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ABSTRACT: Scrobicularia plana da Costa, 1778, a commercially important bivalve species in
southern Europe, is commonly found along the NE Atlantic and Mediterranean coasts. Like other
intertidal mollusk species, it has a wide distributional range and high potential for larval dispersal.
However, S. plana has a patchier distribution than most co-distributed soft sediment bivalves of
the intertidal, which could lead to lower interpopulation connectivity and stronger population
structure. We surveyed 18 locations from throughout the species’ range to determine overall population structure, phylogeographic distribution and historical demography. We sequenced a portion of the mitochondrial cytochrome-c-oxidase I gene (COI) for 423 individuals. Three population
clusters (Trondheim, Atlantic and Pisa) were identified on the basis of pairwise FSTs. Demographic
parameters were analysed in a coalescence framework. Strong differentiation was found between
most Atlantic locations and the single Mediterranean location (Pisa). Among Atlantic locations,
differentiation was weak and non-significant, though significant isolation-by-distance was
detected. A star-shaped phylogeny with mostly 1-step mutations was found. Although 65 haplotypes were detected, 50 were private. The higher diversity observed in southern Europe, Brittany
and Norway was consistent with glacial refugia. Population expansion occurred recently with the
oldest split, which was between all Atlantic groups and the Mediterranean group, taking place 0.3
to 1.1 million years ago (Myr). Negative values for neutrality tests and the star-shaped haplotype
network were also indicative of recent population expansion, although such a pattern can also be
the result of a selective sweep. An isolation-by-distance effect and absence of migration reveal
low interpopulation connectivity, which is likely reinforced by the species’ patchy spatial distribution.
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During the Pleistocene, repeated episodes of glacial advance and retreat occurred, resulting in major
transformations in the geography and climate of
northern Europe (Kukla et al. 2002). At the last gla-

cial maximum (LGM) some 18 000 yr before present
(BP), the European ice sheet extended south to 52° N,
while the permafrost extended to 47° N (Bradwell
et al. 2008). Intrusion of ice sheets and unfavorable
climate conditions beyond species’ tolerance ranges
pushed species south (Wares & Cunningham 2001,
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Ilves et al. 2010). As the LGM ended, ca. 10 000 yr BP
(Dawson 1992), temperatures increased, causing a
northward expansion of many species from southern
refugia (Hewitt 2000, Maggs et al. 2008). These shifts
in latitudinal range affected population dynamics,
with the present genetic structure of the species
reflecting those past conditions (Hewitt 2004).
Recolonization pathways and the location of refugia can be inferred from population genetic and phylogeographic analyses of contemporary populations
(Avise 2000). Numerous studies targeting species in
the Atlantic Ocean and Mediterranean Sea have
been conducted for benthic intertidal organisms over
the past 15 yr, including a number of bivalves and
gastropods such as baltic tellin Macoma balthica
(Luttikhuizen et al. 2003), northern quahog Mercenaria mercenaria (Baker et al. 2008), blue mussel
Mytilus edulis (Riginos & Henzler 2008), blue mussel
M. trossulus (Rawson & Harper 2009), softshell clam
Mya arenaria (Strasser & Barber 2009), lagoon cockle
Cerastoderma glaucum (Tarnowska et al. 2010), and
common cockle C. edule (Krakau et al. 2012). In
virtually all studies, the Atlantic and Mediterranean
are well separated and a number of refugia have
been identified in Northern Spain, Brittany, SW Ireland and the Lofoten area of Scandinavia (Fucus distichus, Coyer et al. 2011). Genetic diversity patterns
typically follow the ‘southern richness, northern
purity’ (Hewitt 2000) model of allelic/haplotypic richness or modifications involving population admixtures (reviewed in Maggs et al. 2008). High allelic/
haplotypic richness in northern latitudes has, so far,
only been observed in the cockle C. edule (Krakau et
al. 2012) and the fucoid seaweed F. distichus (Coyer
et al. 2011).
In addition to historical factors, contemporary population dynamics also shape population genetic and
phylogeographic structure. This is especially true in
species whose life-history traits include planktonic
larval stages of considerable duration, in which case
demographic contact is expected to lead to ‘open’
populations, successful gene flow and, ultimately,
greater inter-population connectivity (Swearer et al.
2002, Selkoe & Toonen 2011). Examples of this are often found in fish (Riginos & Victor 2001, Hoarau et al.
2002, Bradbury & Bentzen 2007, Reece et al. 2011)
mollusks (Becker et al. 2007, Crandall et al. 2010,
Hoffman et al. 2011) and crustaceans (Palero et al.
2008, Domingues et al. 2010). More complex patterns
can also be caused by regional to local oceanographic
currents and their interactions with the topography
and habitat (e.g. Barber et al. 2000, Shanks et al.
2003, Cowen et al. 2007, Galarza et al. 2009, White et

