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Abstract A thorough knowledge on the genetic connec-
tivity of marine populations is important for fisheries
management and conservation. Using a dense population
sampling design and two types of neutral molecular
markers (10 nuclear microsatellite loci and a mtDNA cyto-
chrome b fragment), we inferred the genetic connectivity
among the main known spawning grounds of sole (Solea
solea L.) in the North-East Atlantic Ocean. The results
revealed a clear genetic structure for sole in the North-East
Atlantic Ocean with at least three different populations,
namely the Kattegat/Skagerrak region, the North Sea and
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the Bay of Biscay, and with indications for a fourth popula-
tion, namely the Irish/Celtic Sea. The lack of genetically
meaningful differences between biological populations
within the southern North Sea is likely due to a large effec-
tive population size and sufficient connection (gene flow)
between populations. Nevertheless, an isolation-by-distance
pattern was found based on microsatellite genotyping, while
no such pattern was observed with the cytochrome b marker,
indicating an historical pattern prevailing in the latter marker.
Our results demonstrate the importance of a combined multi-
marker approach to understand the connectivity among
marine populations at region scales.

Introduction

Population connectivity plays a fundamental role in the
dynamics of marine ecosystems (Jones et al. 2007). The spa-
tial pattern of genetic diversity in marine species is largely
determined by the effects of three fundamental evolutionary
forces, namely natural selection, genetic drift and gene flow
(Slatkin 1985; Slatkin 1987). Knowledge of the dynamics of
these forces acting on local populations under natural highly
advective conditions is a challenging prerequisite for effec-
tive and sustainable fisheries management (Hedgecock et al.
2007). Hence, the delineation of appropriate management
units requires information from population genetic, ecologi-
cal and demographic data, as most marine populations will
probably be intermediate in structure between discrete and
continuous models (Palsbgll et al. 2007). Additionally, such
information is crucial for conserving intraspecific genetic
diversity (Reiss et al. 2009) and for the design of marine
reserves (Fogarty and Botsford 2007; Jones et al. 2007).
Marine fish with large population sizes, broad geographic
distributions, high fecundity and high dispersal potential are
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expected to show low genetic differentiation and high gene
flow (DeWoody and Avise 2000). Although a number of
population genetic studies found evidence for structure even
in species with high dispersal potential (Jgrgensen et al.
2005; Knutsen et al. 2003; Larmuseau et al. 2009b; Nielsen
et al. 2004; Pampoulie et al. 2004), measuring genetic con-
nectivity in marine environments without any obvious physi-
cal barriers remains a challenge. Besides high levels of gene
flow, other factors such as recent recolonization events and
high effective population size could explain the lack of
detectable genetic differentiation at neutral loci (Buonaccorsi
et al. 2001; Larmuseau et al. 2010a). On the other side, many
marine species with type III survival curves show a more
chaotic pattern in their genetic constitution, termed genetic
patchiness, resulting from a large variance in reproductive
success among parents (Pujolar et al. 2006; Selkoe et al.
2010). Many population genetic studies have used microsat-
ellite markers for the detection of subtle population structure,
because of their high levels of polymorphism (Selkoe et al.
2010). However, the effective population size of mitochon-
drial DNA (mtDNA) is four times smaller than that of
nuclear microsatellite loci due to its haploid character and
maternal inheritance, making mtDNA more susceptible to
the effects of genetic drift. Estimates of population differenti-
ation are indeed often higher for mtDNA markers than
nuclear markers (Larmuseau et al. 2010a; Lukoschek et al.
2008). A combination of multiple markers is therefore ideal
to study the genetic structure of marine organisms.

Sole (Solea solea L.), the target species of this study, is
one of the few marine fish in the North-East Atlantic for
which a comprehensive ecological knowledge exists on the
location and connectivity between the spawning and nurs-
ery grounds. Hence, estimates of genetic connectivity can
be tested against specific biological hypotheses to confirm
either the presence or absence of a match between genetic
and management units (Knutsen et al. 2011). Sole has a
wide geographical distribution from the southern coast of
Norway, the Kattegat and Skagerrak to the Northwest Afri-
can coast, also including the Mediterranean Sea. On the one
hand, some of its biological characteristics may prevent
strong population structure, such as a high number of
pelagic eggs (hatching after 7-8 days) and pelagic larvae
settling some 3 weeks after hatching (Fonds 1979) in
nursery areas (Horwood 2001; Rijnsdorp et al. 1992).
Conversely, various characteristics point to potential sub-
populations: differences in life history traits (e.g., number
and size of the eggs) exist among subpopulations across a
latitudinal gradient (Rijnsdorp and Vingerhoed 1994;
Witthames et al. 1995) and plankton surveys indicate distinct
spawning aggregations. In the North Sea, these spawning
hotspots are situated in the inner German Bight, in the
Eastern English Channel, off the Belgian coast, in the
Thames estuary and on the Norfolk Banks (Borremans
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1987; De Clerck and Van de Velde 1973; Rijnsdorp et al.
1992; Wegner et al. 2003). The peak of spawning is from
March in the Bay of Biscay to May—June in the south-east-
ern North Sea and Irish Sea (Symonds and Rogers 1995).
Third, a study modeling larval transport of sole in the
southern North Sea indicated a low exchange rate of larvae
among spawning populations compared to the amount of
larvae retained within an area, pointing to a limited connec-
tivity among populations (Savina et al. 2010, G. Lacroix,
pers. comm.). Finally, tagging studies showed limited juve-
nile movement away from the spawning and nursery
grounds (Burt and Millner 2008), which was recently con-
firmed by otolith microchemistry on juvenile sole from the
same study area (Cuveliers et al. 2010). As the Southern
Bight of the North Sea is currently considered a single man-
agement unit (ICES area IV) (Reiss et al. 2009), a better
knowledge on the connectivity would enable the definition
of biologically more meaningful management units.

