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ABSTRACT

Aim The Pleistocene glaciations were the most significant historical event during

the evolutionary life span of most extant species. However, little is known about

the consequences of these climate changes for the distribution and demography of

marine animals of the north-eastern Atlantic. The present study focuses on the

phylogeographic and demographic patterns of the sand goby, Pomatoschistus

minutus (Teleostei: Gobiidae), a small marine demersal fish.

Location North-eastern Atlantic, Mediterranean, Irish, North and Baltic seas.

Methods Analysis was carried out by sequencing the mtDNA cytochrome

b gene of sand gobies from 12 localities throughout the species’ range, and using

this information in combination with published data of allozyme markers and

mtDNA control region sequences. Several phylogenetic methods and a network

analysis were used to explore the phylogeographic pattern. The historical

demography of P. minutus was studied through a mismatch analysis and a

Bayesian skyline plot.

Results Reciprocal monophyly was found between a Mediterranean Sea (MS)

clade and an Atlantic Ocean (AO) clade, both with a Middle Pleistocene origin.

The AO Clade contains two evolutionary significant units (ESUs): the Iberian

Peninsula (IB) Group and the North Atlantic (NA) Group. These two groups

diverged during Middle Pleistocene glacial cycles. For the NA Group there is

evidence for geographic sorting of the ancestral haplotypes with recent radiations

in the Baltic Sea, Irish Sea, North Sea and Bay of Biscay. The demographic

histories of the Mediterranean Clade and the two Atlantic ESUs were influenced

mainly by expansions dated as occurring during the Middle Pleistocene

glaciations and post-Eem, respectively.

Main conclusions The pre-LGM (Last Glacial Maximum) subdivision signals

were not erased for P. minutus during the LGM. Middle Pleistocene glaciations

yielded isolated and differently evolving sets of populations. In contrast to the

case for most other taxa, only the northern Atlantic group contributed to the

post-glacial recolonization. The historical demography of Mediterranean sand

gobies was influenced mainly by Middle Pleistocene glaciations, in contrast to

that of the Atlantic populations, which was shaped by Late Pleistocene

expansions.
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INTRODUCTION

Organisms live in a constantly changing environment, and the

genetic patterns we observe today are the result of both

contemporary and historical factors (Avise, 2000). The glaci-

ation cycles during the Pleistocene (1800–11.5 ka) were

arguably the most important climatological events during the

evolutionary life span of most extant species (Hewitt, 2000).

Although the impact of the Pleistocene climate fluctuations on

the distribution and demography of continental species is

firmly established in the literature (Bernatchez & Wilson, 1998;

Taberlet et al., 1998; Hewitt, 2004), little is known about the

impact of the glaciation cycles on the distribution and

demography of north-eastern Atlantic marine species (Wilson,

2006).

During glaciation events, ice-covered areas to the north were

unsuitable habitats for near-shore marine species, forcing their

extinction or a southward migration into one or more refugial

areas. Although it is difficult to identify potential refugia from

genetic data, several southern refugia have been suggested for

north-eastern Atlantic marine species: around the Iberian

Peninsula (Gysels et al., 2004a; Hoarau et al., 2007), Macaro-

nesia (Domingues et al., 2005, 2007) and the Mediterranean

Sea (Olsen et al., 2004; Sa-Pinto et al., 2005). In addition to

the large southern glacial refugia, small northern peri-glacial

refugia have been proposed, such as the Bay of Biscay (Nesbø

et al., 2000), the south-western coast of Ireland (Jolly et al.,

2006; Hoarau et al., 2007) and Hurd Deep in the English

Channel, a 150-km-long depression about 100 m deeper than

the adjoining sea floor (Coyer et al., 2003; Provan et al., 2005).

When temperatures increased during the interglacials, popu-

lations from these refugia recolonized previously ice-covered

areas in the north. These recolonization patterns remain poorly

understood and are likely to be species-specific (Chevolot

et al., 2006). Moreover, the role of the Mediterranean Sea for

Atlantic species during the Pleistocene glaciation cycles is still

controversial. During the glaciations, the decrease in sea level

isolated the Mediterranean and Atlantic basins. Within the

Mediterranean basin, extinction and recolonization played a

major role during the glacial cycles, as organisms were isolated

and could not follow favourable isothermals. No clear

relationship is apparent between biological traits and observed

patterns of partial or complete genetic isolation of the Atlantic

and Mediterranean populations (Patarnello et al., 2007).

Owing to the open character of the sea, it is difficult to study

the historical distribution and demography of species. The

absence of obvious barriers to gene flow in the marine realm

seems to facilitate extensive gene flow among marine popu-

lations, dimming the influence of historical events (Palumbi,

1994). Most studies on marine species of the north-eastern

Atlantic have focused on the genetic patterns of fishes and

invertebrates with high dispersal potential. It is reasonable to

assume that species showing reduced levels of contemporary

gene flow and a fast evolutionary rate are better suited for

elucidating phylogeographic patterns. Therefore, a marine

demersal fish, the sand goby, Pomatoschistus minutus (Pallas,

1770) (Teleostei: Gobiidae), was selected for the present study

on the influence of the Pleistocene climate changes on the

distribution and demography of marine demersal fishes. Sand

gobies reach high densities along their geographical range: the

Atlantic coasts from Norway to Spain, the North Sea, the Baltic

Sea and the Irish Sea. The distribution pattern is more

fragmented in the Mediterranean Sea and on the west coast of

the Black Sea (Miller, 1986; Fig. 1). In connection with its

ecological significance (Pasquaud et al., 2004; Ehrenberg et al.,

2005) and use as a model organism in ecology (Jones et al.,

2001; Singer et al., 2006; Guelinckx et al., 2008), various

phylogeographic and population genetic studies have been

carried out on this species (Stefanni & Thorley, 2003; Stefanni

et al., 2003; Gysels et al., 2004b).

