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ABSTRACT: Three different evolutionarily significant units (ESU) can be discerned in the grey
seal Halichoerus grypus: in the northwest Atlantic, the northeast Atlantic and the Baltic Sea. The
northeast Atlantic population has been strongly affected by hunting around the European mainland, where it is only in the last decades that breeding colonies have reappeared. The southernmost settlement of the northeast Atlantic ESU is found in the Molène archipelago, northwest
France. We studied polymorphisms of the mitochondrial control region (MCR) in grey seals sampled along the Atlantic coast of France for over a decade. MCR polymorphisms highlighted the
existence of 4 major MCR haplogroups. Comparison of MCR sequences with those in the GenBank database yielded highly significant differentiation between grey seals sampled in France
and grey seals originating from the North Sea and the north and east of the British Isles, as well as
from the Baltic Sea. MCR haplogroups were also identified in Baltic Sea grey seals, with some
being in common with our samples, while others were not. The times of separation between the
MCR haplogroups were estimated to be between 84 000 and 20 500 years ago, and differentiation
between Baltic Sea and French coast haplotypes was estimated to have occurred approximately
8000 years ago. These data, added to positive expansion signals, suggest that MCR haplogroups
correspond to ancestral maternal lineages, isolated in different grey seal refugia during the last
ice age and prior to the expansion of the species in the North Atlantic and the separation between
the East Atlantic and the Baltic Sea ESUs.
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Marked intraspecific genetic structure exists in
various marine mammal species (Palsbøll et al.
1995, Hoffman et al. 2009, Alfonsi et al. 2012,
Fontaine et al. 2014, Louis et al. 2014). This may
be caused by historical or present environmental

variation (Fontaine et al. 2010, Jackson et al. 2014,
Hobday et al. 2015), food availability, food preference and habitat use (Foote et al. 2011, Louis et al.
2014). Anthropogenic activities also have direct
effects on the intraspecific genetic diversity of, for
instance, hunted or by-caught marine mammal
species (Mendez et al. 2010, Palsbøll et al. 2013,
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Ruegg et al. 2013). Fidelity to particular geographic
sites used for breeding, feeding, or as migratory
routes also shapes population structure. N atal
philopatry (defined as fidelity to birthplace) and/or
fidelity to feeding sites are well known in different
species of actively swimming large marine vertebrates (Palsbøll et al. 1995, Bowen & Karl 2007,
Jorgensen et al. 2010, Baker et al. 2013). Often,
females tend to be more philopatric, while males
can travel long distances for breeding or foraging,
thus leading to higher differences between populations in the maternally inherited mitochondrial
DN A (mtDN A) when compared to bi-parentally
inherited nuclear DN A (Bowen & Karl 2007, Baker
et al. 2013). In some species, males may also exhibit site fidelity (Louis et al. 2014). Female philopatry and male-mediated gene flow are often
encountered in pinnipeds. Southern elephant seals
Mirounga leonina (Fabiani et al. 2003), walruses
Odobenus rosmarus (Andersen et al. 1998) and
harbor seals Phoca vitulina (Burg et al. 1999) show
greater population structure for mtDN A than for
nuclear DNA markers.
The ability of long-distance travel has been demonstrated in the grey seal Halichoerus grypus (e.g.
Vincent et al. 2005), which is widely distributed in
the N orth Atlantic Ocean and in the Baltic Sea
(Härkönen et al. 2007, Klimova et al. 2014). Philopatric behavior has also been reported (Pomeroy et
al. 2000, 2001). Three geographically isolated evolutionarily significant units (ESU), presenting differences in body size, breeding periods and DNA polymorphisms, are assumed to exist (1) in the northwestern
N orth Atlantic along the Canada and north USA
coasts, (2) in the Baltic Sea and (3) in the eastern part
of the N orth Atlantic from Iceland to the European
mainland and British Isles coasts (Bonner 1981, Boskovic et al. 1996, Klimova et al. 2014).
Subfossil remains confirm the occurrence of the
grey seal 5000 years ago (ya) along the European
mainland and, in particular, in the southernmost part
of its range (Brittany coast in northwest France,
Pailler et al. 2004, Härkönen et al. 2007). The species
declined and almost disappeared because of hunting
before the second part of the 20th century along the
European mainland (Härkönen et al. 2007). Breeding
sites reappeared at the end of the 1970s on the Dutch
and German coasts and subsequently in northwest
France in the Molène and Sept-Iles archipelagos
(Duguy & Hussenot 1991). Today, east Atlantic grey
seals can mainly be found along the UK coast and in
the Wadden Sea. Breeding colonies can be found
along the mainland from the Molène archipelago in

