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Abstract The cockle Cerastoderma (Cardium) edule (L.)
ranges from NW Africa to northern Scandinavia. Abun-
dance in shallow coastal sediment is often high, and it
attracts commercial harvest. In this study, a complex
genetic pattern has been revealed by mitochondrial DNA in
383 individuals from 19 sampling sites. Parsimony network
analysis of 79 haplotypes identified two dominant central
haplotypes separated by low divergence. One is charac-
teristic for a homogenous southwestern group of popula-
tions from Africa to the British Isles. The other is
characteristic for a heterogeneous northern group with a
deviant Arctic population. At the entrance of the Baltic
Sea, a mixture zone of the dominant haplotypes was found.
The estimated population expansion time for the northern
haplotype group predates that of the southwestern one,
suggesting northern glacial refugia and a subsequent
southern expansion of C. edule populations.
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Introduction

Quaternary glaciation cycles and corresponding extinc-
tions, contractions into glacial refugia and interglacial
expansions of individual species have laid the foundation
for present species assemblages at temperate and high
latitudes (Hewitt 2000; Martin and McKay 2004; Hoff-
mann and Sgro 2011). Large-scale population genetic
analysis may detect signatures of these developments. In
the simplest scenario with a single glacial refugium below
the glaciated area, a linear decrease in genetic diversity
toward higher latitudes can be expected. In the Northeast
Atlantic, there are, however, several examples where
marine species do not conform to this. Two species of
seagrass, for example, show highest allelic diversity in the
North Sea region (Coyer et al. 2004; Olsen et al. 2004).
Several species of benthic macroalgae and invertebrates
seem to have survived glaciations in periglacial or cryptic
northern refugia (Roman and Palumbi 2004; Hoarau et al.
2007; Maggs et al. 2008; Luttikhuizen et al. 2008; Olsen
et al. 2010; Coyer et al. 2011).

In benthic bivalves, no clear evidence for northern gla-
cial refugia has been found so far. However, trans-Arctic
pathways from Pacific coasts and dispersal across the
northern Atlantic have been inferred from genetic analyses
for bivalves. Notable examples are the circumpolar
Macoma balthica complex (Luttikhuizen et al. 2003; Nikula
et al. 2007) and the closely related mussels Mytilus edulis,
M. trossulus and M. galloprovincialis (Riginos and Henzler
2008; Brannock and Hilbish 2010; Viinold and Strelkov
2011). Patterns in the latter may have been further com-
plicated by human-mediated translocations. Such pathways
have been genetically reconstructed for various introduced
alien species (e.g., Darling et al. 2008; Reitzel et al. 2008;
Reusch et al. 2010; Lejeusne et al. 2011). In the lagoon
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cockle Cerastoderma glaucum, scattered populations are
separated into an eastern group with Ponto-Caspian and
Aegean Sea haplotypes and a western group from the
Mediterranean to the Baltic Sea (Nikula and Viinola 2003),
and peculiar long-distance relationships may have been
caused by migrant birds carrying eggs or larvae (Tarnowska
et al. 2010).

The common cockle, Cerastoderma (Cardium) edule
(L.), on the other hand, occupies a continuous range in
shallow water sediments from northern Africa along the
eastern Atlantic coasts to northern Norway and Murmansk
in the Arctic and is not found in the Mediterranean and
Baltic Seas (Brock 1980; Hayward and Ryland 1995).
Local populations tend to fluctuate and occasionally col-
lapse due to severe winters, predation, parasites and cockle
fishery (Reise 1985; Jensen 1992; Piersma et al. 2001;
Strasser 2002; Thieltges 2006; Beukema and Dekker 2006;
Kraan et al. 2007). Dispersal in C. edule may last up to
4 weeks, primarily by pelagic larvae and secondarily by
drifting juveniles (Creek 1960; Armonies 1994; de Mon-
taudouin et al. 2003). This may usually substitute local
losses from nearby sites, leaving little traces in the genetic
structure in contrast to large-scale glaciations.