The main objective of the present study was to analyse how

the Pleistocene climatic fluctuations shaped the regional

distribution and demography of P. minutus along north-

eastern Atlantic shores and in the Mediterranean basin. Three

Figure 1 Geographical distribution of the

12 sampling locations in eight European

marine systems for the sand goby, Pomato-

schistus minutus. The shaded area represents

the distribution range of P. minutus con-

forming to Miller (1986). See Table 1 for

definitions of the sampling locations.

Phylogeography of the sand goby
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hypotheses based on former studies on the sand goby (Gysels

et al., 2004b; Stefanni & Thorley, 2003) were critically evalu-

ated: (1) the Mediterranean Sea was recolonized by Atlantic

sand gobies after the Last Glacial Maximum (LGM; 20 ka) –

earlier studies show conflicting results for the present

relationship between Mediterranean and Atlantic populations;

(2) there is no population differentiation within the Atlantic

sand gobies – earlier studies revealed no significant genetic

differentiation between sand goby populations in the Atlantic

basin, although the species is expected to show reduced levels

of contemporary gene flow owing to its life style; and (3) a

population expansion of P. minutus in the North Atlantic

occurred after the LGM – this was hypothesized despite a lack

of demographic analyses for the sand goby.

Compared with a previous study on the phylogeography of

P. minutus by Gysels et al. (2004b), we sequenced a much

larger fragment of the cytochrome b (cyt b) gene from a higher

number of sand gobies and we collected at more sampling

sites. These new data were pooled with D-loop (Stefanni &

Thorley, 2003) and allozyme (Stefanni et al., 2003; Gysels

et al., 2004c) data for statistical analyses.

MATERIALS AND METHODS

Sampling and mtDNA sequencing

A total of 263 Pomatoschistus minutus individuals were caught

at 12 locations along European coasts between October 2005

and February 2007 (Table 1, Fig. 1). Samples were taken by

fyke, hand net or beam trawling. Three individuals of

Pomatoschistus lozanoi were caught as an outlier group for

the phylogenetic analyses, one in the Gironde estuary, France

(45�36¢ N, 01�01¢ W) (LO1), and two in Ostend, Belgium

(51�17¢ N, 02�51¢ E) (LO2 and LO3). Pomatoschistus species

were identified morphologically, based on the dermal head

papillae (Miller, 1986) and on pigmentation patterns (Ham-

erlynck, 1990), and genetically according to Larmuseau et al.

(2008). For each sample, an 850-bp fragment of the mito-

chondrial DNA (mtDNA) cyt b was sequenced as detailed in

Appendix S1 (see Supporting Information). All sequences were

deposited in the GenBank database (EU736948–EU737080).

To verify the advantage of the longer sequenced gene fragment,

the 850-bp sequences of the cyt b gene were compared with the

283-bp sequences of the same gene (AJ555096–AJ555123)

determined by Gysels et al. (2004b). A sliding-window analysis

of 100-bp and 10-bp steps was performed to illustrate

nucleotide diversity variation along the whole cyt b gene with

DnaSP ver. 4.10.9 (Rozas et al., 2003). For the phylogenetic

and phylogeographical analyses only the long fragments of cyt

b were used. The D-loop sequences of Stefanni & Thorley

(2003) were recovered from GenBank (AY033004–AY033053).

Phylogenetic and network analyses

Phylogenetic reconstruction was conducted using neighbour-

joining (NJ), maximum parsimony (MP) and maximum

likelihood (ML) analyses. The trees were rooted with the sister

species P. lozanoi (Huyse et al., 2004). NJ trees were con-

structed in mega ver. 4.0 (Tamura et al., 2007). Bootstrap

analyses were performed with 10,000 replicates. MP was

performed using paup* ver. 4.0b10 (Swofford, 2002) with the

following heuristic search settings: 105 random taxon addition

replicates followed by tree bisection–reconnection (TBR)

branch swapping and 1000 bootstrap replicates. According to

the Akaike information criterion (AIC), modeltest ver. 3.7

(Posada & Crandall, 1998) selected the TrN + I + C model as

the most suitable model for further analysis. The ML analysis

with 100 bootstrap replicates was performed using PhyML ver.

2.4.4 (Guindon & Gascuel, 2003), via a web server (Guindon

et al., 2005). tcs ver. 1.3 (Clement et al., 2000) was used to

construct a statistical parsimony network, and a median-

joining network analysis was performed using the software

network ver. 4.5.0.1 (http://www.fluxus-engineering.com).

The times to the most recent common ancestor (tMRCA) of

P. minutus and the major sand goby mtDNA lineages were

estimated using Bayesian inference as implemented by the

Table 1 Overview of the Pomatoschistus minutus samples collected from 12 sampling sites in the north-eastern Atlantic.