the south to the Kola peninsula (Russia) in the north
(Vincent et al. 2005, Härkönen et al. 2007).
Previous studies in the Baltic Sea and in neighboring Atlantic waters have highlighted contrasting
patterns between nuclear and mitochondrial loci
(Allen et al. 1995, Graves et al. 2009, Fietz et al.
2013, Klimova et al. 2014). Both markers suggested
genetic exchanges between adjacent colonies in
the eastern part of the UK or in the Baltic Sea (Fietz
et al. 2013, Klimova et al. 2014). On a larger scale,
genetic differentiation has been observed between
geographically distant colonies (e.g. the colonies of
northwest Scotland and northeast England) with
mitochondrial but not with microsatellite markers
(Klimova et al. 2014). On the other hand, a larger
influence of the habitat type, rather than geographical closeness, has been demonstrated in the genetic diversity of the major histocompatibility complex immune system gene family (Cammen et al.
2011). All these studies supported a major influence
of the fidelity to pupping sites in the shaping of
grey seal populations.
In northwest France, satellite-tracking studies have
demonstrated grey seal movements from the Iroise
Sea to the British colonies, and several authors have
therefore suggested the existence of a meta-population at the scale of an area extending from the west
coast of France to the southwest British Isles (Vincent
et al. 2002, 2005, Gerondeau et al. 2007, Härkönen et
al. 2007).
Here, we genetically analyzed a sample of 222 individuals collected by the seal care center of Océanopolis (Brest, France) and by the French Stranding
Network (Pelagis, UMS 3462, CNRS, Université de la
Rochelle, France) since the 2000s (see Fig. 1). We
performed the first genetic study of the grey seal
around the coast of Brittany in northwest France, with
a special emphasis on maternally inherited mtDNA.
We then placed this French population in a wider
geographic context, including previously published
data from other European and Baltic colonies (Graves
et al. 2009, Fietz et al. 2013, Klimova et al. 2014, van
Bleijswijk et al. 2014).

MATERIALS AND METHODS
Specimen and sample collections
This study used samples from 222 grey seals. Of
these, blood samples were obtained from a total of
168 juvenile grey seals stranded alive along French
coasts between 2002 and 2012, which were all taken
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Fig. 1. Location of sampled stranded grey seals on the French coast (black dots) and other European colonies (arrows)
compared in this study

in and nursed by the Laboratoire d’Etude des Mammifères Marins (LEMM) at a care center localized at
Océanopolis, Brest, France (Fig. 1; Table S1 in the
Supplement at www.int-res.com/articles/suppl/m566
p217_supp.pdf). For each grey seal, blood samples
were collected for veterinary use and subsamples were
kept at −20°C for later genetic analyses (Table S1).
Samples were named ‘Hgc’ followed by a number
corresponding to a care center identification number
(Hgc 227 to 460 in ascending chronological order but
not necessarily successive). Additionally, 54 dead
stranded grey seals (juveniles and adults) were biopsied in the framework of the French Stranding
Network (described in Jung et al. 2009), and skin and
muscle samples were used for this study (Table S1).
These samples were called ‘Hgs’ followed by a
number.

DNA extraction, PCR amplification
and sequencing of MCRs
Total DNA was extracted from blood and tissue samples using the DNeasy Blood and Tissue Kit (Qiagen)
following the manufacturer’s recommendations. Purified DNA was eluted in Tris HCl-EDTA buffer (pH 7.5)
and stored at −20°C. The quality of the extracted DNA
was checked by agarose gel electrophoresis, and DNA
concentrations were determined using a N anoDrop
100 spectrophotometer (Thermo Scientific). Pinnipedspecific primers LMCRHgem and HMCRHgem were
used to amplify a 692 bp fragment of the mitochondrial control region (MCR) using the conditions described in Alfonsi et al. (2013). PCR products were
purified using the MinElute PCR Purification Kit
(Qiagen) and sequenced (GATC Biotech) in the pres-
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Table 1. GenBank references of grey seal MCR sequences used for comparisons at the north European scale by geographic localization (Dataset_2). For the east Atlantic and Baltic Sea, ‘colonies’ are defined according to Klimova et al. (2014).
All Orkney Islands colonies (13; Klimova et al. 2014) were grouped as 1 colony
Colonies or region

No. of
Length
haplotypes
(bp)

GenBank
accession
nos.

Total
no. of
specimens

No. of
haplotypes
(l = 317 bp)

References

French Atlantic coasts
Northwest France (Brittany)

34

493

KT247900 to −933

222

33

This study

North Sea
Netherlands

14

374

KM053398, −399, −402,
KM066993, −995, −998,
−003, −012, −017, −023,
−027, −059, −067, −081

98

13

van Bleijswijk et al.
(2014)

134

350

KJ769328 to −461

28
48
1245
54
49
31

15
15
104
11
15
11

Klimova et al. (2014)

38

435

KF483184 to −221

36

21

Fietz et al. (2013),
Klimova et al. (2014)

28
39

14
24

Northeast Atlantic
Monach
North Rona
Orkney Islands
Isle of May
Farne Islands
Faroe Islands
Baltic Sea
Estonia
Stockholm Archipelago
Gulf of Bothnia

ence of one of the PCR primers. Each haplotype was
sequenced at least once in both directions. The GenBank accession numbers are from KT247900 to
KT247933 (Table S2 in the Supplement).

al. (2014) made available the sequence data per specimen, we were able to calculate genetic differentiation indices.
We also constructed Dataset_3 by grouping our
sequences plus those from the Baltic Sea. All these
haplotypes overlapped on a 399 bp fragment.