The aim of the present study was to examine the mito-
chondrial DNA (mtDNA) variability of C. edule for
signatures of its Pleistocene and postglacial population
history. Unlike in mussels and oysters, transfers for cul-
turing purposes between coastal regions have not been
practiced to our knowledge. Considering the present dis-
tribution range of C. edule and the suspected high dispersal
capacity (Creek 1960; Boyden 1971), we expected high-
frequency southern haplotypes with no or few private
haplotypes in the northern range, indicating a southward
retreat during last glacial maximum and subsequent re-
colonization of the northern range. On the other hand,
survival in cryptic refugia and periglacial zones during
glaciations would be indicated by more complex patterns
of the genetic structure. Clarifying the mtDNA phyloge-
ography of C. edule may improve our understanding on
how modern benthic communities came into existence in a
coastal region that has experienced pronounced climatic
and topographic change since the Pleistocene.

Materials and methods
Samples

Between 2005 and 2007, individuals of C. edule were
collected from 18 European sampling sites plus one Afri-
can site (Table 1). Sampling was conducted randomly at
the mid-intertidal by hand and rake next to Lagos and
Lisbon (Portugal), Dublin (Ireland), Sylt (Germany),
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Kristineberg (Sweden) and Bergen (Norway). In addition,
specimens from 13 other sites were kindly provided by
colleagues following the same sampling protocol. Whole
bivalves or parts of soft tissue were preserved immediately
in 96-100% ethanol and were stored at <4°C until further
processing. The analyses comprised 383 individuals of
C. edule (Table 1).

DNA extraction and PCR

We extracted total DNA from adductor muscle or foot
tissue following the protocol of the QIAGEN® DNeasy
Blood and Tissue Kit (Qiagen; Hilden, Germany). A DNA
fragment of about 700 base pairs (bp) from the 5’ part of
the mitochondrial cytochrome oxidase I (COI) gene was
amplified. Polymerase chain reaction (PCR) amplification
was performed on the Biometra® Thermal Cycler T1
(Biometra; Gottingen, Germany) as described below.

After receiving the sequencing results of the first PCRs
where the primers HCO1490 and HCO2198 from Folmer
et al. (1994) were used, a new forward primer was
designed: COI5Fc: 5'-CAT AAA GAT ATT GGG ACT
TTA TAC-3'. This forward primer was combined with the
published reverse primer (HCO2198: 5-TAA ACT TCA
GGG TGA CCA AAA AAT CA-3) for reliable amplifi-
cations. PCR was carried out in 50-pL reaction volume
with ~ 150 ng template DNA, 0.2 mM of each dNTP,
0.6 pM of each primer, 1.5 mM of MgCl, and 2.5 U Taq
polymerase (Qiagen; Hilden, Germany) in the buffer sup-
plied by the manufacturer. The first denaturation at 94°C
lasted 2 min, followed by 40 cycles with denaturation at
94°C for 60 s, annealing at 50°C for 60 s and extension at
72°C for 60 s. Amplification results were confirmed by 1%
agarose gel electrophoresis. Fragments were purified using
the QIAquick purification kit (Qiagen; Hilden, Germany).
Direct sequencing of PCR products was done in one
direction by MWG Biotech (Ebersberg, Germany). Over
25% of sequences representing singleton haplotypes were
tested and all verified after repeating DNA extraction, PCR
and additional reverse sequencing. Thus, sequencing errors
cannot be entirely excluded but should have no major
impact on the results.

Sequence and statistical analyses

Quality of sequencing results was manually checked with
the free software CHROMAS Lite 2.01 (Technelysium Pty
Ltd), and sequences were aligned using “CLUSTAL W” as
implemented in BioEdit (Hall 1999). Haplotype and
nucleotide diversity analyses were performed with the
software package DnaSP 4.10 (Rozas et al. 2003).