Code Area Country Location Date Coordinates N R

TBS Northern Baltic Sea Finland Tvärminne July/2006 59�50¢ N–23�12¢ E 29 11

HBS Northern Baltic Sea Sweden Värtan November/2005 58�59¢ N–17�27¢ E 24 12

PBS Southern Baltic Sea Poland Sopot, Gulf of Gdańsk February/2007 54�27¢ N–18�35¢ E 12 9

WCS Skagerrak Sweden Bökevik Bay, Skaftö island June/2006 58�14¢ N–11�26¢ E 17 12

RNS North Sea Netherlands Renesse November/2005 51�44¢ N–03�47¢ E 22 14

BNS North Sea Belgium Oostduinkerke November/2006 51�08¢ N–02�40¢ E 12 5

BIS Irish Sea North Ireland (UK) River Bann estuary September/2006 55�09¢ N–06�45¢ W 9 5

WIS Irish Sea Wales (UK) Llanfairfechan November/2006 53�59¢ N–03�59¢ W 30 13

GOA Bay of Biscay France Gironde estuary August/2006 45�36¢ N–01�01¢ W 30 18

PAO Iberian Peninsula Portugal Alcochete, Tagus estuary October/2005 38�45¢ N–08�57¢ W 10 5

AAO Iberian Peninsula Spain Guadalquivir river estuary November/2006 36�58¢ N–06�10¢ W 35 23

VMS1 Mediterranean Sea France Vaccarès lagoon January/2006 43�32¢ N–04�35¢ E 25 24

VMS2 Mediterranean Sea France Vaccarès lagoon January/2007 43�32¢ N–04�35¢ E 8 8

N, sample size; R, number of unique cyt b haplotypes.
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software program beast ver. 1.4.6 (Drummond & Rambaut,

2006). Because of limitations in the beast program, all

analyses were performed using the GTR model as best

alternative for the TrN model. The rate variation among sites

was modelled using a gamma distribution with 10 rate

categories. The divergence times and their credibility intervals

were estimated under the coalescent model with constant

population size and with expansion growth, using the strict

molecular clock. The posterior distributions of the dates being

estimated were approximated by sampling parameter values at

every 500th generation over 107 Markov chain Monte Carlo

(MCMC) steps, after discarding 106 burn-in steps. Conver-

gence of the sampled parameters was verified using the

program tracer ver. 1.4 (Rambaut & Drummond, 2007). The

effective sample size for each parameter was found to exceed

100 individuals, which is the minimum recommended effective

sample size (Weinstock et al., 2005). Dates of divergences

between the clades were calculated using a conventional clock

for the mitochondrial cyt b gene in bony fishes, namely 2%

sequence divergence per million years (Bowen et al., 2001;

Domingues et al., 2005). As the mtDNA of Pomatoschistus

gobies has a much higher rate of evolution than that of other

teleosts (Gysels et al., 2004a; Huyse et al., 2004), divergence

times were also estimated using higher rates of 4% and 6% for

the cyt b locus. Then, the specific molecular clock for the cyt b

locus of Pomatoschistus gobies was calibrated based on the

divergence of the Indo-Pacific and the Atlantic–Mediterranean

gobies through the closure of the Atlantic–Mediterranean part

of the Tethys Sea c. 15–14 Ma (McKay & Miller, 1997).

Therefore, the tMRCA was estimated with the various selected

clocks between the two Pomatoschistus species and two Indo-

Pacific gobies, Tridentiger bifasciatus (Acc. no. AB021254) and

Tridentiger obscurus (Acc. no. AB021255).

After analyses on the cyt b sequences, phylogenetic and

network analyses were conducted on the reconstructed data set

of all available D-loop sequences and compared with the

mtDNA-based results of Stefanni & Thorley (2003). The

divergence times of the sand goby lineages were estimated

using various rates (2%, 4%, 6% and 8% sequence divergence

per million years) to calibrate the specific molecular clock for

the D-loop of the Pomatoschistus species.

The genetic diversity and population differentiation in

P. minutus were analysed based on the cyt b and D-loop data

using several common indices (p, h and FST) and non-metric

multi-dimensional scaling (NMDS) analyses (for a detailed

methodology see Appendix S1). In addition, these statistical

analyses were also performed on two original allozyme data

sets of Stefanni et al. (2003) and Gysels et al. (2004c), which

were obtained under the same laboratory conditions and for

which high sample quality was guaranteed (Gysels, 2003;

detailed in Appendix S1).

Demographic analyses

Demographic expansions were first investigated on the cyt b

and the published control region sequences by means of

Tajima’s (1989) D-test and Fu’s (1997) Fs-test of neutrality

using arlequin ver. 3.11 (Excoffier et al., 2005). For neutral

markers, significant negative values can be expected in cases of

population expansion (Tajima, 1989; Fu, 1997). Furthermore,

the demographic history was examined using the frequency

distribution of pairwise differences among sequences (Mis-

match distribution; Harpending, 1994). Because the sand goby

probably experienced demographic as well as range expansions

and contractions during successive cycles of glaciations, both

demographic and spatial mismatch analyses (Excoffier, 2004;

Excoffier et al., 2005) were conducted using arlequin. Past

population demographics of P. minutus were also inferred for

the cyt b and the D-loop data using the coalescent Bayesian

skyline plot (BSP) model (Drummond et al., 2005) as imple-

mented in beast and visualized in tracer. Final analyses were

run for 3 · 107 generations, sampling every 1000th generation,

and a burn-in of 3 · 106 generations (after a pre-burn-in of

3 · 105 generations). The analyses were repeated using differ-

ent values for the number of grouped intervals (m = 5, 10, 20)

and different clock models (strict clock and relaxed clock) with

uncorrelated rates drawn from a lognormal distribution,

conducting two independent MCMC runs for each parameter

combination.