al. 2010). In some cases retention zones may be
formed (e.g. Bradbury et al. 2008, Cowen & Sponaugle 2009, Galindo et al. 2010, Small & Wares 2010),
which suggests that the link between pelagic larval
duration and connectivity in marine systems is not
that straightforward (e.g. Lester et al. 2007, Weersing
& Toonen 2009, Riginos et al. 2011). Analysis of the
geographic pattern of genetic variation should allow,
however, a better understanding of the relationship
between the population structure of a species and its
ecological and habitat characteristics.
The interest in molecular studies of bivalve species
stems from the central role that these organisms play
in intertidal soft-sediment ecosystems (e.g. Thrush et
al. 2006). Assessment of genetic variation and population differentiation throughout their geographical
range is crucial for the preservation of natural populations. In intertidal soft-sediment areas of NW Europe, Macoma balthica, Cerastoderma edule, Abra
tenuis and Scrobicularia plana are the 4 most common and abundant bivalve species (Bocher et al.
2007). High population subdivision has been observed for M. balthica in spite of the species’ potential for high gene flow (e.g. Luttikhuizen et al. 2003,
Väinölä 2003). Geographically structured populations were also found for C. edule, with a significant
isolation-by-distance in northern populations (Krakau et al. 2012). A similar structure was observed for
A. tenuis, which was, however, expected for this species since A. tenuis has a direct development, i.e. no
planktonic larval stage (Holmes et al. 2004). As for
S. plana, although a survey of population structure
using allozymes found high within-population variation (Skibinski et al. 1978), the authors did not
address interpopulation connectivity. While all 4 species have a wide distributional range, A. tenuis and
S. plana are characterized by a patchier spatial distribution (Bocher et al. 2007), which is expected to
affect population connectivity and in S. plana’s case
is not predicted from its life history, namely dispersal
mode (Johnson et al. 2001).
Scrobicularia plana is a temperate species that
occurs along the NE Atlantic coast, from the Norwegian Sea to Senegal, as well as in the Mediterranean
Sea (Tebble 1976). The species inhabits intertidal
areas with soft bottoms (sand, clay or mud), rich in
organic matter, but has a clear preference for muddy
sediments (Bocher et al. 2007). S. plana is an important component of shallow-water benthic communities and is of commercial importance in southern
Europe (Tebble 1976, Keegan 1986). The species is
gonochoristic, with planktotrophic development and
an average pelagic life stage of 2 to 4 wk (Frenkiel &
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Mou za 1979). After hatching (and before the settling
pediveliger stage), veligers dwell in a totally pelagic
environment, a stage during which larvae are capable of dispersal (Frenkiel & Mouëza 1979).
The aim of the present study is to identify LGM
refugia and to infer the historical demography of
Scrobicularia plana using mitochondrial DNA data
analyzed in a coalescence framework. Moreover, the
genetic structure and connectivity of S. plana populations will be analyzed along the species’ distributional range.

MATERIALS AND METHODS
Sampling
Scrobicularia plana adults were collected at 18 locations along the species’ distributional range (from
Baltic and North Sea to the Northeast Atlantic Ocean
and Mediterranean Sea), during the period of 2007 to
2009 (Table 1). Animals were collected in intertidal
areas during low tide and were immediately preserved in 95% ethanol. Next, a tissue sample was
removed from each animal and stored at −20°C until
DNA extraction.

Molecular protocols
DNA was extracted using the GenEluteTM Mammalian Genomic DNA kit (SIGMA®) according to the
Mammalian Tissue protocol (Part B), provided by the
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manufacturer. Extracted DNA was visualized on 1%
Tris-Borate-EDTA (TBE) agarose gels to assess quantity and quality.
Universal primers HCO2198 and LCO1490 (Folmer
et al. 1994) were used to amplify a 710 bp fragment of
the mitochondrial cytochrome-c-oxidase subunit I
region (COI) gene. PCR amplifications were carried
out in a 50 µl reaction containing 5 µl template DNA
(1:10 dilution of DNA), 4.6 µl 10× reaction buffer
(BiothermTM), 4.6 µl deoxynucleoside triphosphate
(dNTP; 2.5 µmol), 0.3 µl of each primer (0.02 µmol)
and 0.25 µl Taq polymerase (Biotherm PlusTM). The
amplification reaction was performed with an initial
denaturation step of 5 min at 94°C, followed by
35 cycles of 94°C denaturation for 30 s, 40°C annealing for 45 s, 45 s extension at 72°C, and a final 7 min
extension at 72°C during the last cycle.
Twenty-three sequences were aligned and speciesspecific primers, CO_SCROB_F (5’-TTG GGA GTC
TTT ATT TTG TTT TAG-3’) and CO_SCROB_R (5’AAG AAA GAA GTA TTA AAA TTA CGA TCA-3’),
were designed using Primer3 (Rozen & Skaletsky
2000). The specific primers, used for the remaining
sequences, amplified a 622 bp fragment. The PCR
reaction was identical except for an annealing temperature of 50°C.
Amplifications were confirmed by 2% TBE agarose
gel electrophoresis. In some cases, re-amplification
was necessary and performed as follows: a small portion of the DNA band of the gel was collected and
transferred into a 1.5 ml tube; 200 µl of sterile water
was then added and the tube incubated for 2 min at
95°C; and 1 µl of solution was used as template for