Spatial population structuring was tested using SAM-
OVA 1.0 (Dupanloup et al. 2002) by maximizing the Fcr
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’g?le)z;ulle Sampling sites for Code Location Country Latitude Longitude  Sampling date GG
MO Merja Zerga  Morocco 34°50' N 06° 14 W August 2005 Southwest
AL PO Lagos Portugal 37°07 N 08°37 W  September 2005  Southwest
LN PO Lisbon Portugal 38°43' N 09° 00’ W September 2005  Southwest
AR FR  Arcachon France 44°35' N 01° 14 W August 2005 Southwest
RO FR  Roscoff France 48°43' N 03° 58 W June 2007 Southwest
TH Southend England (UK) 51°28' N 00°42"E  March 2007 Southwest
DB Dublin Ireland 53°19' N 06° 12 W August 2005 Southwest
SO St. Andrews  Scotland (UK) 56° 21’ N 02°50' W August 2006 Scottish
SL North Gluss ~ Scotland (UK) 60° 28’ N 01°21" W September 2007  North
TX WS Texel The Netherlands 53° 13’ N 04°94'E  August 2004 North
LA WS Langeoog Germany 53°45'N  07°29E  July 2007 North
SY Sylt Germany 55°01' N 08°26' E  September 2005 North
LF Limfjord Denmark 56°56' N 09° 04 E  July 2007 North
NM SK  Norsminde Denmark 56°02' N 10°25 E  July 2007 Skagerrak
The two-letter code is KR SK Kristineberg Sweden 58° 14N 11°26' E  July 2006 Skagerrak
f:f:eﬁlu‘:}?gz e‘;i‘ilddlzoﬁfgﬂf and b SK Arendal Norway 58°26' N 08°48'E  August 2005 Skagerrak
some sites have been grouped BN Bergen Norway 60° 23’ N 05°20' E  August 2005 North
for presentation in Fig. 1. The BO Bodg Norway 67° 17N  14°37 E  August 2005 North
last column indicates the genetic 1y Murmansk  Russia 69° 10/ N 36°05'E  August 2007 Arctic

grouping (GG)

value, which is the proportion of total genetic variance due
to differences between groups of populations. Significance
level was determined based on 1,000 random permutations
of the data. A slightly modified structure based on geo-
graphic vicinity of sampling sites was additionally tested
with the analysis of molecular variance (AMOVA:
Excoffier 1995), as implemented in the program Arlequin
(Version 3.1; Excoffier et al. 2005).

Pairwise Fgr values were calculated in Arlequin using
uncorrected pairwise distances. To assess whether gene
flow correlates with geographic distance (‘‘isolation-by-
distance’’” model), the matrix of pairwise Fgt values to the
geographic distance matrix was tested using a Mantel test
implemented in Arlequin. The statistical significance of the
correlation coefficient was determined by conducting
Mantel tests on 5,000 random permutations of the data set.
Geographic distances between populations as estimates of
dispersal ranges were calculated in kilometers as shortest
along-shoreline and across-water distance using ArcGIS
9.2 (ESRI; Kranzberg, Germany).

Since trees are less adequate to visualize intraspecific
phylogenies with small genetic distances, a statistical par-
simony haplotype network was constructed by the com-
puter program TCS v1.21 (Clement et al. 2000). Neutrality
tests and mismatch analyses were performed with the
software package DnaSP 4.10. Obtained graphical outputs
were used to illustrate demographic model fit. Addition-
ally, the time frame of population expansion () was esti-
mated after Rogers (1995) applying the demographic
parameters t (“tau”) given by DnaSP 4.10. The equation

t = 1/2 p k (see Rogers and Harpending 1992) was used
with T as moment estimator of time to expansion, p as per
year probability of an individual nucleotide site to mutate
and k as length of sequence investigated.

Results
Genetic richness

The aligned data set of COI sequences derived from 383
Cerastoderma edule individuals consisted of 582 nucleo-
tide positions with 78 (13%) variable positions. The 79
COI haplotypes identified (Genbank Accession Numbers:
FJ403245-FJ403323) displayed between 0.17 and 1.37%
nucleotide differences. Haplotype and nucleotide diversity
varied between sampling sites, with generally high haplo-
type diversity but low nucleotide diversity (Table 2).