RESULTS

MtDNA haplotypes

The alignment of sequences was straightforward as there were

no gaps and translation into amino acids did not indicate

nonsense or stop codons. The sequence characteristics

matched the general properties of the P. minutus cyt b gene

(Gysels et al., 2004b; Keith et al., 2005), suggesting a functional

mtDNA cyt b gene and not a nuclear pseudogene (Zhang &

Hewitt, 1996). The alignment of all cyt b gene sequences

revealed 130 unique haplotypes within the 263 sand goby

individuals. A total of 130 variable sites (15.3% of the total)

were detected, of which 70 positions (8.2% of the total) were

parsimony-informative. Of the 130 variable sites, 18 (13.8%)

were in first codon position, four (3.1%) were in second codon

position, and 108 (83.1%) were in third codon position.

Translation using the vertebrate mitochondrial genetic code

indicated that 17 out of 282 amino acid residues were

polymorphic.

The first 158 bp of our sequences match with the short

fragment of cyt b sequenced by Gysels et al. (2004b) (see

Table S1 in Appendix S2). Sliding-window analysis showed a

low variability in this first part of the gene. Moreover, the

original sequence data of Gysels et al. (2004b) often revealed

low quality at the end of the sequence, in particular for the

Mediterranean Sea samples. Because of conservative scoring,

some mutations characteristic for the Mediterranean popula-

tion were not detected by Gysels et al. (2004b). The high

precision of the capillary DNA sequencer, the SeqScape

software and the negative tests for detecting contamination

guarantee the high quality of the sequences in the present study.

Phylogeography of the sand goby
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Phylogenetic and network analyses

Phylogenetic analyses of the data set, including all sequences of

P. minutus and the outgroup taxon, revealed consistent results

for the tree methods (Fig. 2). MP analysis generated a

consensus tree of 339 steps (consistency index = 0.6012,

retention index = 0.8746, rescaled consistency index =

0.5258). A similar tree was obtained with the NJ and ML

algorithms ()ln L = 3219.065). In all phylogenetic trees, two

main distinct mitochondrial lineages were identified within the

ingroup: the Mediterranean Clade (MS Clade), with 30

haplotypes from the sampling location in the Mediterranean

Sea (VMS1 and VMS2), and the Atlantic Clade (AO Clade),

with 100 haplotypes from the Iberian Peninsula, the Bay of

Biscay, Irish Sea, North Sea, Skagerrak and Baltic Sea (Fig. 2;

Table S2 in Appendix S2).

The network of the MS Clade based on cyt b displays a star-

like pattern, with a high number of haplotypes compared with

the number of sequenced individuals (Fig. 3). The network

analysis of the AO Clade reveals two separate clusters of

haplotypes, the Iberian Peninsular Group (IB Group), includ-

ing all individuals caught in the Guadalquivir estuary (sample

AAO) and in the Tagus estuary (sample PAO), and the North

Atlantic Group (NA Group), comprising all sampling locations

from the Bay of Biscay to the Baltic Sea (Fig. 4). The IB Group

reveals a star-like pattern with one central haplotype (IB02),

which was found with high frequency in both sampled

locations (AAO and PAO). Network analysis for all haplotypes

of the NA Group displays a pattern with several highly

frequent haplotypes instead of a star-like pattern with one

central haplotype. The network shows one main ancestral

haplotype (haplotype NA01), which occurred in each North

Atlantic location, and a few highly frequent haplotypes, for

example NA28 and NA09, which are very common in the

northern Baltic Sea and the southern North Sea, respectively.

Many haplotypes are connected with single mutation steps to

those ancestral haplotypes. Such radiations were found in each

marine system (Fig. 4). In the network of the NA Group, the

clear geographic association of the haplotypes suggests limited

contemporary gene flow between marine systems. The network

analyses gave congruent results between the different methods.

The phylogenetic and network analyses conducted on the

reconstructed data set of all control region (D-loop) sequences

were comparable with the initial analysis of Stefanni & Thorley

(2003).

