thetic outlines of ‘extreme shell forms’ were generated
using HTREE following Crampton and Haines (1996).

Collection of genetic data

Total genomic DNA was Wrst extracted from a small piece
of foot tissue using the Qiagen DNeasy tissue extraction kit
following the manufacturer’s recommended protocols. The
AFLP protocol was similar to that used by Vos et al. (1995)
and Ajmone-Marsan et al. (1997) and is described in detail
by Dasmahapatra et al. (2009). BrieXy, 100–400 ng of
genomic DNA was Wrst digested using TaqI (5U in a 10 �l

volume at 65°C for 2 h) and then with EcoRI (5U in a 20 �l
volume at 37°C for 2 h). TaqI and EcoRI and adapters
(Ajmone-Marsan et al. 1997) were then ligated onto the
digested DNA using T4 DNA ligase (1U in a 50 �l volume
at 37°C for 3 h), and the resulting products diluted by a fac-
tor of 10 in 10 mM Tris–HCL and EDTA (0.1 mM, Ph 8.0).
For the pre-ampliWcation, 5 �l of ligation mix was added to
a 50-�l PCR reaction containing Tris–HCl (10 mM, pH
8.3), MgCl2 (1.5 mM), KCl (50 mM), dNTPs (0.2 mM),
Taq polymerase (1U) and 50 ng each of the TaqI-C and
EcoRI-A pre-ampliWcation primers (the primer sequences
were 5�-GATGAGTCCTGACCGAC-3� and 5�-GAC-
TGCGTACCAATTCA-3�, respectively). Following 30
pre-ampliWcation cycles (30 s at 94°C, 60 s at 50°C and
60 s at 72°C), the products were diluted 10 times with
10 mM Tris–HCl and EDTA (0.1 mM, Ph 8.0). For the
selective ampliWcation, 2.5 �l of the diluted pre-ampliWca-
tion product was added to a 12.5-�l reaction containing
Tris–HCl (10 mM, pH 8.3), MgCl2 (1.5 mM), KCl
(50 mM), dATPs, dTTP and dGTP (0.2 mM each), dCTP
(0.04 mM), �33P-dCTP, Taq polymerase (0.2U), TaqI
selective primer (30 ng) and EcoRI selective primer (5 ng).
Samples were subjected to 13 selective ampliWcation cycles
(30 s at 94°C, 60 s at 65°C, reducing by 0.7°C each cycle
and 60 s at 72°C), followed by further 23 cycles (30 s at
94°C, 60 s at 56°C and 60 s at 72°C). Seven diVerent selec-
tive primer combinations were used (Table 1). PCR prod-
ucts were resolved by electrophoresis on standard 6%
polyacrylamide sequencing gels and detected by autoradi-
ography. Exposed X-ray Wlms were assessed, and if
required, a second exposure was made for an adjusted time
period. Gels were scored by eye and genotypes were
entered manually into a Microsoft excel spreadsheet.

QuantiWcation of the genotyping error rate

Although AFLPs tend to be highly reproducible due to the
use of highly speciWc restriction endonucleases coupled
with stringent PCR conditions, (Vos et al. 1995; Bonin

Table 1 Primer combinations used for the AFLP selective ampliWcation and numbers of AFLP polymorphisms generated for 384 N. concinna
individuals

TaqI primer (5�–3�) EcoRI primer (5�–3�) Total number
loci

Number of 
polymorphic loci

Polymorphism 
(%)

GATGAGTCCTGACCGACTG GACTGCGTACCAATTCAGC 39 32 82.1

GATGAGTCCTGACCGACGA GACTGCGTACCAATTCAGC 30 21 70.0

GATGAGTCCTGACCGACAG GACTGCGTACCAATTCAGC 7 4 57.1

GATGAGTCCTGACCGACAC GACTGCGTACCAATTCAGC 32 25 78.1

GATGAGTCCTGACCGACAC GACTGCGTACCAATTCATG 39 33 84.6

GATGAGTCCTGACCGACCA GACTGCGTACCAATTCAAC 33 26 78.8

GATGAGTCCTGACCGACCA GACTGCGTACCAATTCACA 30 27 90.0

Total 210 168 80.0
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et al. 2004; Meudt and Clarke 2007) genotyping errors can
nevertheless accrue, with potential sources including DNA
contamination (Dyer and Leonard 2000), restriction arte-
facts (Polisky et al. 1975) and human error (Bonin et al.
2004). Consequently, we estimated the genotyping error
rate for our dataset by independently re-extracting, re-geno-
typing and blind-scoring over 10% of the samples (n = 40
individuals) following HoVman and Amos (2005). To
ensure broad coverage of the dataset, ten individuals were
selected at random from each of the four populations. The
error rate per reaction was then quantiWed as the number of
mismatching genotypes divided by the number of polymor-
phic bands compared (Bonin et al. 2004).