The highest diversity index values were found at Bodg
at the northern Norwegian coast (BO: h = 0.931,
n = 0.00646; Table 2). On average, haplotype and nucle-
otide diversity were observed to be higher in northern edge
populations (SL, BO: h > 0.700) than in the southern
Atlantic sites (MO and AL: & < 0.430). The samples from
Roscoff (RO) and Southend (TH) exhibited relatively high
diversity values compared to more southern sites of the
Atlantic region. The lowest genetic diversity value was
found in the population from St. Andrews (SO: & = 0.140,
Table 2), and this Scottish sample was without private
haplotypes.
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Table 2 Genetic diversity

S . Code N H, H, S h T
indices for cockle populations Number of all Number Number of Haplotype Nucleotide
haplotypes of unique polymorphic diversity (SD) diversity
haplotypes sites (SD) x 107

MO 21 5 1 4 0.424 (0.131) 0.105 (0.037)
AL 21 6 2 6 0.429 (0.134) 0.113 (0.043)
LN 10 3 1 5 0.511 (0.164) 0.225 (0.089)
AR 13 3 1 4 0.410 (0.154) 0.128 (0.067)
RO 23 10 6 14 0.731 (0.099) 0.264 (0.075)
DB 23 8 6 9 0.526 (0.126) 0.135 (0.046)
TH 21 9 5 11 0.729 (0.102) 0.263 (0.064)
SO 28 3 0 3 0.140 (0.087) 0.048 (0.034)
SL 20 6 1 7 0.705 (0.086) 0.336 (0.070)
TX 20 6 2 0.447 (0.137) 0.176 (0.066)
LA 21 5 3 10 0.486 (0.124) 0.191 (0.074)
SY 19 12 7 17 0.901 (0.059) 0.428 (0.074)
LF 19 9 4 8 0.772 (0.094) 0.350 (0.058)
NM 20 8 2 11 0.863 (0.049) 0.553 (0.053)
KR 20 7 1 8 0.642 (0.118) 0.352 (0.093)
FL 20 8 2 13 0.868 (0.044) 0.524 (0.063)
BN 22 8 2 14 0.771 (0.080) 0.402 (0.082)

Standard deviation (SD) is BO 22 11 2 15 0.931 (0.028) 0.646 (0.072)

given for h and n. Code for DZ 20 8 7 13 0.589 (0.130) 0.223 (0.083)

sites as in Table 1 Average 202 7.1 2.8 9.4 0.625 0.287

N number of cockles ALL 383 79 54 78 0.866 (0.012) 0511 (0.017)

investigated

Spatial grouping due to regional haplotype dominance

Of the 79 COI variants identified for C. edule, only 15 hap-
lotypes occurred at least at two localities (=shared haplo-
types, Table 3). Nine haplotypes repeated in several
individuals at one sampling site only. Of all haplotypes, 70%
were found only once at all. Thus, 55 haplotypes represented
real singletons. Two haplotypes, named S and N, appeared at
twelve and ten sampling sites, representing 28.5 and 20.4%
of individuals in the total sample, respectively (Table 3). The
dominance of the S-haplotype and the simultaneous absence
of the N-type along the southern Atlantic coast including the
Irish and the African sites were apparent when haplotype
frequencies were visualized on a geographic map (Fig. 1).
Atlantic sites showed high numbers of local haplotypes next
to the English Channel (Fig. 1). The haplotype N occurred in
all northern populations except at the northernmost site DZ
in the Barents Sea. In the North Sea, Norwegian Sea and
Arctic area, C. edule populations were characterized by
several shared northern haplotypes and the absence of the
S-type, while a mixture of northern and southern haplotypes
was observed for three sites next to the Baltic Sea entrance
(Table 3, NM, KR, FL, summarized as SK in Fig. 1).
Spatial AMOVA (SAMOVA) was used to statistically
define groups of populations that are geographically
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homogeneous and maximally differentiated from each other.
Subdivisions were tested for two to seven geographic groups
(see Table S1). The analysis confirmed the two groups rep-
resenting several sampling sites (named “southwestern” and
“northern”) that were mainly defined by the presence or
absence of one dominant haplotype. In addition, two single
sites (SO and DZ) were explicitly separated from all others
(Table S1, Fer: 0.514, p < 0.001). They contained one
dominant haplotype that was shared with no more than two
other sites (Table 3). A significant amount of variation
occurred between the four statistically distinct groups (Table
S2, AMOVA: 48.9%, p < 0.001), while within-groups vari-
ation was low (6.3%). The southwestern group comprised the
African and the southwestern European sites from Portugal to
the British Isles dominated by haplotype S (66.7%). Within
the northern group, all sites northeast of the English Channel
region, the haplotype N was the characteristic and most
common haplotype (35.0%), except at SO and DZ (Fig. 1).
The number of haplotypes found exclusively either in south-
western or in northern cockle populations was high (Table 3).