For dating the various historical events, the molecular

clock was calibrated by calculating the tMRCA of the two

Pomatoschistus species and two Indo-Pacific gobies

(T. bifasciatus and T. obscurus) with the cyt b locus. The

tMRCA was estimated at 49.93, 24.95 and 16.63 Ma with the

2%, 4% and 6% molecular clocks, respectively. The tMRCA

of the data set including all cyt b haplotypes of P. minutus

and P. lozanoi was dated at c. 6.37, 3.23 and 2.14 Ma. Based

on the D-loop data, the tMRCA of P. minutus and P. lozanoi

was dated at c. 13.6, 6.8, 4.5 and 3.4 Ma with the 2%, 4%,

6% and 8% molecular clocks respectively. Because the

Atlantic–Mediterranean and Indo-Pacific gobies diverged at

least 14–15 Ma (McKay & Miller, 1997) and P. minutus and

P. lozanoi diverged between 2.5 and 1.1 Ma (Wallis &

Beardmore, 1984; Huyse et al., 2004), a realistic and conser-

vative molecular clock might be between 4% and maximally

6% for the cyt b locus and between 6% and 8% for the D-

loop. It might be postulated that the fast generation time (1

or 2 years) of gobies and their small body size would

compensate for the slower clock generally assumed for fish

(Martin & Palumbi, 1993).

Figure 2 Maximum likelihood tree of all

Pomatoschistus minutus cyt b haplotypes and

three haplotypes of Pomatoschistus lozanoi as

the genetic outgroup. Bootstrap values are

indicated for statistically supported group-

ings (‡ 50%) for maximum likelihood (ML),

maximum parsimony (MP) and neighbour

joining (NJ) (ML/MP/NJ). Because of the

high number of haplotypes, the clades for

which no supported groupings were detected

are compressed. MS Clade, Mediterranean

Sea Clade; AO Clade, Atlantic Ocean Clade.

M. H. D. Larmuseau et al.
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The tMRCA of all P. minutus cyt b sequences was estimated

as between 0.827 and 0.551 Ma, and those of each clade

separately between 0.464 and 0.265 Ma (both respectively with

the 4% and 6% clock). This suggests that the divergence

between the MS Clade and the AO Clade occurred in the first

half of the Middle Pleistocene. The tMRCA of the NA Group

and IB Group was estimated at 0.345–0.230 and 0.144–

0.096 Ma, respectively (Table 2), also indicating a Middle

Pleistocene divergence between the two lineages. Different

coalescent models resulted in highly consistent estimates for

the tMRCAs. The tMRCAs of the D-loop sequences of all

genuine P. minutus samples, the MS Clade and the AO Clade

were comparable with those estimated from the cyt b data (see

Table S3 in Appendix S2).

Genetic diversity and population differentiation

For all cyt b haplotypes, the nucleotide diversity (p) and the

haplotype diversity (h) were 0.01054 and 0.947, respectively.

The genetic diversity was higher for the MS Clade

(p = 0.01069 and h = 0.994) than for the AO Clade

(p = 0.00641 and h = 0.931). The Irish Sea has low

p- and h-values, whereas the Bay of Biscay, the southern

Baltic, Skagerrak and the southern North seas have high

p- and h-values. The Iberian Peninsula and the Northern

Baltic have low p- but high h-values (Table 2). There was

no significant decrease in nucleotide diversity northwards

within the range.

The pairwise FST-values for the cyt b data are given in

Table S4 in Appendix S2. The Mantel tests (Mantel, 1967)

revealed significant correlations for all data and those of the

North Atlantic (respectively, r2 = 0.6617, P < 0.05;

r2 = 0.4220, P < 0.05). The NMDS analysis based on the cyt

b data (see Fig. S1a,b in Appendix S3) showed different

clusters corresponding to the a priori groups of P. minutus

based on its geography (Table 1). The samples WCS, PBS and

GOA clustered centrally in the NMDS. These three sampling

locations of the Bay of Biscay, Skagerrak and southern Baltic

Sea contain haplotypes occupying the entire network of the

North Atlantic, in contrast to the other sample locations (BNS,

RNS, WIS, BIS, TBS and HBS) (Fig. 4).

The genetic variability and differentiation based on the

reconstructed D-loop haplotypes and allozymes were highly

consistent with the results of Stefanni & Thorley (2003),

Stefanni et al. (2003) and Gysels et al. (2004c). Additional

NMDS analyses for the allozyme data revealed a clear genetic

differentiation between Mediterranean Sea and North Atlantic

populations, despite the high variability within the latter group

(see Fig. S1c in Appendix S3).

Demographic analyses

The mismatch distribution of all sand goby haplotype

sequences was clearly bimodal (see Fig. S2a in Appendix S3):

one mode corresponded with the number of differences

between the MS and AO clades, and the other mode with

Figure 3 Statistical parsimony network of

the cyt b haplotypes of the Mediterranean Sea

(MS) Clade of Pomatoschistus minutus. The

size of the circles is proportional to the

number of sand gobies sharing that haplo-

type. The haplotypes are indicated by num-

bers as given in Table S1.

Phylogeography of the sand goby
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the number of differences among individuals within both

lineages. As expected from the star-like statistical parsimony

network (Fig. 3), the mismatch distribution for the MS lineage

(see Fig. S2b in Appendix S3) fitted the predicted distribution

under a model of sudden expansion. Because of this, and

because of the negative neutrality tests (P < 0.05) (Table 3),

the sudden expansion model could not be rejected for the MS

Clade. Its time of expansion was estimated at 0.283–0.187 Ma

(Middle Pleistocene) (Table 3). The mismatch analysis of the

AO Clade showed a clear bimodal distribution (see Fig. S2c in

Appendix S3), and therefore all haplotypes of the IB Group

were separated from those of the NA Group. Despite the non-

unimodal distribution of the mismatch analysis of the NA

Group (see Fig. S2e in Appendix S3), the mismatch distribu-

tions of both groups were not significantly different from the

predicted distribution under a model of sudden expansion.