Genetic data analysis

The AFLP dataset analysed consisted of 64,512 binary
character reads representing the presence and absence
genotypes of 384 individuals at 168 polymorphic AFLP
loci. To facilitate comparison with the results of de Aranza-
mendi et al. (2008), we followed their approach of employ-
ing both traditional and Bayesian estimators of genetic
diVerentiation. First, we used the program AXP-SURV v1.0
(Vekemans 2002) to calculate pairwise Fst values (Weir and
Cockerham 1984) following the approach of Lynch and
Milligan (1994) between the two morphotypes and also
among the four populations sampled from diVerent depths.
This program was also used to conduct a permutation test
for overall genetic diVerentiation using 10,000 permuta-
tions of the dataset.

Traditional approaches for estimating Fst using dominant
markers can sometimes prove problematic owing to the
assumption that populations conform to Hardy–Weinberg
equilibrium. Moreover, biased estimates of Fis (population
inbreeding coeYcient) can be obtained using dominant
markers, particularly when sample sizes are small (Lynch
and Milligan 1994; Zhivotovsky 1999). Although these
biases appear to be largely eliminated when reasonable
numbers of polymorphic loci are used (Krauss 2000), we
nevertheless felt it prudent to apply the approach of Hol-
singer et al. (2002) as implemented in the program HICKORY

v1.1 to estimate Bayesian analogues of Fst and Fis, desig-
nated �II and f, respectively. This software allows the esti-
mation of four diVerent models (Holsinger and Wallace
2004). The Wrst is a full model in which �II and f are esti-
mated simultaneously. Two alternative models assume that
f = 0 (no inbreeding within populations) and �II = 0 (no
diVerentiation among populations), respectively. Finally,
because estimates of f can be unreliable for dominant data-
sets, the program allows the estimation of a Wnal model in
which f is free to vary. All four models were run for the
entire dataset plus each of the pairwise population compari-
sons, using a burn-in of 50,000 iterations followed by a

further 250,000 iterations, with values being retained at
every 50th iteration as recommended by Holsinger et al.
(2002). Posterior distributions and trace plots were care-
fully scrutinised to ensure convergence of the Markov
chain Monte Carlo sampler. Models were then compared
using the deviance information criterion (DIC) which is
analogous to Akaike’s information criterion (AIC) and
combines a measure of model Wt (Dbar) with one of model
complexity (pD, the eVective number of parameters). Mod-
els with smaller DIC values are preferred, but a diVerence
of more than six units is required to indicate strong support
for one model over another (Holsinger et al. 2002).

We Wnally conducted a Bayesian cluster analysis of the
AFLP dataset using the program STRUCTURE, which is
described in detail by Pritchard et al. (2000) and Falush
et al. (2003). We speciWcally employed a recent version of
the program (version 2.2.3) designed to handle dominant
data (Falush et al. 2007). STRUCTURE uses multilocus geno-
type data to cluster individuals into K populations without
prior knowledge of population membership. The estimated
log probability of the data, denoted ln P(D), is calculated
for each value of K, allowing estimation of the most likely
number of populations. The membership of each individual
in a population is then estimated as q, which varies between
0 and 1 with the latter indicating full population member-
ship. We ran Wve independent runs for K = 1–4 using
1 £ 106 MCMC iterations after a burn-in of 1 £ 105, speci-
fying the correlated allele frequencies model and assuming
admixture. STRUCTURE has been extensively validated by the
authors (Pritchard et al. 2000; Falush et al. 2003; Falush
et al. 2007) and has also been shown elsewhere to be highly
eVective at identifying the correct number of populations,
even when Fst is very low (Latch et al. 2006).