Table 1. Scrobicularia plana. Sample locations and sample sizes
Location
Trondheim, Norway
Tjärnö, Sweden
Killala Bay, Ireland
Wadden Sea, Germany
Balgzand, Netherlands
King’s Lynn, England
Clonakilty Estuary, Ireland
Terneuzen, Netherlands
Plymouth, England
Roscoff, France
Moeze plaisance, France
Astúrias, Spain
Pisa, Italy
Ponte Vedra, Galicia
Caminha, Portugal
Algarve, Portugal
Cádiz, Spain
Agadir, Morocco

Latitude
63°18’60.88’’N
58°53’32.94’’N
54°13’34.62’’N
53°42’49’’N
52°56’09’’N
52°49’14.30’’N
51°37’17.50’’N
51°20’47.76’’N
50°12’35’’N
48°40’18.83’’N
45°55’15.29’’N
43°34’59.79’’N
43°28’00’’N
42°28’00.57’’N
41°53’08.00’’N
37°07’37.60’’N
36°52’31.50’’N
30°21’50.03’’N

Longitude
10°11’01.74’’E
11°10’04.14’’E
09°12’43.14’’W
07°48’04’’E
04°48’07.20’’E
00°17’16.60’’E
08°52’40.39’’W
03°47’44.52’’E
05°05’27’’W
04°03’26.13’’W
01°04’31.11’’W
10°18’00.43’’E
05°26’00’’W
08°42’10.50’’W
08°50’50.40’’W
07°36’36.40’’W
06°20’44’’W
09°35’41.80’W

Sampling date

Code

n

April 2008
October 2007
March 2008
May 2007
March 2008
February 2008
April 2008
May 2008
January 2008
April 2009
March 2008
April 2007
July 2008
April 2007
February 2008
April 2008
May 2007
July 2006

TRO
TJ
KB
WS
BA
KL
CLO
TER
PLY
RO
MP
AS
PI
PV
CA
AL
CZ
AG

29
26
23
32
27
30
29
29
20
25
19
17
30
9
26
24
11
17
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the PCR reaction. After confirmation, fragments were
purified directly, using QuickClean 5M PCR Purification Kit (GenScript).
Sequencing was carried out by Macrogen (Seoul,
South Korea), using ABI-BigDyeTM terminator cycling conditions and sequenced on an ABI 3730XL
Gene Analyzer.

Population genetic and phylogeographical analysis
Sequences were aligned with BioEdit version
7.0.9.0 (Hall 1999) and reduced to a 507 bp length.
All polymorphisms were double-checked on the
chromatograms. Haplotypes were detected with the
help of sequence analysis toolbox FaBox version 1.35
(Villesen 2007). Genetic variation was estimated as
haplotype diversity h (Nei 1987) and as nucleotide
diversity π (Tajima 1983, Nei 1987) with Arlequin
version 3.1 (Excoffier et al. 2005). A minimum spanning network among the haplotypes was determined
using Arlequin version 3.1 (Excoffier et al. 2005).
Differentiation between sampling locations was
estimated on the basis of pairwise F-statistics (FST)
using both conventional FST statistics and the Kimura
2-parameter model (K2P) (Kimura 1980) in Arlequin
version. 3.1. The K2P model was the model implemented in Arlequin version 3.1 that fit our data best
according to the test performed in jModeltest version
0.1.1 (Guindon & Gascuel 2003, Posada 2008). While
conventional FST considers haplotype frequencies
only, the K2P model takes genetic distances into
account, allowing correction for multiple substitutions per site and different substitution rates between
transitions (TI) and transversions (TV). The significance of the statistics was computed using 10 000
permutations of the original data matrices to generate null distributions of pairwise FST values under the
hypothesis of no difference between the populations.
An analysis of molecular variance (AMOVA) based
on the K2P model was also conducted in Arlequin
version 3.1 in order to estimate the degree of genetic
structuring for mtDNA-COI sequences among and
within populations or groups. To test the significance
of covariance components and fixation indices,
10 000 permutations were performed. To address the
problem of multiple comparisons, probability levels
were adjusted using the False Discovery Rate (FDR)
correction procedure (Benjamini & Hochberg 1995),
which controls for the expected proportion of incorrectly rejected null hypotheses (Type I errors).
To test for evidence of isolation-by-distance, a
Mantel test was performed on genetic distances