Moreover, the neutrality tests were significantly negative in

both groups (Table 3). The expansions occurred 0.0785–

0.0523 Ma (Late Pleistocene) and 0.186–0.0800 Ma (Middle

and Late Pleistocene) for the IB Group and the NA Group,

respectively. Only for the North Atlantic was a significant

difference found between the demographic and the range

expansion analyses (Table 3). The various mismatch analyses

of the D-loop showed the same global pattern, despite the

low number of Mediterranean haplotypes (Table S3 in

Appendix S2; Fig. S3 in Appendix S3).

The Bayesian skyline plot (BSP) analysis was used to date

shifts in population size of the P. minutus clades. The BSP of

the MS Clade with the cyt b data shows two periods of

population growth. The oldest expansion is dated before

110 ka, and a more recent, much smaller, expansion phase

occurred between 75 and 30 ka (Fig. 5a). The BSP of the IB

Group reveals a growth of population size before 25–17 ka

(Fig. 5b). The plot of the NA Group based on the cyt b data

Figure 4 Statistical parsimony network of

the cyt b haplotypes of the Atlantic Ocean

(AO) Clade of Pomatoschistus minutus. The

size of the circles is proportional to the

number of sand gobies sharing that haplo-

type. The haplotypes are indicated by num-

bers as given in Table S1.
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shows a sharp increase in the effective number of individuals

between 70 and 30 ka and between 105 and 40 ka for the 6%

and 4% clocks, respectively (Fig. 5c). The results were robust,

as different coalescent models in the beast analysis resulted in

similar estimates. The results of the BSP analyses of the cyt b

data were comparable with those based on the D-loop data (see

Fig. S4 in Appendix S3).

DISCUSSION

Consequences of Pleistocene glaciations for the

distribution of Pomatoschistus minutus

The phylogenetic analysis clearly shows two monophyletic

clades within the species P. minutus (Fig. 2). The Mediterra-

nean Sea Clade (MS Clade) is represented only by individuals

from the Vaccarès lagoon (Gulf of Lion). The Atlantic Ocean

Clade (AO Clade) comprises all populations spanning from the

Iberian Peninsula to the Baltic Sea. Miller (1986) previously

suggested this division between sand gobies from the Atlantic

Ocean, P. m. minutus, and those from the Mediterranean

and Black seas, P. m. elongatus (Canestrini, 1861), based on

morphological and ecological differences. Earlier genetic

studies based on mtDNA sequences and allozymes failed to

prove a strong genetic divergence between the West Mediter-

ranean and the Atlantic sand gobies owing to a limited

resolution of the applied genetic markers (Stefanni et al., 2003;

Stefanni & Thorley, 2003; Gysels et al., 2004b; Huyse et al.,

2004). However, the reanalyses of the D-loop and the allozyme

data herein are not in conflict with the new cyt b data.

Reciprocal monophyly was also shown for the D-loop marker,

although with a much lower resolution. This lower resolution

in comparison with the cyt b marker could be caused by

homoplasy at hotspots for substitutions in the D-loop

(Tamura & Nei, 1993; Wakeley, 1993). The signal of historical

divergence was less pronounced for the allozyme data, which

we suggest is because of the higher nuclear population size and

the consequent lower genetic drift effects among nuclear

markers compared with matrilinear DNA.

The divergence time of the two sand goby clades or

evolutionary significant units (ESUs) was dated to the Middle

Pleistocene (Table 2). This is consistent with many other

Table 3 Results of the neutrality tests and mismatch analysis for cyt b sequences.

D FS

Demographic mismatch distribution Spatial mismatch distribution

s te (4%) te (6%) P(rag) P(SDD) s te (4%) te (6%) P(rag) P(SDD)

MS-Clade )1.732 )20.404 9.623 0.283 0.189 0.923 0.884 9.508 0.280 0.187 0.857 0.765

AO-Clade )1.914 )24.974 7.246 0.213 0.142 0.591 0.322 5.846 0.172 0.115 0.943 0.304

IB-Group )1.781 )26.156 2.668 0.079 0.052 0.067 0.103 2.669 0.079 0.052 0.059 0.103

NA-Group )2.026 )25.473 6.324 0.186 0.124 0.805 0.673 4.074 0.120 0.080 0.933 0.565

D, Tajima’s D-test and Fs, Fu’s Fs-test (bold: P-value < 0.05); s, time since expansion measured in mutational time units; te, absolute time (Ma) since

expansion estimated with molecular clocks of 4% and 6% sequence divergence per million years; P(rag), P-value for the raggedness index; P(SDD),

P-value for the sum of the squared deviations under the hypothesis of sudden expansion. MS-Clade, Mediterranean Sea Clade; AO-Clade, Atlantic

Ocean Clade; IB-Group, Iberian Peninsula Group; NA-Group, North Atlantic Group.

Table 2 Diversity indices and times to most recent common ancestor (tMRCAs) for the observed phylogeographic units and the various

north-eastern Atlantic marine systems of Pomatoschistus minutus based on cyt b data.