Sequence analyses
Sequences were manually edited and aligned with
Geneious Pro v.7.1 (Biomatters; Kearse et al. 2012) to
produce Dataset_1. To estimate saturation of the MCR,
comparison of uncorrected pairwise genetic distances and model-corrected genetic distance (TamuraNei [TrN]; see ‘Bayesian analysis of population divergence’ for model choice) was used as proposed by
Philippe et al. (1994) on our total MCR dataset.
All sequences were compared to those available in
GenBank using BLAST (Altschul et al. 1997). A total
of 186 haplotypes of 350−435 bp in length (Table 1)
from grey seals sampled from 10 different colonies of
the northeast Atlantic (Monach Islands, North Rona,
Orkney Islands, Isle of May, Farne Islands and Faroe
Islands, described in Klimova et al. 2014), North Sea
(N etherlands; van Bleijswijk et al. 2014) and the
Baltic Sea (Estonia, Stockholm Archipelago and Gulf
of Bothnia; Fietz et al. 2013) were discernible (Fig. 1).
This Dataset_2 had a 317 bp common region and was
composed of 276 haplotypes (Table 1). As Klimova et

Data analyses and mitochondrial haplogroup
characterization
For each dataset, the number of haplotypes (N h),
number of polymorphic sites (k), haplotype diversity
(H ) and nucleotide diversity (π) were determined using DnaSP 5.10 software (Librado & Rozas 2009). This
program was also used to estimate Fu’s Fs (Fu 1996)
and Tajima’s D (Tajima 1989) to assess changes in
population sizes such as expansions or bottlenecks. To
analyze and illustrate the relationships among haplotypes, median-joining networks were constructed
with the number of mutations as distances using Network 4.6 software (www.fluxus-engineering.com).
For Dataset_1 (French samples), mitochondrial
haplogroups were first detected on the haplotype
network and confirmed using (1) a nonmetric multidimensional scaling (nMDS) approach to graphically
represent genetic distances among haplotypes, (2) a
hierarchical cluster analysis, performed with the free
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open-source R v.3.1 (R Core Team 2014), using the
Analyses of Phylogenetics and Evolution (APE) and
Modern Applied Statistics with Sand (MASS) libraries
for distance matrix and nMDS, respectively, and (3)
as clades on BEAST trees (see next subsection). For
Dataset_3, haplogroups were characterized on the
BEAST tree (see next subsection) and on the haplotype network. The haplogroups were also identified
on the network constructed with all the available
European data (Dataset_2; see Fig. 2).
Possible correlations between mtDNA haplogroups
and biological (sex and age of animals), chronological (year of stranding) or geographical (place of
stranding) parameters were tested using a χ2 test.
Genetic differentiation among groups and among
colonies was tested using a χ2 test based on haplotype frequencies (Hudson et al. 1992) and the nearestneighbor statistic (Snn) index based on a sequence
distance matrix (Hudson 2000). Random permutations (n = 1000) were used to assess the statistical significance of Snn (Hudson 2000).

Bayesian analysis of population divergence
Bayesian estimation of divergence time between
mtDNA haplogroups and between French and Baltic
Sea MCR haplotypes was done using BEAST v.2.1.3
(Drummond & Bouckaert 2015). The relevant mutation rate for grey seals varies depending on the
authors. Boskovic et al. (1996) used a standard rate of
mtDNA evolution, probably not appropriate for grey
seals, and which can lead to an overestimation of
time. Klimova et al. (2014) used a mutation rate of
2.75 × 10−7 substitutions per site per year, evaluated
for the MCR of the Steller sea lion (Phillips et al.
2009), and determined times of divergence in better
accordance with nuclear DNA-based studies (Graves
et al. 2009). N o other improved evaluation of the
mutation rate, specific to the grey seal, is presently
available. A strict clock with a rate of 2.75 × 10−7 substitutions per site per year was therefore imposed.
Akaike’s information criterion (AIC) (Akaike 1973),
implemented in Modeltest v.3.7 (Posada & Crandall
1998), was used to determine the evolutionary model
that best fit the data (TrN + I and TrN + I + G, where
G is the shape parameter of the gamma distribution
and I is the proportion of invariable sites). Three coalescent models for 3 priors were tested (constant size,
expansion and logistic growth). Analyses were performed with 10 million generations, sampling every
1000 generations with 10% discarded as burn-in.
Posterior parameter distributions were examined
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using Tracer v.1.6 to ensure that effective sample site
(ESS) values were above 200 for all of them. Bayes
factors (BFs) were then calculated in Tracer to ascertain the best-fit population model.

RESULTS
MCR polymorphisms and haplogroup
characterization in the French sample
Analysis of the 222 samples (168 Hgc and 54 Hgs)
allowed the determination of 222 MCR sequences of
493 bp each. No significant genetic differences were
observed between Hgc and Hgs (χ2 = 32.01, df = 33,
p = 0.52; Snn = 0.64, p = 0.64). Consequently, all
sequences were grouped into Dataset_1 for further
analyses. N o saturation of the MCR was observed
according to the relationships between uncorrected
and model-corrected (TrN) genetic distance (slope =
0.97, data not shown). Haplotype and nucleotide
diversities were calculated (Table 2), and 34 haplotypes were observed, as defined by 37 polymorphic
sites (Table S2 in the Supplement at www.int-res.
com/articles/suppl/m566p217_supp.pdf). Values of
Tajima’s D and Fu’s Fs were both negative, and only
Fu’s Fs was significant (D = −0.95, p > 0.10; Fs =
−11.09, p = 0.008).
The haplotype network captured 4 haplogroups,
each of which was separated by at least by 3 mutations, named haplogroups F1, F2, F3 and F4 (Fig. S1
in the Supplement). The nMDS analysis (Fig. S2), a
hierarchical cluster analysis (data not shown), and
the phylogenic analysis performed using BEAST (see
‘Mitochondrial haplogroup divergence time’ below),
all confirmed the haplogroup separation. N o significant correlation was observed between haplogroup
members and the age or sex of the animals, nor with
the year or the place of stranding (all χ2 tests with p >
0.05).