[FST / (1 − FST)] against (linear) geographic distance
(minimum coastline distance) between all pairs of
sampling locations, using the isolation by distance
web service (IBDWS) version 3.21 (Jensen et al.
2005). In a 1-dimensional habitat (considered as such
given that differentiation occurs over spatial scales
greater than the habitat width) a linear relationship
between these 2 variables is expected (Rousset
1997). The significance of Mantel’s Z test statistic was
based on 30 000 permutations.
Population clusters were identified using pairwise
FST values and a minimum spanning network in
which groupings were formed based on the existence of significant differences between populations
and geographically identifiable clusters. This was
done in order to apply a population model for estimation of demographic parameters.
To infer historical demographic expansions, pairwise mismatch distributions were generated for the
different groups, with DnaSP version 5.10 (Librado &
Rozas 2009), and the raggedness r index was calculated (Harpending 1994). This analysis tests a null
hypothesis of population expansion with the failure
to reject it (non-significant raggedness index) indicating lack of support for the alternative hypotheses
of population stability. Departure from neutrality (as
would be expected under population expansion) was
also tested using R2 (Ramos-Onsins & Rozas 2002), in
DnaSP v. 5.10, and Fu’s Fs (Fu 1997) and Tajima’s D
(Tajima 1989), in Arlequin version 3.1 by generating
10 000 simulated samples under the hypothesis of
selective neutrality and stable population size.
Estimation of divergence time was obtained under
an isolation-with-migration analytical model (IMa2;
Hey 2010). The program uses a Markov chain Monte
Carlo (MCMC) simulation. The model assumes that
an ancestral population of size θA split into 2 populations of sizes θ1 and θ2, t generations ago and that the
2 populations exchanged migrants with rates m1 and
m2 after divergence. The demographic parameters
estimated by IMa2 are scaled by the following:
(1) mutation rate μ: θ = 4Ne μ for nuclear genes, where
Ne is the effective population size; (2) t = tμ, where t is
the time since splitting in units of years; and (3) m = m
/ μ, where m is the migration rate and m is the rate per
gene per generation in the coalescent. To convert the
estimates of IMa2 into demographic units, an inheritance scalar of 0.25 for mitochondrial data (i.e. θ =
Ne μ) and a generation time of 2 yr were assumed. The
mutation rate μ for COI was assumed to be between
0.355 × 10−6 and 1.315 × 10−6 substitutions per sequence per year, based on a molecular clock calibrated by Luttikhuizen et al. (2003). Divergence rates
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types, 58 of 507 sites were polymorphic (Table S1 in
were calculated based on fossil record dates from 3
the supplement at www.int-res.com/articles/suppl/
distinct sets: (1) the family Arcidae (Arca spp. versus
m462p111_supp.pdf), with 2 different substitutions
Barbatia spp., Cox et al. 1969); (2) the mussel genus
being observed in 5 of those sites adding up to a total
Mytilus (M. californianus versus M. edulis species
of 63 substitutions, of which 48 were transitions and
complex, Coan et al. 2000); and (3) the Tellinacea
15 were transversions (TI/TV ratio = 3.2). Of the 63
(Donax spp. versus Macoma spp. and Sinonovacula
substitutions, 17 were nonsynonymous replacement
constricta versus Donax spp. and Macoma spp., Pohlo
substitutions while the remaining 46 were synony1982). For all IMa2 runs the Hasegawa-Kishino-Yano
mous substitutions (Ka/Ks ratio = 0.37).
(HKY) substitution model was used.
Pairs of populations were compared because it was
not possible to fit a regular 3-population model to
Population genetic analysis
data from 1 single locus (due to the high number of
demographic parameters). All individuals were incluThe frequency of haplotypes as well as nucleotide
ded in the analysis. Upper limits to parameter priors
and gene diversities and their standard deviations
were determined based on preliminary runs to
per sample are given in Table S2 in the supplement.
ensure that posterior distributions fell completely
Haplotype h01 was clearly the most common haplowithin the prior distributions. The analysis was pertype (67.1% of the individuals analyzed) and the only
formed using 4 independent runs with identical
one present at all sampling sites. The minimum spanpriors and number of coupled chains, but different
ning network showed only 1 main clade based on the
random number seeds, for each pair of populations.
presence of h01 (Fig. 1). To connect all observed hapThree shorter runs consisting of 10 MCMC chains
with geometric heating (h1 = 0.99, h2 =
h49
0.75) of 2 million steps plus 1 longer
run of 10 million steps were sampled
after an initial burn-in period of 1 million steps. To reduce the number of parameters in the model, a single migrah54
tion parameter was estimated for each
pair of populations (equal migration
rate in both directions, −j2 option). To
h51 h52 h55 h56 h57
h58
h48
ensure convergence of parameter dish59
h47
h60
tributions, effective sample size (ESS)
h45
h61
values, autocorrelation values and
h43
h62
chain swapping were examined; trendh42
h63
line plots were checked for absence of
h38
h64
trends, and parameter distributions
h36
h65
were checked for unimodality. Geh02
h32
h53
h01
nealogies from the 4 runs were then
h04
h03
h31
h12
combined in a single L-mode run and h46
h30
h05
h20
h29
the peaks of the marginal posterior dish33
h34
h06
tributions were taken as estimates of
h28
h44
h08
the parameters.
h27
h40
h41
h09
h10

h26
h24
h23

RESULTS
Sequence data
A total of 423 individuals were sequenced and 65 different haplotypes
were detected among the samples
(Genbank accession numbers JN176805 to JN176869). Among the haplo-

h22 h21 h18
h19

h50

h15
h16

h37
h35 h25

h13
h14

h39

h17
h11
h07

Fig. 1. Scrobicularia plana. Minimum spanning network among haplotypes,
where each circle represents a haplotype; size of circles is proportional to haplotype frequency and slash marks indicate the number of substitutions. Locations
in different colors: Trondheim (yellow), Atlantic (blue/green) and Pisa (red)
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lotypes to the network, the number of necessary substitutions varied between 1 and 5. The geographical
distribution of all haplotypes is shown in Fig. 2. The
number of observed haplotypes within populations
ranged from 3 (Ponte Vedra, Galicia) to 14 (Algarve,
Portugal). The majority of haplotypes (50 of 65) were
private alleles, i.e. observed only in 1 population, of
which 47 were single occurrences. Haplotype diversity (h) ranged from 0.32 in Ireland to 0.86 in the
south of Portugal with an overall average of 0.52
(Table S2 in the supplement). The lowest values of
nucleotide diversity (π = 0.0007) were observed in