Despite the commercial importance of sole, population
genetic studies in the North-East Atlantic Ocean are rela-
tively scarce, compared to studies in the Mediterranean Sea
and the Bay of Biscay (Cabral et al. 2003; Garoia et al.
2007; Guarniero et al. 2002; Guinand et al. 2008). Across
the NE Atlantic, a pattern of isolation by distance (IBD)
was found from the English Channel to the Tunesian Coast
with allozyme markers, and the geographic range of signifi-
cant population structure was estimated at 100 km (Kotoulas
etal. 1995). Other studies using allozyme or exon-primed
intron-crossing (EPIC) markers failed to detect an IBD
pattern, which was attributed to high contemporary gene
flow throughout its whole distribution range in the North-
East Atlantic (Exadactylos et al. 1998; Rolland et al. 2007).
Genetic differences between continental Europe (Bay of
Biscay and German Bight) and the British Isles (Eastern
Coast of England and Irish Sea) were only found in a study
using randomly amplified polymorphic DNA (RAPD) on a
limited number of samples (Exadactylos et al. 2003).
Nevertheless, the above-mentioned studies included only
few sampling locations in the North Sea and only one study
included a sample from the Kattegat (Rolland et al. 2007),
while almost none of the samples were taken during the
spawning season. Moreover, temporal stability of the
genetic signal was investigated in only two studies on a
local scale in the Bay of Biscay (Kotoulas et al. 1995;
Rolland et al. 2007). Nevertheless, temporal replication is
recommended to evaluate possible sources of inter-locus bias
and sampling artifacts in the data, especially for marine
species exhibiting high dispersal capacities (Waples 1998).
Therefore, these findings should be confirmed and comple-
mented by additional continuously distributed spatial samples
from the northernmost distribution range of sole, an increased
sample size, and a test of temporal stability using a combined
multi-marker approach.
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The main purpose of this study was to elucidate the fine-
scale genetic population structure of sole in the North-East
Atlantic Ocean, with a focus on the North Sea region. The
combined use of microsatellite and mitochondrial markers
provides the opportunity to detect subtle population struc-
ture and to evaluate the discrimination power of both mark-
ers in a highly advective marine environment. Hence, we
aimed at (1) analyzing the genetic population structure of
Solea solea in the North Atlantic over a latitudinal gradient;
and (2) estimating the extent of juvenile dispersal and
potential reduction in genetic diversity due to genetic
patchiness by analyzing nursery samples flanking the
spawning regions. Finally, we discuss the match between
biologically and genetically defined populations by con-
trasting our results with information on life-history trait
variation and ecological (microchemistry) connectivity data
on dispersal. This is of importance for improved sustain-
able management of this highly exploited species.

Materials and methods
Biological samples

A total of 1,499 adult sole (Solea solea L.) were caught at
17 locations across the North Sea, Irish Sea, Celtic Sea,
Bay of Biscay, English Channel, Kattegat, Skagerrak and
Belt Sea, during the period 20062008 (Fig. 1). During the
same period, 312 juvenile sole were sampled at four nurs-
ery grounds: the Wadden Sea near Texel, the Scheldt estu-
ary near Zandvliet, off the Thames and along the Belgian
coast (Table 1). Adult fish were caught by commercial
vessels or during research surveys. Most adult sole were sam-
pled in spring or summer, except for the samples from the
Kattegat, Skagerrak and Belt Sea, which were sampled dur-
ing an autumn survey. Juvenile fish were caught in autumn
with fyke nets or beam trawl. Temporal replicas were avail-
able for six sampling locations within the North Sea to test
for temporal stability between years or between seasons.
Sample codes refer to the sampling location and sampling
year (Table 1). Fish were either immediately stored frozen
or length measurements were taken onboard, and a fin tis-
sue sample was preserved in 96% ethanol.

Molecular methods

Total genomic DNA was isolated from a piece of pectoral
fin tissue using the Nucleospin Tissue Extraction Kit
according to the manufacturer’s guidelines (Macherey—
Nagel GmBH, Diiren, Germany). Individual fish were
initially genotyped for 15 microsatellite loci (F8-ICA9,
F8-ITG11, F13-118/4/7, F8-IIGT15, F14-IIGT16 (Iyengar
et al. 2000); (Sos(AC)6, Sos(AC)20, Sos(AC)40, Sos(AC)30,
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Fig. 1 Solea solea. Map of study area with sampling locations indi-
cated. See Table 1 for sample codes

Sos(AC)45, (Garoia etal. 2006); SolCA13, SolGA12,
Sol19A (Porta and Alvarez 2004); SseGATA26, SseCA28
(Funes et al. 2004)) on an automated capillary sequencer
ABI 3130 AVANT (Applied Biosystems). MtDNA data
have been generated for 23 samples; a total of 651 individu-
als were sequenced for a 590-bp fragment of the mitochon-
drial cytochrome b (cyt b) locus (Table 1). The cyt b gene
was amplified by PCR using the primers CB1bis-F (5'-TA
CGTCCTCCCCTGAGGACAGATATC-3') and SolCytb1-R
(5'-GGCGCTCTAACACTGAGCTAC-3'). Sequences of
590 bp were evaluated with SeqScape v. 2.1 (Applied Biosys-
tems) and aligned with BIOEdit v.7.0.5 (Hall 1999). Details on
the polymerase chain reaction (PCR) conditions of micro-
satellite and mitochondrial markers are presented in the
Supplementary Material (Table S1).