Table 2. mtDNA diversity statistics from grey seals stranded
alive (juvenile, Hgc) and dead (juveniles and adults, Hgs) in
northwest France. n: sample size, l: sequence length (bp), k:
no. of polymorphic sites, Nh: no. of haplotypes, H: haplotype
diversity, π: nucleotide diversity
Samples

n

Hgc
168
Hgs
54
Dataset_1
(Hgc and Hgs) 222

l

k

Nh

H

π

493
493

35
24

31
16

0.92
0.91

0.0081
0.0076

493

37

34

0.92

0.0080
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Table 3. Pairwise χ2 and nearest-neighbor statistic (Snn) values estimated from MCR polymorphisms among grey seals sampled off the northwest coast of France and other European colonies. All tests were highly significant (France to Monach:
p < 0.05, France to all other locations: p < 0.01)
Statistic

χ2
Snn

Netherlands

Monach

North
Rona

116.22
0.7

54.61
0.82

93.53
0.78

Genetic differentiation between France and:
Orkney
Isle of
Farne
Faroe
Gulf of
Islands
May
Islands
Islands Bothania
323.22
0.78

82.81
0.76

79.94
0.76

87.5
0.84

245.95
0.98

Estonia

Stockholm
Archipelago

249.86
0.98

230.77
0.97

Larger geographic-scale analysis

Mitochondrial haplogroup divergence time

The MCR sequences determined during this
study (no. of specimens = 222, N h = 34) and those
from north European and Baltic Sea grey seals (no.
of specimens = 1656, Nh = 186; Graves et al. 2009,
Fietz et al. 2013, Klimova et al. 2014, van Bleijswijk
et al. 2014; Table 1) overlapped on a 317 bp fragment. The truncated alignment of 317 bp involved
the loss of 1 MCR_Fra haplotype, 2 haplotypes from
the Isle of May and 3 haplotypes from the Orkney
Islands colonies. This Dataset_2 was composed of
1878 sequences and revealed 155 different haplotypes defined by 85 polymorphic sites, and had
large haplotype and nucleotide diversities (H =
0.93, π = 0.012). Values of Tajima’s D and Fu’s Fs
were both negative and highly significant (D =
−1.77, p < 0.01; Fs = −193.4, p < 0.001). Pairwise
comparisons of all French MCR sequences with
those of other areas provided strongly significant
Snn values among all pairs (Table 3). The highest
Snn values were observed between France and the
Baltic Sea. The χ2 tests also revealed significant differences (Table 3). A lower but significant genetic
difference was observed between France and the
Monach Isles (Snn = 0.82, χ2 = 54.61, p < 0.05 for
both tests).
The network constructed with Dataset_2, grouping
all data available from the Baltic Sea and the northeast Atlantic, allowed the identification of 4 different
major haplogroups (named HA, HB, HC and HD),
including 6 sub-haplogroups (HA1, HA2, HB1, HB2,
HC1,HC2; Fig. 2). The central part of the network
was composed of the bulk of the haplotypes from
all the regions (Fig. 2). All major haplotypes were
shared among several regions, and only 1 haplotype
was shared among all regions. Many private haplotypes were observed in the Baltic Sea colonies (n =
34), in the Orkney Islands (n = 77), and in the French
region (n = 10). All were minor haplotypes, shared by
only a few individuals, except one from France found
in 20 samples.

Among the 3 coalescent models tested, BF supported the constant size model (log BF > 1.3). In the
French sample, haplogroups F2, F3 and F4 were supported by posterior probabilities of 0.99 and 1 (Fig. S3
in the Supplement). Haplogroup F4 was estimated to
be the first to diverge, at approximately 43 100 ya (see
Table S3 in the Supplement for all 95% posterior interval [PI] values). The divergence time between haplogroups F1 and F2 was estimated to have occurred
approximately 26 100 ya, while haplogroup F3 was
estimated to have diverged approximately 19 500 ya
from haplogroup F1 (Table S3).
The MCR haplotypes determined during this study
(n = 34) and the ones deduced from Baltic Sea grey
seals (n = 38; Graves et al. 2009, Fietz et al. 2013) overlapped on a 399 bp fragment. This combined dataset
(Dataset_3) of n = 72 haplotypes presented a large
haplotype diversity (H = 0.99), defined by 47 polymorphic sites, with only 4 shared haplotypes between the
2 locales. N ucleotide diversity was high (π = 0.016),
superior to the one of the French-only sample (Table 2).
Six haplogroups, observed on the global network as
haplogroups or sub-haplogroups (Figs. 2 & 3), were
discernible in this new haplotype network (Fig. S4).
The majority of the groups included haplotypes from
both geographic regions (e.g. HC, HA2, HB1). In contrast, 2 haplogroups contained only Baltic haplotypes
(HB2 and HA1), whereas 1 haplogroup was formed
only by French haplotypes (HC2).
The haplotypes of all 6 groups and subgroups identified on the network were also clustered on the
BEAST tree (Fig. 3). The French haplotypes belonging
to haplogroups F2, F3 and F4 were clearly grouped in,
respectively, haplogroups HC, HB and HA (Fig. 3).
Haplogroup HC was estimated as being the first to
diverge, at approximately 84 000 ya, followed by
haplogroups HA and HB at approximately 60 000 ya
(see Table S3 for 95% PI values). The sub-haplogroups were individualized approximately between
44 700 and 20 500 ya (Table S3).
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Fig. 2. Haplotype network representation of MCR polymorphisms of grey seal specimens from north Europe and the Baltic Sea
(this study, Klimova et al. 2014, van Bleijswijk et al. 2014). All available data (1878 DNA sequences defining 155 haplotypes;
Table 1) were used. Numbers above a link indicate number of mutations between haplotypes. The 4 colored areas highlight
the 4 haplogroups (HA, HB, HC, HD), and black bars crossing links mark borders between groups and/or subgroups. Colors of
the haplotypes represent the geographic regions as defined in Klimova et al. (2014)

In groups HA2 and HB1, groups formed by haplotypes from France have estimated divergence times
from the Baltic haplotypes of, respectively, 8500 and
8000 ya (Fig. 3; Table S3).