Isolation by distance among northern populations

Focusing on the relationship between geographic and
genetic distances between all 19 sampling sites along the
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Table 3 Frequency of shared
haplotypes in C. edule Code] S I 0 m V|V [N VI VI VIl X X X XI[XI!Ns| Ny
populations Mo | 16 1 - 2 1 20 | 1
AL |16 - 1 1 1 119 | 2
IN| 7 - - - L7 |3
AR |10 - - 2 - P12 1
RO |12 - - 2 1 115] 8
TH|{1 - 2 - 1 g | 7
DB | 16 1 R 117 ] 6
so | 1 % - - - - 1 - - -] -Tes]o
sL | 1 -1 o+ - - - - 15l 2
T B 1 - - 1 - 1 118 | 2
LA 15 3 - l18] 3
sy | - - - - 6 - 1 - 2 1 1 10] 9
LF | - - - 1 9 1 - - 3 1 - 115 | 4
M| 2 4 2 6 3 - 1 18] 2
Nsy Number of individuals that KR 112 - _ ! 1 22 1 - P19 1
. FL |5 - 2 5 - 2 3 1 118 | 2
share haplotypes with cockles BN 1 10 2 1 2 ) ) ) : 16| 6
frqm 22 sites aqd Nig Number BO 2 3 2 1 4112 10
of individuals with local DZ B B B B N i a B i ; B N N T 131 13| 7
haplotypes. S, N, I-XIIL: Al [109 2 5 8 2 | 29|78 13 5 13 13 4 2 2 | 221307| 76

haplotype identifier

northeastern Atlantic shoreline, the matrix correlation
coefficient indicated that about 20% of the variation in
pairwise genetic distances of uncorrected Fsrt values
(Table 4) could be attributed to geographic distances
between pairs of sites (Mantel test: R = 0.448, p < 0.001).
Repeating the Mantel test with the subset of eleven
northern populations, the correlation coefficient R
increased to 0.620 (p < 0.05). This implies that 38% of
variation may be explained by geographic differentiation
and indicates isolation by distance (IBD) for northern
sampling sites, while the analysis of southwestern popu-
lations lacked any significant support for IBD (R = 0.113,
p = 0.300).

Phylogenetic and demographic approach

Further insights into the genetic population structure of
C. edule were provided by the application of a parsimony
network analysis of the 79 individual haplotypes (Fig. 2).
Differentiation of the geographic groups on nucleotide
level was not well pronounced, since the dominant haplo-
type S in Atlantic populations was separated from haplo-
type N by only three mutational steps (0.51%). However,
the network demonstrated fundamental differences between
the associated haplotype complexes. The genealogical
relationships between northern haplotypes (gray, Fig. 2)
were less well resolved than those of southwestern ones
(white, Fig. 2). Within the northern cluster, most of the
haplotypes of DZ (black, Fig. 2) form an Arctic mini-
cluster around haplotype XIII. In contrast, the southwestern
populations displayed shallow divergence among haplo-
types. Most haplotypes differentiate only by a single-
nucleotide substitution from the dominant haplotype S,

which consequently occupies a central position in a star-like
pattern. Noticeable is a close relationship of the predomi-
nant Scottish haplotype V to the common southwestern
haplotype S (Fig. 2).