N R h p tMRCA (4%) tMRCA (6%)

Total data set 263 130 0.947 (0.009) 0.01054 (0.00062) 0.827 (1.032–0.602) 0.551 (0.688–0.401)

MS-Clade 33 30 0.994 (0.009) 0.01069 (0.00067) 0.465 (0.609–0.306) 0.310 (0.406–0.204)

AO-Clade 230 100 0.931 (0.012) 0.00641 (0.00019) 0.398 (0.516–0.277) 0.265 (0.344–0.185)

IB-Group 45 27 0.925 (0.032) 0.00244 (0.00026) 0.144 (0.212–0.091) 0.096 (0.141–0.061)

NA-Group 185 73 0.897 (0.017) 0.00518 (0.00021) 0.345 (0.503–0.268) 0.230 (0.335–0.178)

Northern Baltic 53 16 0.800 (0.048) 0.00391 (0.00043) – –

Southern Baltic 12 9 0.939 (0.058) 0.00563 (0.00107) – –

Skagerrak 17 12 0.919 (0.057) 0.00555 (0.00080) – –

Southern North Sea 34 15 0.870 (0.044) 0.00504 (0.00033) – –

Irish Sea 39 17 0.687 (0.086) 0.00269 (0.00065) – –

Bay of Biscay 30 18 0.887 (0.052) 0.00587 (0.00068) – –

N, number of individuals per region; R, number of cyt b haplotypes observed; h, haplotype diversity; p, nucleotide diversity; tMRCA in Ma was

estimated using molecular clocks of 4% and 6% sequence divergence per million years. The credibility intervals of tMRCA and the standard deviations

of haplotype and nucleotide diversity values are given between brackets. MS-Clade, Mediterranean Sea Clade; AO-Clade, Atlantic Ocean Clade;

IB-Group, Iberian Peninsula Group; NA-Group, North Atlantic Group.
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marine organisms for which reciprocal monophyly has been

observed between the Mediterranean and Atlantic populations

(reviewed in Patarnello et al., 2007). This divergence is

probably the result of geographic isolation caused by one of

the Middle Pleistocene sea-level drops. Following this differ-

entiation, subsequent gene flow was disrupted between the two

clades. Contemporary gene flow is unlikely to occur owing to

the discontinuous distribution of the sand goby between the

Mediterranean and Atlantic basins (Fig. 1). Hypothesis 1,

which concerns the recolonization of the Mediterranean Sea by

Atlantic sand gobies, is thus rejected. The MS Clade has the

highest diversity, although it has a small distribution range

along the north-western Mediterranean Sea coasts and lagoons.

Because the highest species diversity of the ‘sand goby’ group is

observed within the Mediterranean Sea (Huyse et al., 2004)

and the cyt b haplotype diversity of P. minutus is the highest in

this marine system, the origin of this species is expected to be

in the Mediterranean Sea, as suggested by Gysels et al. (2004b).

Similar to other estuarine systems, the Mediterranean lagoons

play an important role in the life cycle of gobies (Bouchereau &

Guelorget, 1998). These lagoons, however, suffer from increas-

ing human pressure through overexploitation (gobies are a

common by-catch) and reduced water quality (Bouchereau &

Guelorget, 1998; Bouchereau, 2001). Moreover, Mediterranean

(a)

(b)

(c)

Figure 5 Bayesian skyline plots (BSPs)

showing changes in population size through

time: (a) Mediterranean Sea (MS) Clade;

(b) Iberian Peninsula (IB) Group; (c) North

Atlantic (NA) Group. These historical

demographic trends of the cyt b lineages in

Pomatoschistus minutus are represented by

the 6% and 4% molecular clocks and by

indication of the period of expansion

growth (EG); the relative population size is

measured as a product of effective population

size and generation. x-axis: time (in years);

the upper axis is the time measured with

the 6% molecular clock and the lower axis

shows the time with the 4% molecular clock;

y-axis: relative population size (measured as a

product of effective population size and

generation). The black line represents the

median estimate; upper and lower limits

(95% HPD) are drawn in grey.
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sand gobies are probably also directly threatened by the

contemporary climate change (Philippart et al., 2007, and

references therein), as the water temperature approaches

critically high values for sand gobies in the Mediterranean

system (Pampoulie et al., 1999). A further increase in water

temperature could be pernicious as northward migration is

excluded.

Two groups were identified within AO Clade: the Iberian

(IB) Group and the North Atlantic (NA) Group. The IB Group

contained the individuals collected along the coasts of the

Iberian Peninsula. The NA Group comprised all populations

spanning from the Bay of Biscay to the Baltic Sea (Fig. 4). This

divergence is probably the result of population restriction

within different refugia during glaciations in the Middle

Pleistocene (Table 2). Hypothesis 2, which concerns the

absence of population differentiation within the North Atlantic

sand gobies, is therefore rejected. All haplotypes of the IB

Group are unique for the Iberian Peninsula coast, suggesting a

glacial refugium in this region for the sand goby. A growing

body of studies on north-eastern Atlantic marine taxa [e.g.

seagrasses (Coyer et al., 2003; Olsen et al., 2004), invertebrates

(Zane et al., 2000), rays (Chevolot et al., 2006) and teleosts

(Consuegra et al., 2002; Cortey & Garcı́a-Marı́n, 2002; Gysels

et al., 2004a)] suggests an Iberian refugium during the

Pleistocene. In contrast to the case for most of the organisms

with a presumed Iberian refugium, including the related

common goby (P. microps) (Gysels et al., 2004a), the Iberian

sand gobies appear not to have contributed to the post-glacial

distribution expansion in northern Europe.