DISCUSSION
With the exception of newborn whitecoats, grey
seals can travel long distances (Stobo et al. 1990,
Vincent et al. 2005), and no difference can be made a
priori between the origin of adults and that of juveniles. Our samples can therefore be considered as
representative of a geographic area larger than just
the French Atlantic coast. Haplotype and nucleotide
diversity were high in our samples, and a genetic
structure of 4 MCR haplogroups was discernible. No
correlations among these haplogroups and biological, temporal or geographical parameters (age and
sex of animals, date and place of stranding) were
found, raising questions about their origin.

Comparisons at the European scale
Genetic differentiation indices all highlighted
marked differences between French grey seals and
those from all other locations. The largest differences were observed between the French and Baltic
populations, in agreement with the existence of different ESUs, one in the northeast Atlantic, including
the French samples, and another in the Baltic Sea.
Other studies also emphasized genetic differentiation, according to distance between colonies, using
mitochondrial and/or microsatellite markers (Allen
et al. 1995, Boskovic et al. 1996, Graves et al. 2009,
Klimova et al. 2014). No DNA sequence data is currently available for grey seals sampled in the south
of England, in Ireland or in Wales. Studies including
grey seals from these locations will help estimate
the actual level of differentiation, and determine
whether the British grey seal metapopulation (Gaggiotti et al. 2002) could extend up to the Brittany
coasts in France, as hypothesized by Gerondeau et
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Fig. 3. Bayesian divergence and radiation tree of grey seals from French (this study) and Baltic (Graves et al. 2009, Fietz et al.
2013) coasts based on MCR polymorphisms. Baltic haplotypes were named according to GenBank information. *Haplotypes
shared between French and Baltic populations. Posterior probabilities are provided above branches and clades. see Table S3
in the Supplement at www.int-res.com/articles/suppl/m566p217_supp.pdf for divergence time estimates. Grey lines show
95% posterior intervals of key divergence times. The scale axis is in millions of years before the present. Green and red bars
show groups formed by French haplotypes F3 and F4 (red boxes) in, respectively, haplogroups HB1 and HA2 and black and blue
bars HC1 and HC2, respectively

al. (2007). However, the 10 private haplotypes found
in the French samples, as well as the Hudson Snn
calculation (Hudson 2000), yielded a somewhat high
level of genetic differentiation among our samples
and those of the north and east British colonies, a
result which does not support this hypothesis. Gene
flow occurring at a lower geographical scale, among
colonies located along the Brittany coast in France,
the south of England and Wales, may appear more
likely.

The global European network highlights the existence of different haplogroups, some of which are
also found in the French samples. It is notable that
Baltic haplotypes are distributed in all the haplogroups (with the exception of the sub-haplogroup
HC2), suggesting an ancestral origin of our haplogroups older than the separation between the 2 ESUs
(between the Baltic Sea and the east Atlantic).
We estimated that the divergence between the
Baltic Sea and French coast populations occurred
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approximately 8500 ya, a value very close to the
estimations made by Klimova et al. (2014) using a
different dataset and a different approach (Baltic and
northeast Atlantic divergence time estimated between 7000 and 30 000 ya for Klimova et al. 2014,
close to the lower estimate of Graves et al. 2009).
Klimova et al. (2014) noted that this divergence time
could correspond to a transient connection of the Baltic
and the N orth Seas between 10 000 and 9000 ya
(Sommer & Benecke 2003). The differences in haplogroup distribution between our samples and those
of the Baltic Sea can be explained either by the
absence of grey seals of a specific lineage during the
colonization of a particular place, or by a more recent
loss of the lineage, most likely during the active grey
seal hunting periods.

MCR haplogroups and ancestral history in the east
Atlantic and the Baltic Sea
Boehme et al. (2012) compared sea surface temperature and bathymetry during the last glacial period to
present grey seal habitat preference, estimated from
telemetry data. They hypothesized that fewer areas
were suitable for the grey seal in the North Atlantic
approximately 20 000 ya than at present. A strongly
reduced number of grey seals would have occupied
refugia, along the Bay of Biscay and Iberian coasts in
the east Atlantic, near the Flemish Cap in the west
Atlantic, and perhaps in the Mediterranean Sea
(Boehme et al. 2012). We hypothesize that these refugia, separated from each other by large areas of
unsuitable habitats, have hosted disconnected grey
seal populations having no contact or gene flow with
each other, and thus becoming genetically distinct.
At the end of the last glacial period, around
12 000 ya, large parts of the coasts of the northwest
and northeast Atlantic again became appropriate for
grey seals, thus leading to a clear expansion of the
species from the different refugia. Such a scenario
can explain the present situation, where we detected
ancestral lineages older than the geographic separation between the present ESUs. These lineages could
well be representative of the different last glacial
period refugia.
The positive expansion signals found by Klimova et
al. (2014), and also in our study (all the Tajima’s D
and Fu’s Fs that we determined are negative, and
significant for Fu’s Fs, a more sensitive index to detect recent expansion), strengthen the hypothesis of a
grey seal expansion in the North Atlantic. This is in
agreement with the fact that other pinniped species
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have shown positive expansion signals approximately 11 000 ya, at the end of the last glacial age (Westlake & O’Corry-Crowe 2002, Coltman et al. 2007,
Dickerson et al. 2010).