Results

Morphological diVerences between the two morphotypes

In support of previous studies, clear morphological diVer-
ences were found between the shells of the intertidal and
subtidal Antarctic limpet morphotypes (Fig. 2; Table 2).
One of the most striking diVerences was detected in shell
dry mass (M), with the shells of intertidal limpets being on
average over twice as heavy as those of subtidal limpets
(Fig. 2a). To explicitly analyse morphotype-related diVer-
ences in M while controlling for shell length (L), we con-
structed a GLM of M, Wtting L as a continuous predictor
variable together with morphotype as a binary factor and
the L:morphotype interaction. Both L and depth were
retained in the Wnal model (Table 2a), suggesting that inter-
tidal shells are heavier even after controlling for body size.
In addition, the L: morphotype interaction was also retained
123
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Fig. 2 Patterns of morphological variation among Nacella concinna
individuals sampled from four diVerent depths. Shell measurements
were recorded in millimetres. Filled circles represent the intertidal
morphotype and empty symbols the subtidal morphotype

(triangles = 6 m depth, diamonds = 15 m depth and squares = 25 m
depth). Shell length (L) is plotted against (a) shell dry mass (M); (b)
shell height (H); (c) estimated shell thickness (T); (d) shell breadth (B)
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Table 2 Results of general linear models (GLMs) of shell mass (M), height (H), thickness (T) and breadth (B) comparing the two N. concinna
morphotypes

Explanatory variables Wtted in the full models were shell length (L), morphotype as a binary factor and the L: morphotype interaction. The �2 values
for each term represent the change in deviance after removing that term and all interactions involving that term from the model. df degrees of
freedom

Term Estimate �2 df P

(a) Shell mass (M) N = 384 individuals, total deviance = 238.2, explained deviance = 91.2%

L 0.15 1,870.0 1 <0.0001

Morphotype – 563.0 1 <0.0001

L: morphotype – 15.5 1 <0.0001

(b) Shell height (H) N = 384 individuals, total deviance = 46.0, explained deviance = 88.9%

L 0.07 1,514.0 1 <0.0001

Morphotype – 117.3 1 <0.0001

L: morphotype – 12.0 1 0.00059

(c) Shell thickness (T) N = 384 individuals, total deviance = 73.2, explained deviance = 80.4%

L 0.054 2,88.5 1 <0.0001

Morphotype – 706.8 1 <0.0001

L: morphotype – 6.3 1 0.012

(d) Shell breadth (B) N = 384 individuals, total deviance = 7,456.2, explained deviance = 98.0%

L 8,250.3 1 <0.0001

Morphotype – 4.6 1 0.01

L: morphotype – 0.3 1 0.59
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in the model, implying that the slope of the relationship
between L and M diVers signiWcantly between the two mor-
photypes. Quantitatively very similar results were also
obtained for shell height (H, Fig. 2b; Table 2b) and shell
thickness (T, Fig. 2c; Table 2c) indicating that intertidal
animals also possess relatively tall and thick shells.

More subtle shell shape diVerences were detected
between the two morphotypes using a GLM of shell
breadth (B) in which we Wtted L, morphotype and the L:
morphotype interaction. Although not readily evident from
Fig. 2d, morphotype was retained in the Wnal model
together with L (Table 2d), indicating a subtle eVect of
depth on the ratio of L:B. To explore this further, we con-
ducted a Fourier analysis of digitised shell outlines and sub-
jected the resulting coeYcients to PCA. PC1, PC2 and PC3
were retained in the analysis on the basis of the Kaiser cri-
terion, accounting for 17.8, 13.0 and 10.6% of the variation
in shell outline shape respectively. Intertidal limpets
possessed signiWcantly higher PC1 values on average than
subtidal individuals (Fig. 3, ANOVA, F1,382 = 85.18,
P < 0.0001), while PC2 and PC3 showed no diVerences
among the populations. The synthetic outlines shown in
Fig. 3 reveal a tendency for subtidal shells tend to be ‘pear-
shaped’, whereas intertidal shells are more quadrangular in
outline.

Since physiological diVerences have previously been
observed between limpets sampled from 6 m and 25 m
depth (S. Morley, personal communication), we next ana-
lysed morphological data from three subtidal populations
(sampled from 6 m, 15 m and 25 m depths). To test
whether M varied signiWcantly among these populations,
we constructed a GLM, Wtting L as a continuous predictor
variable together with depth as a factor with three levels
and the L: depth interaction. All three of these predictors
were retained (Table 3a), indicating that M not only diVers
between the two morphotypes but also varies with depth
among the subtidal populations. Similar results were also
obtained for H (Table 3b), T (Table 3c) and B (Table 3d).

Population genetic structure

To test for genetic diVerentiation, we genotyped a total of
384 individuals at seven diVerent selective primer combina-
tions, yielding 210 AFLP loci that could be scored unam-
biguously across all of the samples, of which 168 (80.0%)
were polymorphic (Table 1). High-quality banding patterns
were obtained and consequently the genotyping error rate,
assessed by re-extracting, genotyping and blind-scoring
over 10% of all individuals, was low at 0.008 (57 diVer-
ences observed out of 6,720 comparisons). Of the discrep-
ancies observed between the two sets of genotypes, 22
(36.6%) were attributed to scoring or data entry errors and
the remaining 35 (61.4%) were due to the stochastic

appearance or disappearance of bands as similarly docu-
mented by Bonin et al. (2004).