Statistical analyses

To identify potential genotyping errors in the microsatellite
data (i.e., stuttering, large allele dropout or null alleles), the
software MICROCHECKER Vv.2.2.3 (van Oosterhout et al.
2006) was used. Null allele frequencies were also estimated
for each locus and population using the Expectation Maxi-
mization algorithm of Dempster et al. (1977), carried out by
the software FREENA (Chapuis and Estoup 2007). The soft-
ware LosiTaN (Antao et al. 2008), based on the fdist Fgy
outlier method of Beaumont and Nichols (1996), was used
to assess whether any of the microsatellite loci deviated
from selective neutrality. A total of 95 000 simulations
were computed for SMM with the options ‘neutral mean
Fg’ and ‘force mean Fgp’'. Deviations from Hardy—Wein-
berg equilibrium were tested per locus and sample using
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Table 1 Sampling information for Solea solea including sample code, life stage (A = adult; ] = juvenile), location (see Fig. 1), area, sampling date
(including attribution to the spawning season *), latitude, longitude, number of samples (N), number genotyped (G), number sequenced (S)

Sample A/l Location Area Date Latitude Longitude N G S
STO07 A STO Belt Sea Oct/2007 55°10"29"N 11°02'44"E 48 45 0
KATAO07 A KATA Kattegat Nov/2007 57°08'91"N 11°38'52"E 48 44 0
KATBO7 A KATB Kattegat Nov/2007 56°25'31"N 12°11'21"E 48 44 39
SKA07 A SKAS Kagerrak Nov/2007 58°09'43"N 9°30'32"E 48 39 32
GERO7 A GER North Sea May/2007* 54°31'12"N 7°53'23"E 60 54 31
LINCO7 A LINC North Sea Aug/2007 53°19'96"N 0°25'63"E 96 47 0
LINCO8 A LINC North Sea Aug/2008 53°19'96"N 0°25'63"E 52 51 0
NORO7 A NOR North Sea Aug/2007 53°00"70"N 1°33'62"E 46 45 14
NORO38 A NOR North Sea Aug/2008 53°00"70"N 1°33'62"E 28 23 23
THAO7 A THA North Sea Aug/2007 51°27'80"N 1°20'00"E 96 94 17
THAO8 A THA North Sea Aug/2008 51°27'80"N 1°20'00"E 63 58 57
BELO7 s A BEL North Sea May/2007* 51°23'22"N 3°10'01"E 96 96 10
BELO7f A BEL North Sea Aug/2007 51°21'14"N 2°55'45"E 80 75 3
BELO08 s A BEL North Sea May/2008* 51°23'22"N 3°10'01"E 96 71 45
BELO8f A BEL North Sea Aug/2008 51°21'14"N 2°55'45"E 60 58 52
CELO08 A CEL Celtic Sea Apr/2008* 50°49'00"N 5°01'00"W 96 81 44
1S08 A IS Irish Sea Mar/2008* 52°13'00"N 5°20'00"W 96 91 44
ENGO8 A ENG English Channel Jul/2008 50°46'54"N 1°29'04"E 58 52 48
WCHO09 A WCH English Channel Aug/2009 49°39'41"N 2°07'38"W 80 37

BISA07 A BISA Bay of Biscay Mar/2007* 46°53'00"N 2°47'00"W 95 88

BISBO7 A BISB Bay of Biscay Mar/2007* 45°36'00"N 1°24'00"W 61 55

BISC07 A BISC Bay of Biscay Mar/2007* 46°20'00"N 1°53'00"W 48 45 26
TEXO06 J TEX Wadden Sea Aug/2006 52°58'11"N 4°56'35"E 58 46 21
TEXO07 J TEX Wadden Sea May/2007* 52°58'11"N 4°56'35"E 48 43 48
THAO7j J THA North Sea Aug/2007 51°27'80"N 1°20'00"E 35 34 17
ZANO6 J ZAN Scheldt estuary Sep/2006 51°23'50"N 4°06'59"E 74 70 15
ZANO7 J ZAN Scheldt estuary Oct/2007 51°23'50"N 4°06'59"E 61 61 30
BELOgj J BEL North Sea May/2008* 51°23'22"N 3°10'01"E 36 32 27
Total 1,811 1,579 651

exact tests (Guo and Thompson 1992) implemented in
Genepop v.2.3.4 (Raymond and Rousset 1995). The statisti-
cal significance was adjusted using Bonferroni correction to
correct for multiple testing (Rice 1989).

Genetic diversity and population structure

For the microsatellite data, the observed and unbiased
expected heterozygosity and the number of alleles were
analyzed in GENETIX v. 4.05 (Belkhir et al. 2004). Single-
and multilocus Fig (Weir and Cockerham 1984) and allelic
richness (AR) per locus (El Mousadik and Petit 1996) were
calculated with Fstat v.2.9.3 (Goudet 2001). Haplotype
diversity (h), nucleotide diversity (IT) and their standard
deviation, and the number of polymorphic sites were calcu-
lated for the mtDNA using DnaSP v.5 (Librado and Rozas
2009).