Impacts of our results in terms of conservation
For a given species, conservation priorities are
often defined at the level of the whole species.
Nevertheless, the preservation of intraspecific diversity may be of primary importance (e.g. Baker et al.
2013, Mee et al. 2015). The demographic and genetic
characteristics of the 3 grey seal ESUs vary. The
interactions with anthropogenic activities and the
local protection status contrast greatly between the
east and west North Atlantic. Our study focused on a
part of the northeast Atlantic grey seal ESU, and our
results reinforce previous knowledge of the genetic
heterogeneity of this ESU (Allen et al. 1995, Cammen
et al. 2011, Klimova et al. 2014). They also highlight
the requirement of an increased knowledge at the
metapopulation level. Here, we confirmed that the
grey seal is clearly a species undergoing a range
expansion in the northeast Atlantic since its protection and the end of hunting. But direct and indirect
interactions of the seals with fisheries and other
threats of anthropogenic origin can have negative
impacts (Cronin 2011). The mtDN A groups that we
detected during our study should be taken into account in terms of conservation of the grey seal in
northwest France and southwest England, as they represent historical maternal lineages whose possible
differential presence between British colonies should
be further examined.
The Molène archipelago represents the southernmost settlement of the grey seal in the east Atlantic.
A particular grey seal diet in this geographic area has
been detected by 2 independent studies (Ridoux et
al. 2007, Méheust et al. 2015), but whether it reflects
opportunistic behavior linked to difference in prey
availability or to population specificity has yet to be
determined. Further studies to characterize the Molène archipelago grey seals from a genetic point of
view, and to determine their possible specificity in a
larger metapopulation, are thus warranted.

Acknowledgements. The samples used in this study were
collected by the French Stranding Network and by the seal
care center of Oceanopolis (Brest). We therefore thank the
UMS Pelagis (Université de la Rochelle, CNRS) and all the
field correspondents. This work is part of a collaboration
with The Parc Naturel Marin d’Iroise and was supported by

Mar Ecol Prog Ser 566: 217–227, 2017

226

the Conseil Regional de Bretagne in the frame of the INPECMAM work project. We also thank Anais Rey and Maeva
Thomas, who participated in some experiments during their
internships at BioGeMME, and Julie Tourolle (Ifremer), who
helped to draw the general map of Fig. 1. Special thanks go
to Chantal Hily-Maze. We have had exciting and helpful
discussions in the past couple of years about grey seal
genetics and would especially like to thank Joe Hoffman
(Bielefeld, Germany), Morten Tange Olsen (Copenhagen,
Denmark), Cecile Vincent and Benoit Simon Bouhé (Chizé,
France), and Jacky Karpouzopoulos (Alembon, France) for
useful discussions and advice. We warmly thank Prof.
Michael Dubow (I2BC, ORSAY, FRAN CE) for his careful
English editing of the manuscript.
LITERATURE CITED
Akaike H (1973) Information theory and an extension of the
maximum likelihood principle. In: Petrov BN , Csaki F
(eds) 2nd Int Symp Inf Theory. Akademiai Kiado, Budapest, p 267−281
Alfonsi E, Hassani S, Carpentier FG, Le Clec’h JY and others
(2012) A European melting pot of harbour porpoise in the
French Atlantic coasts inferred from mitochondrial and
nuclear data. PLOS ONE 7:e44425
Alfonsi E, Meheust E, Fuchs S, Carpentier FG and others
(2013) The use of DNA barcoding to monitor the marine
mammal biodiversity along the French Atlantic coast.
ZooKeys 365:5−24
Allen PJ, Amos W, Pomeroy PP, Twiss SD (1995) Microsatellite variation in grey seals (Halichoerus grypus) shows
evidence of genetic differentiation between two British
breeding colonies. Mol Ecol 4:653−662
Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z,
Miller W, Lipman DJ (1997) Gapped BLAST and PSIBLAST: a new generation of protein database search
programs. Nucleic Acids Res 25:3389−3402
Andersen LW, Born EW, Gjertz I, Wiig O, Holm LE, Bendixen C (1998) Population structure and gene flow of the
Atlantic walrus (Odobenus rosmarus rosmarus) in the
eastern Atlantic Arctic based on mitochondrial DNA and
microsatellite variation. Mol Ecol 7:1323−1336
Baker CS, Steel D, Calambokidis J, Falcone E and others
(2013) Strong maternal fidelity and natal philopatry
shape genetic structure in N orth Pacific humpback
whales. Mar Ecol Prog Ser 494:291−306
Boehme L, Thompson D, Fedak M, Bowen D, Hammill MO,
Stenson GB (2012) How many seals were there? The
global shelf loss during the last glacial maximum and its
effect on the size and distribution of grey seal populations. PLOS ONE 7:e53000
Bonner WN (1981) Grey seal, Halichoerus grypus. In: Ridgway SH, Harrison RJ (eds) Handbook of marine mammals. Academic Press, London, p 111–144
Boskovic R, Kovacs KM, Hammill MO, White BN (1996)
Geographic distribution of mitochondrial DN A haplotypes in grey seals (Halichoerus grypus). Can J Zool 74:
1787−1796
Bowen BW, Karl SA (2007) Population genetics and phylogeography of sea turtles. Mol Ecol 16:4886−4907
Burg T, Trites AW, Smith MJ (1999) Mitochondrial and
microsatellite DNA analyses of harbour seal population
structure in the northeast Pacific Ocean. Can J Zool 77:
930−943