A signiWcance test for genetic diVerentiation between the
intertidal and subtidal morphotypes using 10,000 permuta-
tions of the dataset found no evidence for divergence
between the two forms (Fst = ¡0.0002, 95% CI =
¡0.0016–0.0016, P = 0.49). Similarly, when the dataset
was partitioned into the four populations sampled from
diVerent depths, no genetic diVerences were apparent (over-
all Fst = ¡0.0003, 95% CI = ¡0.0016–0.0010, P = 0.56).
Similarly, pairwise Fst values among the populations were
all low, with three comparisons yielding values of zero and
the others yielding values less than or equal to 0.0004, none
of which were statistically signiWcant.

Because traditional Fst estimation methods rely upon
assumptions about populations being in Hardy–Weinberg
equilibrium, we next sought to either conWrm or refute the
above Wndings by conducting a Bayesian analysis of
population genetic structure using the program HICKORY

(Holsinger et al. 2002). The f and �II values obtained from
four diVerent models of population structure are shown in
Table 4. For the comparison of the intertidal and subtidal
morphotypes, the f = 0 model yielded the lowest Dbar

Fig. 3 Mean PC1 and PC2 values (centroids) and 95% conWdence
ellipses of four Nacella concinna populations derived from Fourier
shape analysis depicting shell outline diVerences among individuals.
Intertidal morphotype = Wlled circle with grey-shaded ellipse; 6-m
depth = empty triangle with Wne-hatched ellipse; 15-m depth = empty
diamond with medium-hatched ellipse; 25-m depth = empty square
with coarse-hatched ellipse. PC1 and PC2 explain 17.8 and 13.0% of
the variation in shell outline shape, respectively. Synthetic outlines are
shown that represent the hypothetical shell outlines of animals with
extreme PC1 and PC2 values (¡0.05 and +0.05), with the anterior
margin facing the bottom of the page and the right margin facing the
left
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value, indicating that this model had the best Wt to the data-
set and hence that inbreeding is likely to be absent within
populations, which is consistent with this species being a
broadcast-spawner. In contrast, using the model selection
criterion DIC, which takes into account both model Wt and
the eVective number of parameters being estimated, the
lowest value was instead obtained for the full model. How-
ever, because the diVerences in DIC between the full, f = 0
and �II = 0 models are small (<3 units) and arise partly due
to diVerences in model dimensionality, there is little reason
to prefer any one of the models over the others (Holsinger
et al. 2002). Reassuringly, both the full and f = 0 models
yielded low �II estimates at 0.00115 (95% CI = 0.000163–
0.00295) and 0.000718 (95% CI = 5.15 £ 10¡5–0.00186),
respectively. Virtually identical results were obtained when
all four populations were analysed together, as well as for
each of the pairwise population comparisons (Table 4).

Bayesian cluster analysis

Arguably, some of the most powerful tests of population
structure need not rely on information about the popula-
tions from which individuals were sampled. Consequently,
we Wnally implemented a Bayesian cluster analysis using
the program STRUCTURE (Pritchard et al. 2000; Falush et al.
2007) to test whether genetic structure could be detected in
the absence of a priori population membership data. The
resulting posterior probabilities of K were highly concor-

dant between replicate runs, with the lowest average value
indicating the most likely K. In support of the previous
analyses, the most likely number of distinct groups present
in our sample set was robustly determined as one (ln P(D)
was ¡32,983 § 0.47 SE for K = 1, ¡33,640 § 63.80 SE
for K = 2, ¡36,491 § 333.29 SE for K = 3 and
¡38,666 § 640.79 SE for K = 4), providing further evi-
dence for an absence of genetic diVerentiation either
between the two morphotypes or by depth.

Discussion

There is mounting evidence that local adaptation in direct-
developing marine gastropods is capable of driving genetic
divergence even within continuous populations that are not
subdivided by physical barriers. However, despite theoreti-
cal expectations to the contrary, it is currently unclear
whether non-allopatric genetic divergence occurs in indi-
rect-developing gastropods, with a recent study of the Ant-
arctic limpet N. concinna reporting a surprising pattern of
genetic diVerentiation between two morphologically and
physiologically distinct morphotypes (de Aranzamendi
et al. 2008) despite this species adopting a broadcast-
spawning life history. Our study reveals a contrasting
picture in which strong depth-related patterns of morpho-
logical variation are not accompanied by genetic diver-
gence as measured using 168 polymorphic AFLP loci.