@ Springer

Genetic differentiation of the microsatellite data was
analyzed with several methods. First, global and pairwise
Fg¢r (Weir and Cockerham 1984) were estimated using
Fstart. Second, the unbiased estimator of divergence ‘D’
of Jost (2008) was calculated with Smocp (Crawford 2010)
because it is expected to perform better for populations
with high allelic diversity and with alleles that are alterna-
tively fixed in different populations (Jost 2008). A principal
component analysis based on allele frequencies was per-
formed with PcaGeN v.1.2 (Goudet 2004) to visualize the
relationships among samples; 10* randomizations were per-
formed to test for the significance of axes.

Genetic structure based on the microsatellite data was
further described using a Bayesian clustering method,
implemented in the program STRUCTURE v.2.3 (Hubisz et al.
2009; Pritchard et al. 2000). This method estimates the
number of genetic clusters in the data without making
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a priori assumptions about population structure. The ‘no-
admixture’ algorithm was used with information on sam-
pling location included to assist the clustering, allowing for
better performance for data with weak structure (Hubisz
et al. 2009). Only adult samples were included to estimate
the number of clusters in the data (K). For each simulation
of K (K =1 — 10), ten replicate runs were performed. The
most likely number of clusters given the data was selected
by choosing K with the largest log-likelihood according to
Evanno et al. (2005). In total, 10* runs were used as burn-in
and 10° MCMC repeats after burn-in, assuming correlated
allele frequencies among populations. The proportional
coefficients (Q) of individuals from STRUCTURE were plotted
with the software DistrucT 1.1 (Rosenberg 2004) to visual-
ize the patterns in clustering of predefined populations.

For the mitochondrial sequences, population differentia-
tion was estimated using global (Weir and Cockerham
1984) and with pairwise Fgr and genetic distance of
Tamura and Nei (1993), with ARLEQUIN v. 3.11 (Excoffier
et al. 2005). Jost’s D estimator (‘D,,’) was calculated using
samples with more than 20 sequences, with SpapE (Chao
and Shen 2010). Intraspecific relationships between the
haplotypes were visualized with a median joining network,
implemented in the software NETwWORK v. 4.5.1.6 (www.
fluxus-engineering.com). A multidimensional scaling analysis
(MDS) was conducted with StaTisTica v.9 (Statsoft) to
visualize genetic relationships among samples. This
analysis was done based on the genetic distance of Tamura
and Nei (1993). Stress values below 0.20 provide interpret-
able information regarding intersite relationships (Clarke
1993).

To compare the degree of population differentiation
between both types of markers, the pairwise Fgp (Rousset
1997) matrix of the microsatellite data was correlated with
the genetic distances of Tamura and Nei (1993) from the
mtDNA, using a Mantel procedure (Mantel 1967) in
Genetix. Significance was tested with 2000 permutations.

Isolation by distance

To test for a population differentiation pattern following an
isolation-by-distance (IBD) model, a Mantel test (Mantel
1967) with the log of geographical distance and 6/(1 — 6)
for the microsatellite data and genetic distance for the mito-
chondrial data was carried out in GENETIX. Only adult sam-
ples were included, and for the sequence data, only those
samples with more than 20 sequences were included.
The correlation was tested first including all samples and
secondly, using only the samples along the European conti-
nental shoreline. Significance was tested with 2000 permu-
tations. Geographical distance between sampling locations
was calculated using Microsoft ENCARTA World Atlas
2001. Distances were measured as the shortest coastal

distances between sampling locations because adult sole
remain restricted to waters less than 50 m deep.

Temporal stability of spawning populations, juvenile
dispersal and genetic patchiness

To evaluate the degree of temporal variation, we performed
a hierarchical analysis of molecular variance (AMOVA) in
ARLEQUIN v.3.1 (Excoffier et al. 2005), comparing temporal
replicates of the microsatellite data from the same geo-
graphical locations in the North Sea (2007 samples versus
2008 samples; namely LINC07, LINC08, NOR0O7, NORO0S,
THAO07, THAOS8, BELO07s, BELO7f, BELO8s and
BELOS8f). We evaluated jointly the degree of spatial varia-
tion with AMOVA for those locations wherefore temporal
replicates were available. Significance levels were deter-
mined after 10,100 permutations.

Genetic variation (AR, Ho, He, relatedness) and differen-
tiation (Fgp) were compared between adult samples and
juvenile samples in FstaT and the confidence level tested
using 10* permutations. To investigate whether we could
assign juvenile sole to an adult population, an individual
assignment test was done with the software GENECLASS2
(Piry et al. 2004) using the Bayesian method of Rannala and
Mountain (1997). For this analysis, we only included the fol-
lowing adjacent populations as baseline samples: Thames
(THAO7 + THAO08), Norfolk Banks (NORO7 + NOROS),
Belgian Coast (BELO7s + BEL08s), German Bight (GER07),
Eastern English Channel (ENGO08), Western English Channel
(WCHO09) and Skagerrak (SKAOQ7).

Results

The MICROCHECKER analysis indicated that loci F8-IIGT15,
F14-1IGT16, Sos(AC)30 and Sos(AC)40 might be affected
by null alleles or stuttering in the majority of the samples.
Therefore, these loci were excluded from further statistical
analyses. The average null allele frequency estimated by
the EM algorithm in Freena (Dempster et al. 1977) was
lower than 10% in each of the 10 remaining loci. The test
with Lositan confirmed selective neutrality for all 10
microsatellite loci. Significant deviations from Hardy—
Weinberg equilibrium were found for 8 of the 280 tests
conducted, after Bonferroni correction. Jackknifing over
the loci did not alter the multilocus estimates of Fig or Fgr.