TRO

TJ

WS

KB
KL

BA
TER

CLO
PLY
RO

Sweden and Ireland, while the highest value (0.0029)
was detected in the south of Portugal. Mean
nucleotide diversity among all locations was 0.0016
indicating that, on average, individuals differed by
less than 0.2% bp−1. No significant correlation was
observed between latitude and either haplotype
diversity (p = 0.25) or nucleotide diversity (p = 0.33).
Pairwise FST values after FDR correction for multiple testing are shown for all samples in Tables 2 & S3
(in the supplement). Statistically significant differences were observed in 15 of the 153 pairwise population comparisons when using the K2P model, and in
18 out of 153 when using conventional FST statistics.
The AMOVA showed that the global FST value across
all samples amounted to 0.036, with 96.44% of the
variation being explained by differences within populations, while only a small percentage (3.56%)
resulted from differences among populations. The
correlation between genetic [FST / (1 − FST)] and geographic distances is presented in Fig. 3. The Mantel
test showed a highly significant positive correlation
between genetic divergence of populations and linear geographic distances among all samples (Z =
11909.48, r = 0.63; null hypothesis of r ≤ 0:
1-sided p = 0.0001 from 30 000 randomizations; slope
with a value of 3.91 × 10−5 and R2 of 0.40). A significant isolation-by-distance effect was also detected
when analyzing the Atlantic cluster only (p = 0.041).
Tests to detect additional geographic structure were
performed by grouping the samples in to 3 clusters:
Trondheim, Atlantic (Tjärnö, Sweden; Wadden Sea,
Germany; Balgzand, Netherlands; Terneuzen, Nether0.20

MP
AS

PI

0.15

CA

AL CZ

X

FST / (1 – FST)

PV

0.10
0.05
0.00

AG

–0.05
0

Fig. 2. Scrobicularia plana. Distribution of mitochondrial
cytochrome-c-oxidase I haplotypes across the Northeastern
Atlantic coast and Mediterranean Sea. Different colors represent haplotypes that are only found in the respective
groups: Trondheim (yellow) and Pisa (red); the Atlantic
group (blue/green) includes all remaining haplotypes. The
different shades of each color represent a different haplotype. Letters indicate sample codes (See Table 1 for abbreviations of sample codes)
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Geographic distance (km)
Fig. 3. Scrobicularia plana. Isolation-by-distance determined from the relationship between genetic distances
[FST / (1 − FST)] were plotted against geographical distance
(minimal coastline distance) between all sites. Mantel test
for matrix correlation: Z = 11909.48, r = 0.63; null hypothesis
of r ≤ 0: 1-sided p = 0.0001 from 30 000 randomizations. The
slope had a value of 3.91 × 10−5 and R2 of 0.40
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0.741
0.850
0.517
0.372
0.784
0.641

0.263
0.699
0.505
0.453
0.315
0.756
0.617
0.617

0.214
0.495
0.453
0.235
0.214
0.461
0.311
0.517
0.617
0.617

PI
AG
CZ
AL
CA
PV
AS
MP
RO
KL
PLY
CLO
KB
TER
BA
WS
TJ
TRO
Site

Table 2. Scrobicularia plana. Pairwise population comparisons for each sampling location. Below diagonal are pairwise FSTs based on Kimura 2-parameters distances
between haplotypes. Above diagonal are adjusted p-values after False Discovery Rate (FDR) correction. Significant differences from zero (*p < 0.05) and at the Bonferroni corrected level **p < 0.0003268 were determined. Conventional FST p-values significantly different from zero after FDR correction in bold. For a complete list
of pairwise FST and adjusted p-values using conventional FST statistics see Table S3 in the supplement. See Table 1 for location abbreviations
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lands; Killala Bay, Ireland; Clonakilty Estuary,
Ireland; Plymouth, England; Kings’ Lynn, England; Roscoff, France; Moezeplaisance, France;
Astúrias, Spain; Ponte Vedra, Galicia; Caminha,
Portugal; Algarve, Portugal; Cádiz, Spain;
Agadir, Morocco) and Pisa. Pisa was considered
a different group given the significant differences in pairwise FST values between Pisa and
11 other populations. As for the Trondheim cluster, its placement in a distinct group was justified
by significant pairwise FST values (Table 2) and
the identifiable cluster formed by 3 of its private
alleles (Fig. 1), which constitutes the only geographically restricted clade observed in the haplotype network. Results from the AMOVA analysis revealed evidence of differentiation among
the 3 groups (FCT = 0.111, p = 0.019) as well as
significant variance among populations within
groups (FSC = 0.003, p < 0.001) and among
individuals within populations (FST = 0.114,
p < 0.001). The percentage of total molecular
variation was 88.57% within groupings, 0.31%
among samples within groups and 11.12% among
groups, indicating that the majority of variation
observed was explained by differences within
populations.