Table 3 Results of general linear models (GLMs) of shell mass (M), height (H), thickness (T) and breadth (B) comparing the three subtidal
N. concinna populations

Explanatory variables Wtted in the full models were shell length (L), depth as a factor with three levels and the L: depth interaction. The �2 values
for each term represent the change in deviance after removing that term and all interactions involving that term from the model. df represents
degrees of freedom

Term Estimate �2 df P

(a) Shell mass (M) N = 288 individuals, total deviance = 193.50, explained deviance = 94.0%

L 0.11 1,401.5 1 <0.0001

Depth – 38.6 2 <0.0001

L:depth – 23.1 2 <0.0001

(b) Shell height (H) N = 288 individuals, total deviance = 38.93, explained deviance = 91.19%

L 0.05 879.9 1 <0.0001

Depth – 13.9 2 <0.0001

L:depth – 4.9 2 0.0079

(c) Shell thickness (T) N = 288 individuals, total deviance = 28.98, explained deviance = 76.95%

L 0.03 211.9 1 <0.0001

Depth – 45.7 2 <0.0001

L:depth – 14.5 2 <0.0001

(d) Shell breadth (B) N = 288 individuals, total deviance = 5846.24, explained deviance = 98.01%

L 0.73 4,459.4 1 <0.0001

Depth – 2.8 2 0.026

L:depth – 1.4 2 0.25
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Adaptive strategies in marine gastropods

Gastropods inhabiting marine rocky shores provide excel-
lent model systems with which to study the genetic and
phenotypic basis of adaptation, partly due to their low
vagility in the face of strong selection gradients imposed by
a highly heterogeneous environment (Butlin et al. 2008).
Two broad classes of adaptive strategy prevail (Johannesson
2003); the Wrst of these is a ‘generalist’ strategy which

combines a phenotype that Wts most common habitats with
dispersal through long-lived planktonic larvae. These lar-
vae are able to rapidly colonise new sites, but because
recruitment occurs from a common gene pool there appears
to be little opportunity for local genetic adaptation. In con-
trast, direct-developing species adopt a ‘specialist’ strategy
which lacks an eVective dispersal stage, thereby preventing
rapid colonisation but promoting local adaptation, which
may in turn generate additional barriers to gene exchange in

Table 4 Bayesian analysis of Nacella concinna population structure using the program HICKORY (Holsinger et al. 2002)

Estimates of f, �II and the 95% credibility interval for �II (see “Methods” for details) are shown for each of four diVerent models tested. Dbar is a
measure of how well a model Wts the data (models with smaller values are preferred) and pD indicates the eVective number of parameters being
estimated. The deviant information criterion (DIC) is a model-choice criterion that takes into account both of the above. Models with smaller DIC
values are preferred, but a diVerence of more than six units is required to indicate strong support for one model over another. Results are shown
Wrst for the comparison between the intertidal and subtidal morphotypes, then among the four populations sampled from diVerent depths, and
Wnally for each of the diVerent pairwise population comparisons

Populations compared Model f �II 95% credibility 
interval for �II

Dbar pD DIC

Intertidal versus subtidal
morphotype

Full 0.979 0.00115 0.000163–0.00295 1,739.73 175.15 1,914.87

f = 0 – 0.000718 5.15 £ 10¡5–0.00186 1,738.69 178.54 1,917.22

�II = 0 0.979 – – 1,761.55 154.87 1,916.42

Free f 0.503 0.0802 0.0294–0.155 2,219.18 722.77 2,941.94

All four populations Full 0.979 0.000778 4.02 £ 10¡5–0.00207 3,106.46 184.98 3,291.44

f = 0 – 0.000553 5.24 £ 10¡5–0.00138 3,100.34 192.21 3,292.54

�II = 0 0.979 – – 3,139.54 155.00 3,294.54

Free f 0.497 0.0413 0.0130–0.0997 3,398.55 833.73 4,232.28

Intertidal versus 6 m Full 0.974 0.00169 0.000104–0.00459 1,533.74 163.98 1,697.72

f = 0 – 0.00120 9.01 £ 10¡5–0.00299 1,528.55 169.97 1,698.52

�II = 0 0.975 – – 1,554.82 145.14 1,699.96

Free f 0.503 0.0702 0.024276–0.140 1,723.92 447.82 2,171.74

Intertidal versus 15 m Full 0.978 0.000878 3.68 £ 10¡5– 0.00284 1,533.62 156.77 1,690.40