Genetic variability
All loci were polymorphic, with the number of alleles per
microsatellite locus within samples varying from 3 at locus

F8-ICA9 to 27 at locus Sos(AC)20 (Supplementary
Material, Table S2). The mean number of alleles per
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locus per sample varied from 8.9 in NOROS to 15.1 in the
BELO7 s sample. The mean allelic richness based on 20
individuals did not differ much among samples, ranging
from 8.19 in the Skagerrak (SKAO7) to 9.51 in the Texel
sample (TEX07) (Table 2). Average observed heterozygos-
ities varied from 0.668 in the sample from Norfolk banks
(NOROS) to 0.804 in the juvenile sole from the Belgian
coast (BELOS8j). Expected heterozygosity was uniformly
high, ranging from 0.725 in NOROS to 0.775 in the Thames
sample of 2007 (THAO7) (Table 2). Fig values ranged from
—0.06 in the sample from the Belgian coast juveniles
(BELO0Sj) to 0.105 in the sample from the Belgian spawn-
ing and feeding population (BELO8 s and BELOS).
Twenty-one of the 28 samples showed low but significant
Fig values (Table 2).

The 651 mtDNA sequences of 590 bp contained 79 vari-
able sites with 46 parsimony informative sites and 33 sin-
gleton variable sites (see Supplementary Material, Table S3
for details on variable nucleotide positions). The diversity
was high, with in total 107 haplotypes detected (GenBank
accession numbers JN571603-JN571709). Haplotype H2
(JN571604) was the most abundant haplotype, occurring in
40% of the specimens. Haplotypes H3 (JN571605), H5
(JN571607), H8 (JN571610) and H14 (JN571616) were
shared between multiple sites, occurring in more than 20%
of the specimens. There were 63 unique haplotypes; 6
haplotypes occurred only in the Skagerrak/Kattegat
region; 5 haplotypes were unique to the Bay of Biscay,
and 9 were unique to the Irish/Celtic Sea (Supplementary
Material, Table S4). The overall level of genetic variability
was high, with haplotype diversity and nucleotide diversi-
ties of 0.823 and 0.0049, respectively. The highest diversity
was observed in the Skagerrak and the lowest in THA08
and BISCO7 (excluding BISAO7 with only 3 sequences)
(Table 3).

Population structure
Microsatellite DNA

The principal component analysis based on microsatellite
data showed three groups (Fig. 2). The first group consisted
of the samples of Kattegat, Skagerrak and the Belt Sea. The
second group contained the North Sea samples, also includ-
ing Irish and Celtic Sea and English Channel, but located at
the periphery of the cluster. The sample from Kattegat B
2007 (KATBO07) was located at the periphery zone of the
second group, however, close to the first cluster. The third
group clustered together the samples from the Bay of
Biscay. The first axis explained 14.97% of the genetic vari-
ation (Fgp=0.002; P =0.005) and separated group 1 and
group 3 entirely. The second PCA axis explained 9.57% of
the total genetic variation (Fgp=0.001; P =0.546). The
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Table 2 Estimates of genetic diversity of all samples based on 10
microsatellite markers

Sample code He Ho MNA AR Fig
Adults

STOO07 0.744 0.748 11.3 8.68 —0.004
KATAO07 0.743 0.706 10.9 8.29 0.050
KATBO07 0.743 0.761 10.9 8.33 —0.024
SKA07 0.730 0.710 10.0 8.19 0.028
GERO07 0.746 0.703 11.8 8.55 0.058
LINCO7 0.767 0.727 11.8 9.09 0.053
LINCO08 0.761 0.732 12.6 9.23 0.039
NORO7 0.772 0.722 11.4 8.88 0.065
NORO8 0.725 0.668 8.9 8.51 0.080
THAO7 0.775 0.740 14.2 9.03 0.045
THAO8 0.747 0.739 12.7 8.95 0.011
BELO7s 0.769 0.718 15.1 9.09 0.067
BELO7f 0.767 0.710 12.9 8.83 0.074
BELO8s 0.771 0.691 14.5 9.43 0.105
BELO8f 0.771 0.691 12.5 9.07 0.105
CELO8 0.748 0.741 13.7 8.73 0.009
1S08 0.766 0.762 14.8 9.15 0.006
ENGO08 0.760 0.702 124 8.98 0.077
WCHO09 0.747 0.700 13.6 8.86 0.064
BISA07 0.766 0.743 14.2 9.15 0.030
BISBO7 0.751 0.700 12.0 8.71 0.068
BISC07 0.763 0.726 11.5 8.80 0.049
Juveniles

TEXO06 0.758 0.743 11.0 8.42 0.020
TEXO07 0.755 0.723 12.7 9.51 0.043
THAO7j 0.750 0.686 11.5 9.43 0.086
ZANO06 0.756 0.706 12.9 8.88 0.067
ZANO7 0.773 0.732 13.1 9.18 0.054
BELOSj 0.753 0.804 9.4 8.43 —0.069

Non-biased expected heterozygosity (He), observed heterozygosity
(Ho), mean number of alleles (MNA), allelic richness (AR, based on
20 individuals) and Fig values. See Table 1 for sample codes. Signifi-
cant Fig values (o = 0.05, Bonferroni corrected) are listed in bold

sample from Norfolk 2008 (NOROS) is an outlier in the
PCA plot, although this might be an artifact resulting from
the fact that this sample has less than 25 genotyped individ-
uals, which is too low to analyze the genetic relationship
with other samples based on the high variable microsatellite
markers in Solea solea (Table 1).