The high number of singleton haplotypes (Table 3) and
the star-like phylogenetic pattern (Fig. 2) indicate an
expansion in the effective population size of the cockle
C. edule in the recent past, which was supported by neu-
trality tests (Table 5). Tajima’s D and Fu’s Fs statistics
were negative for the southwestern and the northern group
and differed significantly from expectations under a neutral
model of evolution assuming constant population size
(Table 5). Testing the growth-decline model for the
southwestern populations, the unimodal curve in Fig. 3
supported the assumption of a recent rapid population
expansion suggested by the strong clustering of the
southern haplotypes in a single star-like pattern (Fig. 2).
When the populations FL, KR and NM of the Skagerrak
area, which were conspicuous because of the occurrence of
the S-haplotype, are pooled for Tajima’s D and mismatch
distribution analysis, a non-significant, negative value
(Table 5) and a multimodal topology (Fig. 3) indicate an
equilibrium state or secondary contact zone. However, this
local grouping is not supported by SAMOVA tests.

The demographic parameters of the southwestern
(t =0.29) and northern group (t = 1.84) are used to
estimate the time since regional population expansion
(Table 5). Considering the sequence length of 582 bp and a
mutation rate u of 2.5% per million years (see Nikula and
Viinold 2003), the start for an expansion for the south-
western group is set to about 10,000 years BP. The
northern population expansion is calculated to about
63,000 years BP. Even when the peculiar Skagerrak
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Fig. 1 COI haplotypes of

C. edule along Northeast
Atlantic shoreline. Adjacent
sites with very similar haplotype
occurrence are pooled for clarity
of the graph (see Table 1).

-10.000

Haplotype S occurs ~0.000

predominantly at southwestern

sites that are separated by a

dashed line from northern sites

with haplotype N. Non-colored

parts of pies refer to local

haplotypes. For haplotype

identifiers N, S and I-XIII,

see Table 3
60.000
50.000
40.000
30.000

populations, where both most abundant haplotypes occur,
are excluded, the estimate for the northern expansion (N':
T = 1.22) is still much longer ago (42,000 years BP) than
for the southwestern one.

Discussion

The genetic structure of Cerastoderma edule with its
northern and southwestern groups of populations along the
Northeast Atlantic coast suggests two historically separated
populations during low sea-level stands of the last glacia-
tion. High genetic diversity detected at North Sea and
Scandinavian sites in contrast to the low diversity and
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differentiation in the southwestern cockle populations fur-
ther supports a scenario of northern glacial refugia.

Our initial expectation of a simple phylogeographic
pattern in C. edule with diverse southern populations and
reduced genetic variety in the North, indicative of
northward postglacial recolonization from southern refu-
gia, was not met by the results. It can be inferred that at
least one ancestral population has managed to survive
somewhere in or near to the North Sea region throughout
the last glaciation. Genetic heterogeneity in the northern
group of populations suggests a metapopulation structure
during the latest glacial period. This is supported by 38%
of genetic variation between sampling sites in the north-
ern group explained by isolation by distance, while
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Table 4 Pairwise Fgr values between sample sites