f = 0 – 0.000582 1.79 £ 10¡5–0.00183 1,532.2 160.84 1,693.04

�II = 0 0.977 – – 1,543.92 147.38 1,691.29

Free f 0.499 0.0712 0.0262–0.136 1,735.53 452.80 2,188.33

Intertidal versus 25 m Full 0.975 0.00213 0.000160–0.00526 1,535.37 167.81 1,703.18

f = 0 – 0.00140 0.000135–0.00329 1,532.84 172.28 1,705.12

�II = 0 0.976 – – 1,563.26 145.56 1,708.82

Free f 0.500 0.0722 0.0267–0.142 1,721.88 447.35 2,169.24

6 m versus 15 m Full 0.979 0.00198 0.000130–0.00492 1,553.21 169.00 1,722.2

f = 0 – 0.00127 0.000111–0.003163 1,550.99 173.30 1,724.3

�II = 0 0.979 – – 1,578.55 147.59 1,726.13

Free f 0.497 0.0739 0.0279–0.143 1,743.29 457.39 2,200.69

6 m versus 25 m Full 0.977 0.00130 6.95 £ 10¡5–0.00385 1,533.86 160.75 1,694.61

f = 0 – 0.000817 5.17 £ 10¡5–0.00230 1,532.38 164.32 1,696.7

�II = 0 0.977 – – 1,548.8 145.51 1,694.30

Free f 0.509 0.0726 0.0258023–0.148 1,726.37 449.68 2,176.05

15 m versus 25 m Full 0.978 0.00150 6.17 £ 10¡5–0.00415 1,527.93 160.83 1,688.76

f = 0 – 0.000892 4.42 £ 10¡5–0.00251 1,528.31 163.07 1,691.38

�II = 0 0.978 – – 1,545.80 144.02 1,689.83

Free f 0.4992 0.0696 0.0233–0.144 1,720.85 448.87 2,169.72
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the form of partial reproductive isolation. N. concinna
appears to be a classic example of a generalist, occupying a
broad range of habitats across the maritime Antarctic
region (Powell 1951) and being a broadcast-spawner with
pelagic larvae that can survive for up to 2 months in the
water column (Bowden et al. 2006). Consequently, De
Aranzamendi et al.’s (2008) claim that the intertidal and
subtidal morphotypes of this species are genetically well-
diVerentiated represents a signiWcant departure from classi-
cal theory. To explore this further, we therefore collected
additional empirical data from limpets at Adelaide Island,
Antarctica.

Patterns of morphological variation

Prior to genetic analysis, we sought to conWrm that previ-
ously reported morphological diVerences between the two
N. concinna morphotypes (e.g. Walker 1972; Nolan 1991;
de Aranzamendi et al. 2008) were present within our study
population. As anticipated, the shells of intertidal limpets
were both heavier and thicker than those of subtidal lim-
pets. This diVerence probably relates to the fact that the
intertidal zone is a far more physically stressful environ-
ment, with animals experiencing greater exposure to the
impact of incidental hard objects (saltating clasts), crushing
by sea-ice and pecking by gulls (Shabica 1976; Nolan
1991). However, the absence of subtidal engulWng preda-
tors (e.g. starWsh, nemerteans and anemones) may also be
important. As expected, shells of the intertidal morphotype
were also found to be taller. This diVerence appears to reX-
ect adaptation to desiccation and heat stress, with taller
shells having a relatively small area of contact with the sub-
stratum that reduces water loss by evaporation (Vermeij
1973) and a larger shell surface area that facilitates heat
loss by conduction. A recent meta-analysis by Harley et al.
(2008) suggests that the latter eVect is remarkably strong,
with the ratio of shell height to length explaining over 90%
of the variation in maximum predicted body temperature
across a wide range of limpet species.

We were initially surprised to Wnd signiWcant diVerences
between the two morphotypes in the ratio of shell breadth
to length because these have not been universally reported.
However, further exploration using Fourier analysis
revealed a subtle pattern in which subtidal shells were rela-
tively pear-shaped and intertidal shells more quadrangular
in outline. An identical pattern has previously been
described in N. concinna (Nolan 1991) as well as in other
patellid species (Hockey and Branch 1983) using anterior
to posterior breadth ratios (or ‘shell uniformity indices’)
and has been shown to be independent of shell size.
According to these authors, such a pattern could result from
selective predation by birds such as the Dominican gull
Larus dominicanus, with pear-shaped individuals having a

recognisable anterior and posterior that makes them more
vulnerable to attack. However, diVerences in shell outline
could also be related to diVerent hydrological conditions in
intertidal and subtidal habitats, with a more elongated,
elliptical form oVering less resistance to wave action than a
pear-shaped shell (Branch and Marsh 1978). The functional
signiWcance of these diVerent shell forms could also be
associated with diVerences in foot size and shape which are
known to aVect both the speed of locomotion and strength
of adhesion to the substratum (Miller 1974).