Historical demography
Significant departure from neutrality, as determined by R2 and Fu’s FS tests was observed
for all 3 groups (Table 3). Similar results were
obtained with the Tajima’s D test, although the
Trondheim sample was non-significant in this
case, which may be due to the higher power of
R2 and Fu’s FS tests (Ramos-Onsins & Rozas
2002). Mismatch distributions of the 3 groups
are shown in Fig. 4. Two of the groups were
characterized by a clear unimodal distribution,
while Trondheim seems to also have a unimodal
distribution that has apparently been under
sampled. Visually, the Atlantic group fit a typical L-shaped curve, while Trondheim and Pisa
were closer to a bell-shaped curve. All groups
were characterized by low and non-significant
raggedness values (not shown).
Population size (θ), migration (m) and splitting
time (ts) parameters were estimated for Trondheim, Atlantic and Pisa groups (Table 4).
Although we were unable to obtain high ESS
values, the lack of a pattern in the trend line
plots, high swapping rates, low autocorrelations
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Table 3. Scrobicularia plana. Tests of neutrality within the 3 groups
Groups
Trondheim
Atlantic
Pisa

Fu’s FS (p-value)

Tajima’s D (p-value)

−3.953 (0.007)
−3.403 × 1038 (0.000)
−5.357 (0.001)

−1.500 (0.059)
−2.555 (0.000)
−1.535 (0.046)

12
Trondheim
n = 29

10

and similarity of posterior estimates
generated from different runs suggested convergence in most parameR2 (p-value)
ters (Fig. S1 in the supplement). The
0.063 (0.001)
splits between the Mediterranean
0.009 (0.010)
and all other Atlantic groups appear
0.064 (0.006)
to be the oldest at between 0.30 and
1.10 million years ago (Mya). The
splitting time between Trondheim and Atlantic is
estimated to have been more recent, occurring 0.10
to 0.37 Mya. Migration rates were estimated to be
extremely low among all 3 groups.

8
6

DISCUSSION

4

Population structure

2

Our analysis of mitochondrial sequences of Scrobicularia plana revealed weak population structure
along the species distributional range. Low levels
of differentiation were indicated by low FST values
between populations and groupings. Minimal population structure can be attributed to both a recent
expansion and high gene flow. Negative values of
neutrality tests point to an excess of low frequency
polymorphisms indicating population expansion following a bottleneck or selective sweep (Tajima 1989).
This fits well with the topology of the haplotype network, which is dominated by a single, high frequency,
ancestral haplotype and many 1-step peripheral ones
(Slatkin & Hudson 1991). Demographic events can
also be inferred from the mismatch analysis, as the
distribution of pairwise differences is shaped by
episodes of population growth or decline (Rogers
& Harpending 1992). Under population growth or
directional selection, the mismatch distribution is
smooth and unimodal with low raggedness values,
whereas ragged multimodal distributions result from
long-term stationary populations (Harpending 1994).
The unimodal distributions of all the groups are indicative of recent population expansion with the Lshaped distributions of the Atlantic group suggesting
a recent genetic bottleneck, with the subsequent
rapid population expansion creating a ‘wave’ in the
distribution that will shift to the right over time
(Rogers & Harpending 1992). The non-significant
raggedness values observed for all groups are also
indicative of expanding populations.
Species with a pelagic larval life stage, such as
Scrobicularia plana, are expected to show high gene
flow between populations as a consequence of their
high dispersal potential in combination with the

0

Number of individuals

200
175

Atlantic
n = 364

150
125
100
75
50
25
0

16
14

Pisa
n = 30

12
10
8
6
4
2
0
0

1

2

3

4

5

6

7

8

Pairwise sequence differences
Fig. 4. Scrobicularia plana. Mismatch distribution of mitochondrial cytochrome-c-oxidase I sequences for 3 locations
showing (gray bars) observed distribution of pairwise differences among individuals from each group and (black line)
expected distribution under a model of sudden expansion

0.30−1.10
0.09−0.34
3.04−11.26
0.39
0.12
4.00
0
0
2.67 × 10−6−9.88 × 10−6
0
0
7.51
0.21−0.78
0
146.77−543.66
1.88−6.95
0.43−1.58
259.98−963.03
1.36−5.04
0
10.12−37.50
2.2
0
1544
14.3
0
106.5
Trondheim (1) vs. Pisa (2)
Marginal peak location
Lower 95% HPD
Upper 95% HPD

19.8
4.5
2735

0.26−0.96
0.08−0.30
0.43−1.59
0.34
0.11
0.57
7.46 × 10−9−2.76 × 10−8
0
2.95 × 10−7−1.09 × 10−6
0.021
0
0.83
0.08−0.28
0
2.99−11.09
1.37−5.06
0.43−1.58
6.99−25.88
0.8
13.89−51.47
0
4.99−18.49
31.5 177.68−435.92
14.4
4.5
73.5
146.2
52.5
1238
Atlantic (1) vs. Pisa (2)
Marginal peak location
Lower 95% HPD
Upper 95% HPD