The global F; based on the microsatellite data was very
low 0.0024 (95% C.I., 0.001-0.003) but highly significant
(P <0.0001). Significant spatial differentiation based on
pairwise Fgp values was observed between the samples
from the most Northern region (Skagerrak, Kattegat and
Belt Sea) and the rest of the samples. Within the North Sea,
patterns are less clear, with temporal instability and several
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Table 3 Molecular diversity indices of mtDNA sequences: sample 6.0
code, number of sequences (N), number of polymorphic sites (S), num-
ber of haplotypes (h), haplotype diversity (Hd) (standard deviation) st
and nucleotide diversity (IT) (standard deviation) i
Samplecode N S h  Hd I 5 ‘o
2 3
Aduls S on
KATBO07 39 18 13 0.825(0.051) 0.0061 (0.00059)
SKA07 32 21 17 0.950 (0.019) 0.0066 (0.00056) 10
GERO7 31 18 13 0.815(0.066) 0.0044 (0.00081) 00
NOR07 14 18 12 0967 (0.044) 0.0064 (0.00114) o Z 4 s 8 ¥
NOROS 23 15 11 0.806(0.079) 0.0055 (0.00080) K (# of populations)
THAO7 17 8 7 0.824 (0.064) 0.0032 (0.00046) Fig. 3 Plot of delta K values obtained with STRUCTURE v.2.3 and
THAO8 37 24 19 0.751 (0.060) 0.0043 (0.00062) according to Evanno et al. (2005). Results are based on the mean delta
Kof 1 licates f h K
BELO7 s 10 12 6 0.867(0.085 0.0069 (0.00090) of 10 replicates for eac
BELO7f 3 7 3 1.000 (0.272) 0.0079 (0.00324)
BELO8 s 45 25 20 0.782(0.065) 0.0047 (0.00067) 1.0 s
BELO8f 52 30 25 0.853(0.044) 0.0055 (0.00051) G -
BELOSj 27 13 13 0.840 (0.059) 0.0039 (0.00075) ';i_—L 0.8 -
CELO08 44 17 16 0.813 (0.053) 0.0031 (0.00046) g
1S08 44 21 21 0.794 (0.064) 0.0048 (0.00063) g 0.6 1
ENGO08 48 24 18 0.778 (0.060) 0.0053 (0.00064) %‘
BISAO07 3 6 2 0.667 (0.314) 0.0068 (0.00320) E 041
BISBO7 5 5 4 0900 (0.161) 0.0041 (0.00117) 2 55
£ 21 uster
BISCO07 26 14 12 0.754 (0.090) 0.0041 (0.00073) 7 —fon
Juveniles 0.0 | S——cster's:,
TEX06 21 14 11 0.819(0.082) 0.0046 (0.00084) SIS SRS HiS, oo > P RAASS
TEX07 48 20 16 0.795(0.056) 0.0045 (0.00062) AP ST SO
THAO07j 17 13 10 0.875(0.070) 0.0036 (0.00085) BamRIcIdN
ZANO6 15 13 9 0.886(0.069) 0.0053 (0.00091) Fig. 4 Solea solea. Estimated probability of cluster membership for
ZANO7 30 19 16 0.871 (0051) 0.0049 (000077) each sample, based on microsatellite data from STRUCTURE (K = 3)
x-axis indicates samples codes (See Table 1)
Total dataset 651 79 107 0.823 (0.015) 0.0049 (0.00017)

See Table 1 for sample codes
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Fig. 2 Principal component analysis based on microsatellite data of
adult and juvenile samples. For sample codes, see Table 1

genetic differences that did not remain significant after
Bonferroni correction. Especially the sample from Norfolk
Banks (2007) showed significant differentiation from other
North Sea samples such as the German Bight, Thames and

Belgian Coast. The Bay of Biscay samples differed from the
Baltic region and from many of the North Sea samples.
Only the genetic differences between NOR(Q7 and KATAQ7
(Fgr=0.001) and between BELO7f and BISAO7 (Fgr=
0.004) remained significant after Bonferroni correction
(Supplementary Material, Table S5). The harmonic mean
of Jost D, was 0.006, and pairwise D, was generally
slightly higher than Fgy; estimates but showed similar pat-
terns (Supplementary Material, Table S6). No significant
differences were observed in the results with or without the
markers Sos(AC)45 and Sos(AC)6, which showed high Fig
estimates across many samples.