Since the ability to right when disturbed has been shown
to diVer between limpets from 6 m and 25 m depths
(S. Morley, personal communication), we not only compared
the intertidal and subtidal morphotypes but also examined a
more extensive depth proWle. SigniWcant diVerences in shell
mass, thickness and height were found among the subtidal
populations with, for example, shells from 6 m depth being
signiWcantly heavier (ANOVA, F1,190 = 25.7, P < 0.0001)
thicker (ANOVA, F1,190 = 73.37, P < 0.0001) and taller
(ANOVA, F1,190 = 23.94, P < 0.0001) than those from
25 m depth. This Wnding suggests that shell shape diVer-
ences in N. concinna are not driven simply by factors that
are speciWc to the intertidal zone. To date, Wve main factors
have been proposed to account for the diVerences in shell
shape between intertidal and subtidal limpets: (1) physio-
logical responses to aerial exposure (Weihe and Abele
2008); (2) intertidal predation primarily by birds (Nolan
1991); (3) heat stress and desiccation (Vermeij 1973); (4)
resistance to freezing and encasement in ice (Waller et al.
2006) and (5) resistance to physical disturbance by ice
(Shabica 1976). We have shown that trends in shell thick-
ness and the ratio of height to length are continuous down
to 25 m depth, suggesting that although factors speciWc to
the intertidal zone may play a role in generating some of the
observed morphological diVerences, at least one other fac-
tor must operate over the entire depth range. A plausible
candidate is ice disturbance, the frequency of which follows
a similar pattern to that shown here for shell shape with a
dramatic increase in frequency at shallow and intertidal
depths over subtidal sites and a gradual decrease in fre-
quency in the subtidal (Brown et al. 2004). Shape variation
might also be due to diVerences in growth rates (Vermeij
1973), although this is diYcult to test in our study because
annual winter rings of the shells were too inconspicuous to
allow for reliable age determination of the individuals and
therefore, testing for allometric growth with age.

Patterns of genetic variation

The Wnding of continuous morphological variation along a
depth cline is clearly at odds with a simple model of two
discrete morphotypes comprising genetically divergent
populations. In our genetic analysis, we therefore looked
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not only for diVerentiation between the two putative mor-
photypes, but also among the four populations sampled
from diVerent depths. Despite using much the same analyti-
cal framework as de Aranzamendi et al. (2008), we found
no evidence for genetic diVerences either between the two
morphotypes or by depth. One possible reason for this dis-
crepancy could relate to the speciWc populations examined,
with de Aranzamendi et al. (2008) analysing three popula-
tions from Potter’s Cove in the South Shetland islands,
while our study population was located over 700 miles
southwards towards the base of the Antarctic Peninsula. We
collected samples from around Rothera for obvious practi-
cal reasons, with access to diving facilities enabling the col-
lection of large sample sizes from several diVerent depths,
which would not have been possible at other more remote
sites. Moreover, it is unclear why populations from Ade-
laide and Potter’s Cove would diVer in their propensity for
the two morphotypes to be genetically divergent, particu-
larly given that both sites show the same morphological
variation, and a large unpublished AFLP dataset spanning
the Antarctic Peninsula and including a population from
Potter’s Cove (HoVman et al. MS in prepration) indicates
that these populations are essentially panmictic.

Alternatively, the discrepancy could be linked to meth-
odological diVerences between the two studies. For exam-
ple, de Aranzamendi et al. (2008) analysed a total of only
108 individuals, and because these were distributed across
three populations and three diVerent depths, sample sizes
for speciWc population: depth combinations were as small
as 11 individuals. This could provide an explanation for
why signiWcant diVerences between the morphotypes were
only found using Fst at the ‘PC’ population, which was rep-
resented by a sample size almost twice that of the other
populations. To avoid this problem, we felt it important to
obtain large and balanced sample sizes from each of the
depths. Therefore, we opted to focus on a single population,
collecting 96 samples from each of four diVerent depths
(total n = 384 individuals).