Cammen K, Hoffman J, Knapp LA, Harwood J, Amos W
(2011) Geographic variation of the major histocompatibility complex in Eastern Atlantic grey seals (Halichoerus grypus). Mol Ecol 20:740−752
Coltman DW, Stenson G, Hammill MO, Haug T, Davis CS,
Fulton TL (2007) Panmictic population structure in the
hooded seal (Cystophora cristata). Mol Ecol 16:1639−1648
Cronin MA (2011) The conservation of seals in Irish waters:
how research informs policy. Mar Policy 35:748−755
Dickerson BR, Ream RR, Vignieri SN, Bentzen P (2010) Population structure as revealed by mtDNA and microsatellites in northern fur seals, Callorhinus ursinus, throughout their range. PLOS ONE 5:e10671
Drummond AJ, Bouckaert RR (2015) Bayesian evolutionary
analysis with BEAST 2. Cambridge University Press,
Cambridge
Duguy R, Hussenot E (1991) Le statut du phoque gris (Halichoerus grypus) sur les côtes de France. ICES/CIEM
CM1991/N:8. ICES, Copenhagen
Fabiani A, Hoelzel AR, Galimberti F, Muelbert MMC (2003)
Long-range paternal gene flow in the southern elephant
seal. Science 299:676
Fietz K, Graves JA, Olsen MT (2013) Control control control:
a reassessment and comparison of GenBank and chromatogram mtDN A sequence variation in Baltic grey
seals (Halichoerus grypus). PLOS ONE 8:e72853
Fontaine MC, Tolley KA, Michaux JR, Birkun A Jr and
others (2010) Genetic and historic evidence for climatedriven population fragmentation in a top cetacean predator: the harbour porpoises in European water. Proc R
Soc B 277:2829−2837
Fontaine MC, Roland K, Calves I, Austerlitz F and others
(2014) Postglacial climate changes and rise of three
ecotypes of harbour porpoises, Phocoena phocoena, in
western Palearctic waters. Mol Ecol 23:3306−3321
Foote AD, Vilstrup JT, De Stephanis R, Verborgh P and others (2011) Genetic differentiation among North Atlantic
killer whale populations. Mol Ecol 20:629−641
Fu YX (1996) New statistical tests of neutrality for DNA samples from a population. Genetics 143:557−570
Gaggiotti OE, Jones F, Lee WM, Amos W, Harwood J,
Nichols RA (2002) Patterns of colonization in a metapopulation of grey seals. Nature 416:424−427
Gerondeau M, Barbraud C, Ridoux V, Vincent C (2007)
Abundance estimate and seasonal patterns of grey seal
(Halichoerus grypus) occurrence in Brittany, France, as
assessed by photo-identification and capture-markrecapture. J Mar Biol Assoc UK 87:365−372
Graves J, Helyar A, Biuw M, Jüssi M, Jüssi I, Karlsson O
(2009) Microsatellite and mtDNA analysis of the population structure of grey seals (Halichoerus grypus) from
three breeding areas in the Baltic Sea. Conserv Genet
10:59−68
Härkönen TJ, Brasseur S, Teilmann J, Vincent C, Dietz R,
Abt K, Reijnders P (2007) Status of grey seals along mainland Europe from the Southwestern Baltic to France.
NAMMCO Sci Publ 6:57−68
Hobday AJ, Arrizabalaga H, Evans K, N icol S, Young JW,
Weng KC (2015) Impacts of climate change on marine
top predators: advances and future challenges. DeepSea Res II 113:1−8
Hoffman JI, Dasmahapatra KK, Amos W, Phillips CD, Gelatt
TS, Bickham JW (2009) Contrasting patterns of genetic
diversity at three different genetic markers in a marine
mammal metapopulation. Mol Ecol 18:2961−2978