The clustering approach in STRUCTURE resulted in the
assignment of the individuals to one of three hypothetical
clusters (highest AK for K = 3) (Figs. 3, 4, 5). The lowest
proportion of assignment to a particular cluster was 0.43 to
cluster 2 for the sample from the German Bight (GERO07).
An equally large proportion (0.43) was assigned to cluster 3
for this specific sample. The highest proportion of assign-

@ Springer



1246

Mar Biol (2012) 159:1239-1253

Fig. 5 Solea solea. Individual assignment based on Bayesian cluster-
ing method based on microsatellite data from STRUCTURE. Each
bar represents an individual with its probability of membership to one

ment to a cluster was 0.887 for the Western Channel sam-
ple to the second cluster. The majority of the samples from
the Belt Sea, Kattegat and Skagerrak had the highest
assignment value for the third cluster. Most of the other
individuals from the North Sea samples showed highest
assignment to the first or the second cluster. Although there
are no obvious population assignments to cluster 1, visual
inspection suggests that samples from the Bay of Biscay
differ slightly from samples from the North Sea (Fig. 5).
The western English Channel seems more affiliated with
the Biscay cluster, while the Eastern English Channel
resembles most to the North Sea cluster. The Irish and
Celtic Sea are very similar to samples from the North Sea.
Given the presence of two strongly geographically defined
clusters and the challenge of clustering methods under an
IBD model, we forced K =2 to evaluate the geographical
distribution of cluster members over a latitudinal gradient
and to identify potential directional dispersal. The samples
from the Belt Sea, the Kattegat and the Skagerrak clustered
well together, while all other samples showed the highest
probability for the other cluster. The German Bight con-
sisted of a mixture of both clusters. Leaving out the sam-
ples of the Baltic region did not improve the spatial
resolution within the North Sea region (data not shown).
The Baltic cluster clearly showed a restricted distribution
outside the Baltic region, while the Biscay area cluster was
much broader distributed along the North-Eastern Atlantic
coast.

Mitochondrial DNA

MtDNA showed similar patterns of spatial differentiation
but higher absolute values with Ggp = 0.0037 and pairwise
Fgr values ranging from —0.020 between Eastern Channel
and Norfolk Banks to 0.089 between the Kattegat and
Celtic Sea. Spatial differentiation was most obvious
between the samples from Skagerrak/Kattegat and all other
samples. Also, the Celtic Sea was genetically distinct, with
6 out of 22 significant pairwise Fgr comparisons (Supple-
mentary Material, Table S7). Differentiation remained sig-
nificant after Bonferroni correction for the comparisons of
SKAO07 and KATBO7 with CELOS.
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of the hypothetical clusters (K = 3). Labels on top indicate sampling
regions; labels at the bottom indicate samples codes. See Table 1 for
more information on samples
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Fig. 6 Multidimensional scaling plot based on pairwise genetic dis-
tance (Tamura and Nei 1993) of mitochondrial data of sole. See
Table 1 for sample codes

The haplotype network based on cyt b illustrates the
large number of haplotypes with only one mutation differ-
ence from the central haplotype (Fig. S1). Besides one cen-
tral haplotype, there are three other haplotypes present in
high frequency, with many derived haplotypes. There are
no distinct geographical groupings of samples. However,
the multidimensional scaling analysis based on mitochon-
drial data (stress value = 0.018) also showed the clear sepa-
ration of the Kattegat/Skagerrak samples from the rest of
the North Sea samples. The Celtic and Irish Sea were also
separated from the other samples (Fig. 6). No correlation
was evidenced between the pairwise genetic distances of
the mtDNA data and the genetic distances of the microsat-
ellite data (Mantel r = 0.026, P = 0.384).

Isolation by distance

A strong and significant IBD pattern was found with the
microsatellite data including only the adult samples along
the continental shoreline (r=0.697; P =0.002) (Fig.7).
However, by including non-continental samples from the
British Isles and Ireland, a positive correlation between
geographic and genetic distance disappeared. As for the cyt b
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Fig. 7 Relationship between genetic distance and geographic distance
of sole for microsatellite markers (left panels) and for mitochondrial
marker (right panels). Upper graphs include all samples and lower

sequences, no significant pattern of IBD could be detected,
although a positive linear trend was obvious (all samples:
r=0.307; P=0.09; only samples along the continental
shoreline: r = 0.298, P = 0.19) (Fig. 7).

Temporal stability of spawning populations

The AMOVA analysis indicated that almost all genetic
variation (99.9%) was attributed to the ‘within sample’
component (Fgr=0.002, P=0.01), while the variation
among sampling years was only 0.21% and not significant
(Fer=0.0002, P =0.93). Because of the low differentiation
between samples of locations within the North Sea, no sig-
nificant variation among locations could be detected with
the AMOV A analysis. Except for the samples from Norfolk
Banks (NORO7 and NOROS8), no pairwise comparisons
(Fgr) of temporally replicated samples from the same loca-
tion were significant (Supplementary Material, Table S5).
Pairwise Fgp among the temporal replicates ranged from
—0.0002 between the feeding samples of the Belgian Coast
(BELO7f vs. BELOS8f) to 0.0117 between the temporal sam-
ples from the Norfolk Banks. The significant Fg at Norfolk
Banks (Fgp=0.0117; P =0.01) might, however, be attrib-
uted to the low sample size in 2008 (N = 23). There was no
significant genetic differentiation between the Belgian sole

graphs include only samples along the continental shoreline. See text
for more details

samples caught during the spawning season (BELO7 s and
BELOS s) and the samples caught during late summer of the
same year (BELO7f and BELO8f) (Supplementary Material,
Table S5).

Juvenile dispersal and genetic patchiness

Genetic variation in juvenile and adult samples did not
differ significantly from each other. Mean observed hetero-
zygosity was 0.721 for adult sole and 0.720 for juvenile
sole (P =0.920). The mean sample Fg values among both
adult and juvenile samples were 0.002. There was no indi-
cation for an increase in relatedness in the juvenile samples,
which would be the consequence of genetic patchiness
(relatedness (Queller and Goodnight 1989): adults = 0.005,
juveniles: 0.003; P =0.470). No within-sample relatedness
values differed from random mating either.