MO AL LN AR RO DB TH TX LA~ S8y LF NM KR SO SL FL BN BO DZ

MO - - - - - - + + + + + + + + + + + +
AL —-12 - - - - - + + + + + + + + + + + +
LN 10.0 72 - - - - + + + + + - + + + + + +
AR -24 -15 03 - - - + + + + + - + + + + + +
RO 0.8 02 33 -09 - - + + + + + - + + + + + +
DB 33 03 6.0 1.6 0.1 - + + + + + - + + + + + +
TH 6.3 34 53 34 1.1 2.0 + + + + + + + + + + +
X 744 73.6 681 719 61.0 709 59.1 - - - - + + - - - - +
LA 755 749 695 730 634 724 615 -06 - - + + + - + - + +
SY 581 57.6 499 533 478 555 445 05 25 - - + + - - - - +
LF 56.8 56.1 493 523 449 541 420 43 1.1 1.7 - + + - - - + +
NM 499 48,6 414 446 407 47.1 377 125 149 98 6.6 - + - - - - +
KR 158 129 11.7 120 7.1 11.0 39 426 466 304 246 198 + + - + + +
SO 679 662 63.6 676 509 629 524 842 840 712 719 639 50.2 + + + + +
SL 636 629 558 594 523 605 50.0 57 72 29 80 137 357 755 - - - +
FL 31.8 303 249 269 226 286 186 153 203 92 37 38 38 537 139 - + +
BN 615 609 541 572 516 590 493 22 20 22 63 76 347 724 63 126 - +
BO 539 531 458 488 465 519 441 77 85 62 89 48 303 640 43 121 53 +
Dz 833 829 785 813 754 816 746 609 599 475 539 502 665 887 381 53.0 505 34.1

Values (*1072, below diagonal) with significance after Bonferroni correction indicated by + (pg < 0.003, above diagonal). Code for sites as in

Table 1

@ Arctic (DZ)

@ northern

O Scottish (SO)
O south-western

O
o missing haplotype
singleton
2-5ind.
6-10 ind.

11-50 ind.

51-100 ind.

o
©)
Q >100 ind.
Fig. 2 Minimum spanning network for the 79 COI haplotypes of
C. edule. Haplotypes shared between two or more sites are labeled
(S, N and I-XIII). Each step along a lineage represents a single
mutation. Small open circles indicate missing haplotypes. Color codes

of haplotypes correspond to their occurrence in the four spatial groups
(as shown)

southwestern populations do not display such geographi-
cal structuring.

A relatively high genetic diversity in the North Sea
region is also known from two species of seagrass, Zostera

marina and Z. noltii, which like C. edule occur on intertidal
and shallow subtidal sedimentary bottoms (Olsen et al.
2004; Coyer et al. 2004). The more recent origin and the
genetic homogeneity of the southwestern group reject the
possibility of a southward retreat of C. edule during gla-
ciations. Instead, there might have been a periglacial
refugium west of the English Channel from where a
southward extension has commenced well after the last
glacial maximum. This would fit with the observation that
populations in this area display higher diversity indices
than other populations within the southwestern group.
Survival during the last glaciation somewhere between
Ireland and Brittany has also been assumed for the macro-
algae Fucus serratus, Palmaria palmata and Ascophyllum
nodosum (Maggs et al. 2008; Olsen et al. 2010). However,
these rocky shore populations do not share a common
habitat with C. edule and their refugial vicinity might be a
mere coincidence (Marko et al. 2010).

In conclusion, a simple scenario of southward retreat
during glaciation, followed by a northward recolonization
after the present interglacial commenced, can be rejected
for C. edule. Although this is the most common pattern for
terrestrial species (Hewitt 2000), marine benthos shows
other patterns as well (Marko et al. 2010). Northern cryptic
refugia and southern periglacial refugia during glaciation
provide a better match with the phylogeography inferred
from our analyses. However, as the southwestern group of
C. edule seems younger than the northern group, northern
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Table 5 Neutrality tests and population demographic parameters for spatial groups in the population size model

Spatial groups

Number of sequences

Neutrality tests

Demographic parameters

Tajima’ s D Fu’s Fs T 0;
Southwest 132 —2.62%%* —4.17 0.29 0.75
SO 28 —1.53 ns. —1.06 0.00 0.58
North 203 —1.85% —39.89 1.84 0.79
North' 143 —1.96* —36.13 1.22 1.01
Skagerrak 60 —1.97 n.s. —-1.97 1.94 1.94
DZ 20 —2.34%* —3.86 0.11 1.19
All populations 383 —2.21%* —94.38 1.99 0.97

7, moment estimator of time to expansion; 6;, mutation parameter for initial populations.