0.10−0.37
0.04−0.16
0.29−1.09
0.13
0.06
0.39
1.38 × 10−7−5.10 × 10−7
0
1.33 × 10−6−4.93 × 10−6
0.388
0
3.75
1.44−5.33
0
4.13−15.32
221.25−819.56
8.13−30.11
285.08−1055.99
1.36−5.02
0.43−1.58
7.27−26.94
15.1
0
43.5
2327.6
85.5
2999
Trondheim (1) vs. Atlantic (2)
Marginal peak location
14.3
Lower 95% HPD
4.5
Upper 95% HPD
76.5

t
t
μ
(substitutions
sequence−1 yr−1)
m1<> 2
Ne(A)
(millions
of ind.)
Ne(2)
(millions
of ind.)
Ne(1)
(millions
of ind.)
θA
θ2
θ1
Model

Table 4. Scrobicularia plana. Coalescent estimates of population size parameter (θ) of current populations (1 and 2) and their ancestral population (A), migration parameter (m; equal migration rate in both directions was assumed) and the splitting time parameter (t) between Populations 1 and 2 were derived from combined parameter distributions of 4 isolation with migration analytic (IMa) model runs. Effective population size (Ne) and time since divergence (t) were estimated based on a mutation rate (μ) of 0.355 × 10−6 to 1.315 × 10−6 substitutions sequence−1 yr−1, assuming a generation time of 2 yr. Error ranges are described by the 95% highest posterior
density (HPD)

Santos et al.: Phylogeographic connectivity of Scrobicularia plana

119

apparent absence of geographical barriers (e.g. Hellberg et al. 2002, Carr et al. 2003, Palumbi 2003).
However, there is little direct evidence that marine
populations are demographically open and broadly
connected over large spatial scales with several studies highlighting the heterogeneity in dispersal scale
among marine species (e.g. Kinlan & Gaines 2003,
Kinlan et al. 2005, Bowen et al. 2006, Cowen et al.
2007, Weersing & Toonen 2009, Riginos et al. 2011).
Our study indicates restricted gene flow between
populations, suggested by the observed isolationby-distance effect. Geographical distance explained
almost 40% of the genetic variation along the distribution range. This suggests that populations of
S. plana are self-recruiting. Local retention has been
observed in several marine populations (e.g. Swearer
et al. 2002, Jones et al. 2005, Almany et al. 2007,
Bradbury et al. 2008, Galindo et al. 2010) and it may
be related to the species’ ecological and habitat characteristics (Swearer et al. 2002, Cowen & Sponaugle
2009). Moreover, although S. plana populations show
high haplotype diversity, the observed values are relatively low when compared to other marine bivalves
(Table S4 in the supplement), which may also be an
effect of local retention. In this sense, isolation may
be associated with S. plana’s habitat-related, patchy
spatial distribution. The low levels of genetic differentiation observed between groups may then not be
a result of high gene flow but instead of large effective population sizes, in combination with the recent
population expansion. The low estimated migration
rates between groups constitute further evidence of
contemporary isolation and ongoing divergence.
In the absence of gene flow, selection and genetic
drift will be the initial driving forces of interpopulation differentiation by acting on existing genetic
variation (Hellberg et al. 2002). Patterns of reduced
neutral variation can be produced by both selective
sweeps (Maynard Smith & Haigh 1974, Kaplan et al.
1989) and background selection (Charlesworth et al.
1993, Hudson & Kaplan 1995). As selective sweep is
a process by which a selected mutation reduces variability in linked neutral sites as it increases in frequency in the population (Nielsen 2005). Background selection can occur when deleterious alleles
are maintained by recurrent mutation (Charlesworth
et al. 1993), which also reduces neutral diversity
since the elimination of a deleterious mutation lowers
the frequencies of any associated neutral or nearly
neutral variants (Kreitman & Akashi 1995). The frequency distribution of segregating mutations may
help distinguish these 2 processes. While a selective
sweep will cause an excess of private alleles leading
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to a star-like genealogy of the marker considered,
this is not the case in background selection (Slatkin
1985, Charlesworth et al. 1993, Kreitman & Akashi
1995). The star-shaped network observed for Scrobicularia plana suggests that background selection is
not the cause of the low levels of differentiation. A
similar population structure could, however, be observed due to demographic causes such as the recovery of variation following a population bottleneck.
The reduction in population size is likely to eliminate
many rare variants, reducing polymorphism. As the
population recovers, a rapid expansion leads to new
(rare) mutations, which results in an apparent excess
in allelic diversity (Maruyama & Fuerst 1985, Simonsen et al. 1995). Comparisons of other species from
the same region can help to distinguish between
potential biogeographical scenarios (Avise 2000) and
mechanisms. The population structure of S. plana is
distinct from what has been observed for either
Macoma balthica (Luttikhuizen et al. 2003) or Cerastoderma edule (Krakau et al. 2012) from the same
area. M. balthica consists of deeply diverged lineages that may be explained by considerably longer
divergence times. Divergence time does not, however, seem to explain the differences between
S. plana and C. edule with the later showing a more
structured minimum spanning network despite similar divergence times. It is thus likely that the 2
species coped with the LGM differently through differential habitat selection. At present, population
genetic surveys are still mainly conducted with
markers assumed to be neutral so that the effects of
selection cannot be discerned. To distinguish between demographic and selective causes of a recent
reduction of genetic variability, different loci need to
be analyzed since demographic events apply to the
whole genome while selective events affect only distinct regions of the genome (Galtier et al. 2000).
Note, however, that if selection is operating, the
molecular clock hypothesis may not hold (Tajima
1993). In addition, rates of molecular evolution may
vary considerably, both through time and among lineages (Smith & Peterson 2002), which emphasizes
once again the need to analyze other genetic markers and interpret molecular clock estimates with due
caution.