The northward spatial expansion to the North Sea, Irish Sea

and Baltic Sea appears to have involved only the NA Group of

the sand goby. The cyt b haplotype network of this NA Group

showed no regional clustering, but there were population-

specific haplotypes scattered throughout the whole network

and radiations in the Baltic Sea, Irish Sea, North Sea and Bay of

Biscay around a variety of common haplotypes (Fig. 4). This

complex pattern suggests different genetic bottlenecks and

subsequent recolonization phases, driven by the periodic

climate fluctuations during the Middle and Late Pleistocene.

It is very difficult and rather speculative to reconstruct these

various historical patterns by locating the northern peri-glacial

refugia and recolonization routes, based on present-day genetic

information alone. However, based on the high present-day

genetic diversity and the presence of an assortment of unique

haplotypes (Table 2; Fig. 4), the Bay of Biscay and the Hurd

Deep in the English Channel appear more likely to have been

glacial refugia than south-western Ireland (Table 2, Fig. 4).

There is, however, no evidence that the sand goby was able to

withstand the much lower temperatures that have been

reconstructed for this region of the English Channel for the

glacial maxima of the Late Pleistocene. Modelling reconstruc-

tions suggest that sea temperatures near the shelf in this region

of the English Channel were 1–2�C in winter, rising to 5–6�C

in summer during the LGM (Sarnthein, 2001). The difference

in the haplotype network between southern and northern

Baltic Sea samples (Fig. 4) suggests that the Baltic Sea has been

colonized in two phases over a period of 8000 years, with a

stronger founder effect in the north. The presence of only two

common haplotypes in the northern samples HBS and TBS

(haplotypes NA01 and NA28) with unique derived haplotypes

suggests that only a few individuals that were able to adapt

to the severe abiotic conditions of the northern Baltic

(Johannesson & André, 2006) founded the population. A

better sampling strategy with a higher spatial resolution in the

North Atlantic region and the use of a genetic marker with an

adequate variability (e.g. microsatellites) to detect genetic

differences are needed to locate the refugial areas more

accurately and to understand the complex recolonization

routes in the north-eastern Atlantic.

Consequences of the Pleistocene glaciations

for the demography of Pomatoschistus minutus

The various demographic analyses show that the intra-

assemblage genetic structure of P. minutus contains signatures

of demographic expansion events (Fig. 5; Fig. S2 in Appen-

dix S3; Table 3). For the MS Clade, the main demographic

expansion period was consistently dated as having occurred

during the Middle Pleistocene using the mismatch analysis.

This strongly corroborates the scarce data on the demographic

expansion events of other Mediterranean Sea organisms: for

the sea urchin Paracentrotus lividus (Calderón et al., 2008) and

the tuna Thunnus thynnus thynnus (Carlsson et al., 2004) the

demographic expansion was estimated as occurring between

0.135 and 0.360 Ma. However, the BSP of the cyt b sequences

also suggests an additional smaller expansion in the Mediter-

ranean region in the past 50,000 years (Fig. 5a).

It is generally assumed that the current demography of

Atlantic populations results mainly from the LGM, because

this period probably blurred the signals of earlier demographic

events. Until now, the demographic expansions of marine

species along the north-eastern Atlantic coast have always been

dated as pre-LGM events, between 1.7 and 0.11 Ma; for

example algae (Provan et al., 2005; Hoarau et al., 2007;

Calderón et al., 2008), polychaetes (Jolly et al., 2006), bivalves

(Luttikhuizen et al., 2003), urchins (Calderón et al., 2008),

crustaceans (Stamatis et al., 2004), rays (Chevolot et al., 2006)

and teleosts (Gysels et al., 2004a; Aboim et al., 2005; Bremer

et al., 2005; Charrier et al., 2006). For the Iberian sand gobies

(IB Group), an expansion period was dated herein as occurring

in the Eem interglacial (128–67 ka) or later (Table 3, Fig. 5b),

depending on the molecular clock used. For the NA Group,

the bimodal mismatch distribution of all North Atlantic

haplotypes corresponds to the network analysis, which showed

star-like patterns around several ancestral haplotypes (Fig. 4).

This suggests lineage sorting followed by a recent expansion

period. In the case of a non-unimodal pattern of the mismatch

distribution, the BSP is a better method with which to date this

expansion period than the mismatch analysis. The BSP ignores

the pattern of the mismatch distribution and is based on

coalescent events (Drummond et al., 2005). Using BSP, the

expansion event for the NA Group was estimated to have
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occurred during the Eem interglacial (Fig. 5c). The Eem

interglacial followed the Warthe/Saale glaciation (180–128 ka),

which is thought to have had more widespread effects on the

distribution and demography of organisms than the LGM

(Kellaway et al., 1975). This indicates that hypothesis 3 of the

present study is not confirmed, and that the LGM did not

substantially blur the signals of earlier demographic events.

A similar conclusion was also reached in analyses of the

demography of marine taxa in the north-eastern Atlantic

(Hoarau et al., 2007).
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