Decker et al.: Grey seal mtDNA reveals historical lineages

227

Hudson RR (2000) A new statistic for detecting genetic differentiation. Genetics 155:2011−2014
Hudson RR, Boos DD, Kaplan NL (1992) A statistical test for
detecting geographic subdivision. Mol Biol Evol 9:
138−151
Jackson JA, Steel DJ, Beerli P, Congdon BC and others
(2014) Global diversity and oceanic divergence of humpback whales (Megaptera novaeangliae). Proc R Soc B
281:20133222
Jorgensen SJ, Reeb CA, Chapple TK, Anderson S and others
(2010) Philopatry and migration of Pacific white sharks.
Proc R Soc B 277:679−688
Jung JL, Stéphan E, Louis M, Alfonsi E, Liret C, Carpentier
FG, Hassani S (2009) Harbour porpoises (Phocoena phocoena) in north-western France: aerial survey, opportunistic sightings and strandings monitoring. J Mar Biol
Assoc UK 89:1045−1050
Kearse M, Moir R, Wilson A, Stones-Havas S and others
(2012) Geneious Basic: an integrated and extendable
desktop software platform for the organization and
analysis of sequence data. Bioinformatics 28:1647−1649
Klimova A, Phillips CD, Fietz K, Olsen MT, Harwood J,
Amos W, Hoffman J (2014) Global population structure
and demographic history of the grey seal. Mol Ecol 23:
3999−4017
Librado P, Rozas J (2009) DnaSP v5: a software for comprehensive analysis of DN A polymorphism data. Bioinformatics 25:1451−1452
Louis M, Viricel A, Lucas T, Peltier H and others (2014)
Habitat-driven population structure of bottlenose dolphins, Tursiops truncatus, in the North-East Atlantic. Mol
Ecol 23:857−874
Mee JA, Bernatchez L, Reist JD, Rogers SM, Taylor EB
(2015) Identifying designatable units for intraspecific
conservation prioritization: a hierarchical approach applied to the lake whitefish species complex (Coregonus
spp.). Evol Appl 8:423−441
Méheust E, Alfonsi E, Le Ménec P, Hassani S, Jung JL (2015)
DN A barcoding for the identification of soft remains of
prey in the stomach contents of grey seals (Halichoerus
grypus) and harbour porpoises (Phocoena phocoena).
Mar Biol Res 11:385−395
Mendez M, Rosenbaum HC, Wells RS, Stamper A, Bordino P
(2010) Genetic evidence highlights potential impacts of
by-catch to cetaceans. PLOS ONE 5:e15550
Pailler Y, Sparfel Y, Tresset A, Dupont C and others (2004)
Fouille d’un dépotoir du Néolithique final à Beg ar Loued
(Ile Molène, Finistère): premiers résultats (Excavation of
a N eolithic deposit at Beg ar Loued, Island of Molène,
Brittany, France: first results). Bull Soc Préhist Fr 101:
881−886
Palsbøll PJ, Clapham PJ, Mattila DK, Larsen F and others
(1995) Distribution of mtDN A haplotypes in N orth
Atlantic humpback whales: the influence of behaviour
on population structure. Mar Ecol Prog Ser 116:1−10
Palsbøll PJ, Zachariah Peery M, Olsen MT, Beissinger SR,
Berube M (2013) Inferring recent historic abundance
from current genetic diversity. Mol Ecol 22:22−40

Philippe H, Sörhannus U, Baroin A, Perasso R, Gasse F,
Adoutte A (1994) Comparison of molecular and paleontological data in diatoms suggests a major gap in the fossil
record. J Evol Biol 7:247−265
Phillips CD, Trujillo RG, Gelatt TS, Smolen MJ and others
(2009) Assessing substitution patterns, rates and homoplasy at HVRI of Steller sea lions, Eumetopias jubatus.
Mol Ecol 18:3379−3393
Pomeroy PP, Twiss SD, Redman P (2000) Philopatry, site
fidelity and local kin associations within grey seal breeding colonies. Ethology 106:899−919
Pomeroy PP, Wilmer JW, Amos W, Twiss SD (2001) Reproductive performance links to fine-scale spatial patterns
of female grey seal relatedness. Proc R Soc B 268:
711−717
Posada D, Crandall KA (1998) MODELTEST: testing the
model of DNA substitution. Bioinformatics 14:817−818
R Core Team (2014) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna
Ridoux V, Spitz J, Vincent C, Walton MJ (2007) Grey seal
diet at the southern limit of its European distribution:
combining dietary analyses and fatty acid profiles. J Mar
Biol Assoc UK 87:255−264
Ruegg K, Rosenbaum H, Anderson E, Engel M, Rothschild
A, Baker CS, Palumbi S (2013) Long-term population size
of the North Atlantic humpback whale within the context
of worldwide population structure. Conserv Genet 14:
103−114
Sommer R, Benecke N (2003) Post-glacial history of the
European seal fauna on the basis of sub-fossil records.
Beitr Archäozool Prähist Anthropol 6:16−28
Stobo WT, Beck B, Horne JK (1990) Seasonal movements
of grey seals (Halichoerus grypus) in the northwest Atlantic. In: Bowen WD (ed) Population biology of sealworm (Pseudoterranova decipiens) in relation to its
intermediate and seal hosts. Can Bull Fish Aquat Sci
222:199−213
Tajima F (1989) Statistical method for testing the neutral
mutation hypothesis by DN A polymorphism. Genetics
123:585−595
van Bleijswijk J, Begeman L, Witte H, IJsseldijk L, Brasseur
S, Grone A, Leopold M (2014) Detection of grey seal
Halichoerus grypus DNA in attack wounds on stranded
harbour porpoises Phocoena phocoena. Mar Ecol Prog
Ser 513:277−281
Vincent C, Ridoux V, Fedak MA, Hassani S (2002) Markrecapture and satellite tracking of rehabilitated juvenile
grey seals (Halichœrus grypus): dispersal and potential
effect on wild populations. Aquat Mamm 28:121−130
Vincent C, Fedak MA, McConnell BJ, Meynier L, Saint-Jean
C, Ridoux V (2005) Status and conservation of the grey
seal, Halichœrus grypus, in France. Biol Conserv 126:
62−73
Westlake RL, O’Corry-Crowe GM (2002) Macrogeographic
structure and patterns of genetic diversity in harbor seals
(Phoca vitulina) from Alaska to Japan. J Mammal 83:
1111−1126

Editorial responsibility: Philippe Borsa,
Montpellier, France

Submitted: October 6, 2015; Accepted: December 2, 2016
Proofs received from author(s): February 20, 2017