Another methodological diVerence between our study
and that of de Aranzamendi et al. (2008) lies in the choice
of genetic markers employed. De Aranzamendi et al.’s
(2008) use of ISSRs is understandable because these mark-
ers are relatively easy to develop, facilitating rapid data col-
lection. However, ISSRs tend to be less reliable than
AFLPs in terms of reproducibility, robustness and the num-
ber of reported artefacts, (Meudt and Clarke 2007) making
it particularly important to quantify the genotyping error
rate. Unfortunately, although de Aranzamendi et al. (2008)
state that their ampliWcation patterns were highly repeat-
able, they did not report their error rate. In contrast, we
independently re-extracted and re-genotyped over 10% of
all samples (n = 40) to reveal an error rate of only 0.008 per
reaction.

Is shell shape phenotypically plastic in Antarctic limpets?

Phenotypic plasticity has long been implicated as a strategy
to cope with variable environments in many gastropod spe-
cies characterised by planktonic larval dispersal (Kemp and
Bertness 1984; deWolf et al. 1997; Parsons 1997), and a
variety of limpet species are known to exhibit shell shape
variation in relation to environmental factors such as expo-
sure to water movement (Warburton 1976; Branch and
Marsh 1978; Baxter 1983). Moreover, when Moore (1934)
transplanted Patella vulgata individuals from an exposed
shore to a site permanently covered by water, he found that
the angle of the newly deposited shell material was far shal-
lower after transplantation, indicating a more-or-less imme-
diate transition to the Xatter subtidal shell form. One
mechanism that would account for such a pattern proposes
that in desiccating environments, limpets clamp more
tightly down onto the substrate, thereby pulling down the
mantle such that if the mantle glands deposit the shell while
in this position, the shell circumference will be reduced and
the shell taller (Orton 1928, reviewed by Vermeij 1973).

Our results are clearly more consistent with an explana-
tion of phenotypic plasticity than of two genetically diver-
gent populations. However, a number of caveats should be
born in mind. The Wrst of these is a statistical issue: our
inability to reject the hypothesis of population diVerentia-
tion is strictly speaking not proof that there are no genetic
diVerences between the morphotypes. Thus, it is possible
that genetic diVerences between the two forms could exist
but have gone undetected, perhaps due to low statistical
power or limited resolving power of the markers used.
However, our sample sizes were unusually large (96 indi-
viduals per population, total n = 384) and the number of
loci that we used was also within the range recommended
for studies of genetic structure (e.g. Cavers et al. 2005;
Bonin et al. 2007). Moreover, de Aranzamendi et al. (2008)
detected signiWcant diVerences between the two morpho-
types with much smaller sample sizes and many fewer loci.
Therefore, if the diVerences that they reported were due to
genome-wide divergence, our study should have been suY-
ciently powerful to easily detect a similar magnitude of
eVect if this were also present at Adelaide Island.

A second caveat is that the observed phenotypic diVer-
ences need not necessarily reXect genome-wide divergence,
but could instead be associated with one or a small number
of loci. This is plausible given that even small numbers of
pleiotropic genes can be responsible for rapid and extensive
adaptive phenotypic change (e.g. Wagner et al. 2008).
Unfortunately, little is currently known about pleiotropic
eVects in relation to shell shape in marine molluscs,
although shell thickness and spire height were shown to be
genetically correlated in L. obtusata, facilitating rapid and
simultaneous changes in both of these traits in response to a
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range expansion of predatory shore crabs (Seeley 1986).
Moreover, studies using AFLPs have identiWed small
numbers of loci that appear to be linked to phenotypic
diVerences between intertidal and subtidal L. saxatilis
morphotypes (Wilding et al. 2001; Galindo et al. 2009).

Finally, although previous authors have sought to attri-
bute diVerences between the two N. concinna morphotypes
to either genetic or plastic mechanisms (Beaumont and Wei
1991; de Aranzamendi et al. 2008), it is possible that both
could be involved. This has been demonstrated in two
direct-developing Littorina species. L. saxatilis and
L. obtusata, suggesting that natural selection may act upon
genetic variation in plastic traits (Janson 1982; Johannesson
and Johannesson 1996; Trussell and Smith 2000). In the
future, it might therefore be interesting to conduct trans-
plantation experiments to determine whether shell shape
variation in N. concinna is entirely plastic, or whether it
also has a population-speciWc component.

Conclusion

Our study demonstrates that populations of N. concinna
sampled from diVerent depths at Adelaide Island are pan-
mictic with respect to a large panel of AFLP markers. This
Wnding is consistent with an explanation of phenotypic
plasticity, although we are unable to discount the possible
involvement of one or a small number of genes.
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