NM), it was calculated separately from the other northern sites (North’)
n.s. not significant; * p < 0.05; ** p < 0.01; *** p < 0.001

Fig. 3 Mismatch distribution
analysis. The growth-decline
model was applied for two
geographic groups. The
population of St. Andrews (SO)

0.4 1%

0.3 4

To show the special case of the Skagerrak (FL, KR and

expected

South-western
N=132

R O ----

observed

Skagerrak
N=60

is excluded from the analyses.
Exp expected values and Obs
observed values. N number of
individuals

0.2 4 “'

0.1 \

Relative frequency

20 25 o 10 20 30

survival combined with southern extinction during the last
glacial cannot be rejected. The isolated occurrence of the
central haplotype of the southwestern group mixed with
haplotypes of the northern group at three sites in the
Skagerrak/Kattegat region may be interpreted as a remnant
of previously separated populations. The deviant popula-
tion at Murmansk points to the possible existence of a
distinct Arctic group of C. edule, but more sampling would
be required to answer this question.

Besides the correspondence between C. edule and the
two seagrass species with high genetic diversity in the
North Sea, there is also some similarity with two other
coastal bivalves. Mytilus edulis shows patterns of mtDNA
which indicate survival in glacial refugia within its present
range of the Atlantic North American coastline (Riginos
and Henzler 2008). In Europe, the regions west and south
of the English Channel are dominated by M. galloprovin-
cialis and east and north of this channel by M. edulis
(Smietanka et al. 2004). The boundary between the two
groups of populations in C. edule also coincides with the
English Channel. In Macoma balthica rubra, a southern
and a northern group mix in the North Sea and Kattegat
region and multiple glacial refugia may have existed in
the northern group of this subspecies (Nikula et al. 2007).
A common predator on coastal bivalve species, the crab

@ Springer
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Carcinus maenas, is also subdivided into northern and
southwestern populations along the Atlantic shores of
Europe (Roman and Palumbi 2004; Darling et al. 2008).

In view of the dramatic drop in sea level during glaci-
ations, when most of the North Sea region turned into land
(Gaffney et al. 2009), the most parsimonious assumption is
that coastal bivalves such as C. edule took refuge in eco-
logically productive polynyas (unfrozen areas surrounded
by sea ice) between Scottish and Fennoscandian ice sheets.
Another potential glacial refugial zone might have been the
Celtic Sea southwest of the British ice sheet (Ménot et al.
2006). C. edule performs best in non-stagnant water
between 10 and 20°C but survives a wide range of 0-43°C
(e.g., Ansell et al. 1981; Wilson 1981; Strasser et al. 2001;
Genelt-Yanovskiy et al. 2010). Therefore, temperature
alone is unlikely to drive this species to extinction as long
as partial populations can survive at greater depth subti-
dally to avoid extreme temperatures of the intertidal zone
(e.g., Eisma 1966; Dorjes et al. 1986; Dekker 1989; Bazairi
et al. 2003; Sousa et al. 2006). Gradients from shallow to
deep sedimentary bottoms were probably at all times rather
common along European coasts to provide habitat for
persistent populations of C. edule.

Our findings show that the COI gene can be a potentially
useful locus for population genetic studies. However, it has
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to be mentioned that the utility of COI mtDNA markers for
population genetic purposes is limited by potential devia-
tion from neutrality, overestimation of genetic drift due to
smaller effective population size and limited amounts of
genetic variation (e.g., Ballard and Whitlock 2004; Held
and Leese 2007). This may cause bias in selectively neutral
population processes like migration and drift (reviewed by
Zhang and Hewitt 2003), and analyses based on multilocus
genotypes are highly desirable for cockle phylogeography
in the future.

Conclusion

With Cerastoderma edule as a further example, we support
the assumption that North Sea benthic species survived
European glaciations in cryptic refugia or periglacial
zones. We found no evidence for a species complex, like in
the genera Mytilus and Macoma, or a deep separation of
phylogeographic groups like in the sister species C. glau-
cum. However, a heterogeneous northern and a homoge-
neous southwestern group of populations are distinguished
in C. edule. Their intergradation needs further research as
does the possible existence of an Arctic group.
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