The last glacial maximum
During the LGM, the extension of ice sheets as far
south as the northern coast of the Iberian Peninsula
(Frenzel et al. 1992) caused Scrobicularia plana’s

northern edge of distribution to likely contract to that
area. As the ice retracted, new habitats became
available, which would have allowed the northern
spread from its periglacial refugia. This postglacial
recolonization would have led to a loss of genetic
diversity along the leading edge as a consequence of
random genetic drift, resulting in a gradient of
decreasing genetic variation with increasing latitude
(Hewitt 2004).
Although individual populations of Scrobicularia
plana have considerable variation in haplotype diversity, a general decreasing trend with increasing
latitude (although non-significant) is observed. Four
locations, however, stand out due to their higher haplotype diversity and presence of private haplotypes:
Trondheim, Roscoff, Algarve and Pisa. A significant
difference has been observed between the haplotype
diversity values for these 4 locations and those of the
remaining populations using a 1-way analysis of
variance (ANOVA, p < 0.001). It is probable that
these locations served as refugia (e.g. Hoarau et al.
2007, Maggs et al. 2008, Olsen et al. 2010).
The Iberian Peninsula and the Mediterranean Sea
are widely recognized glacial refugia as several marine species were confined to those areas as ice sheets
expanded south (e.g. Consuegra et al. 2002, Gysels et
al. 2004, Sá-Pinto et al. 2005, Chevolot et al. 2006,
Hoarau et al. 2007, Mäkinen & Merilä 2008). The
high haplotype diversity observed for the populations of Pisa and Algarve and the high level of differentiation of the Mediterranean population do
suggest that these locations served as refugia for
Scrobicularia plana.
The Brittany/English Channel area is also a wellknown refuge for marine species (Coyer et al. 2003,
Provan et al. 2005, Chevolot et al. 2006, Hoarau et al.
2007, Remerie et al. 2009, Campo et al. 2010, Olsen et
al. 2010, Krakau et al. 2012). Scrobicularia plana also
appears to have had a refuge population in this area
as suggested by the high haplotype diversity of the
Brittany sample, with only 2 southern populations
presenting higher values. The presence of this refugial area could be explained by the drop in sea-level
during the LGM (Frenzel et al. 1992), which exposed
an ice-free terrestrial depression in the nascent English Channel, known as the Hurd Deep (Lericolais et
al. 1995, 2003). This depression may have persisted
as a marine lake in which marine organisms were
able to survive until sea levels began to rise after the
LGM (Provan et al. 2005).
Northern Norway, on the other hand, is not commonly recognized as a marine refuge. Although icefree areas in Scandinavia (Sutherland 1984, Vorren
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et al. 1988, Svendsen et al. 2004) suggest that this
area may also have served as a northern refuge, evidence remains scant (Cerastoderma edule, Krakau et
al. 2012 and the fucoid macroalga Fucus distichus,
Coyer et al. 2011). The high haplotype diversity
observed for the Norwegian sample, including 4 private alleles, is consistent with a northern refugium
for Scrobicularia plana. Moreover, as the splitting of
the Trondheim group precedes the LGM (see
Table 4), the high variability of the Norwegian population is most likely not a result of a recolonization
event but of the presence of a glacial refugium.
In summary, genetic diversity patterns are commonly used to determine range expansion routes. In
our study, the high genetic diversity and heterogeneity of Scrobicularia plana populations in glaciated areas (Brittany Peninsula and Scandinavia)
suggest a colonization of these areas prior to the
LGM and survival in refugial areas. Many marine
species follow this pre-LGM expansion model (e.g.
Luttikhuizen et al. 2003, Gysels et al. 2004, Provan
et al. 2005, Chevolot et al. 2006, Hoarau et al. 2007,
Maggs et al. 2008, Campo et al. 2010), with their
ability to persist in glaciated areas depending on
the species’ biological and ecological constraints.
However, it is also important to note that other processes can alter haplotype composition such as local
extinction events, genetic drift, or a selective sweep
since the LGM.

CONCLUSIONS
The present study revealed a weak population
genetic structure of the bivalve Scrobicularia plana
but a significant isolation-by-distance effect, with the
species’ patchy spatial distribution likely contributing to low connectivity. S. plana has undergone recent expansion between 0.30 and 1.10 Mya, which in
combination with the high population sizes, explains
the weak geographic pattern of genetic variation.
During the LGM, S. plana would have retreated to
southern Europe, although some populations likely
survived in ice-free areas along the Brittany Peninsula and Scandinavia, the latter only recently recognized as a glacial refuge for marine species (Coyer et
al. 2011, Krakau et al. 2012). Results were, however,
obtained using only mitochondrial COI data. Since
different genetic markers can reflect different
aspects of population biology and history, only by
combining data from several markers is fully understanding the complex demographic history of a species possible (Eytan & Hellberg 2010).
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