There was a marginally significant overall differentiation
among the juvenile samples from the different locations
(Fgp=0.0018; P =0.058). Pairwise Fg; estimates ranged
from —0.001 to 0.008. Some differentiation was apparent
between the juveniles from Texel (both years) and the
Belgian coast and between the Scheldt (ZANO06) and the
Belgian Coast (BELOSj), but these differences did not
remain significant after Bonferroni correction. There was
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Table 4 Assignment percentages of juveniles to adult baselines based
on microsatellite analysis with GENEcLAss. See Table 1 for sample
codes

Assigned population

SKA GER NOR THA BEL ENG WCH

Juvenile sample

TEXO06 152 152 8.7 152 261 109 8.7
TEXO07 4.7 23 20.9 140 372 116 9.3
THAO07j 17.6 0.0 17.6 147 294 118 8.8
ZANO06 12.9 5.7 14.3 214 243 8.6 12.9
ZANO7 6.6 11.5 11.5 13.1 36.1  13.1 8.2
BELO8j  18.8 15.6 125 9.4 15.6 9.4 18.8

no temporal differentiation present between the juvenile
samples from the Wadden Sea (TEX) or from the Scheldt
(ZAN) during two successive years (Supplementary Mate-
rial, Table S6). Based on the PCA plot, all juvenile samples
are clustered within the ‘North Sea’ adult group. Temporal
replicates of the same juvenile nursery location are not
necessarily lying closely together on the graph (Fig. 2).

As expected from the low genetic differentiation between
adult samples, the juvenile assignment test in GENECLASS
resulted in almost random assignments of juveniles to the
adult baselines (Table 4). Even if the baseline data were
pooled into larger groups, there were no consistent regional
patterns (data not shown).

Discussion

Overall, our study showed the most distinct pattern of
genetic divergence when proposing an IBD model at the
regional scale, namely between sole populations from the
Bay of Biscay and the Baltic transition region. This pattern
was supported by the strong correlation between geo-
graphic and genetic distance based on microsatellite mark-
ers and by individual-based cluster analyses identifying two
main overlapping population clusters. No evidence for
closed populations or genetic patchiness could be observed
in the North Sea, indicating a large effective population size
of spawning aggregations (Cuveliers et al. 2011) and/or
sufficient genetic connectivity between North Sea popula-
tions.

Population structure

The strongest signal for population genetic structure in sole
was found between populations from the Baltic transition
region (Skagerrak/Kattegat/Belt Sea) and the North Sea, as
well based on microsatellite as on mitochondrial data. This
was in contrast to the previous population genetic study of
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sole by Rolland et al. (2007), which used only three nuclear
EPIC markers. Our results are concordant with observa-
tions for several other marine fish species in the region,
such as for turbot (Nielsen et al. 2004), herring (André
etal. 2011; Bekkevold et al. 2005), plaice (Hoarau et al.
2002), hake (Lundy et al. 1999), cod (Nielsen et al. 2003)
and sand goby (Larmuseau et al. 2010a). The significant
differentiation between the North Sea and the Baltic transi-
tion zone is mainly attributed to geographic isolation, a
bottleneck, selection on adaptive traits in Baltic populations
or a combination thereof (Johannesson and André 2006;
Larmuseau et al. 2010b). However, a recent study on plaice
(Pleuronectes platessa L.), a flatfish species sharing similar
ecological niches with sole, did not find any significant
population differentiation between the Baltic and the North
Sea (Was et al. 2010). The authors attributed this contrast-
ing pattern between plaice and other (flat) fishes from this
region to a small increase in gene flow between plaice pop-
ulations of the two basins, leading to a perceived absence of
genetic differentiation. Even when significant differentia-
tion was observed between North Sea and Baltic Sea popu-
lations of the other species, the pairwise Fgp values were
mostly always quite low (<0.006) for neutral markers. The
Skagerrak, Kattegat and Belt Sea provide a transition zone
between the saline North Sea and the brackish Baltic
proper. Based on the hydrodynamics of the area (Rodhe
1996), it is expected that larval exchange is mainly directed
into the Skagerrak (Knutsen etal. 2004; Stenseth et al.
2006). For sole, this region represents the north-eastern
limit of its distribution, as the species has only occasionally
been spotted in the Baltic proper (BaceviCius and Karalius
2008). Nevertheless, further research on the interaction
between the Baltic and North Sea sole populations is
required as one Kattegat sample was located at the periph-
ery of the North Sea cluster on the PCA plot based on the
microsatellite markers, suggesting a more subtle pattern of
genetic exchange between the two basins (Fig. 2).
Allozyme data on sole indicated near panmixia between
the North Sea, the Bay of Biscay and the Irish Coast popu-
lations and suggested movement of individuals through the
English Channel (Exadactylos etal. 2003; Exadactylos
et al. 1998), with a pattern of IBD (Kotoulas et al. 1995). In
our study, significant genetic differentiation based on
microsatellite markers between the Bay of Biscay and the
North Sea was apparent from the pairwise Fgp values, while
the Bayesian clustering approach identified a Biscay cluster
extending to the north, indicating an IBD pattern. In con-
trast to earlier studies on sole using allozyme and RAPD
markers, we found small genetic differences between the
Irish/Celtic Sea and some of the North Sea samples. How-
ever, these differences were not temporally stable, likely
due to transient dispersal events into the Channel and
subsequently the North Sea. A lack of strong and stable
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differentiation between the Irish Sea and North Sea has also
been documented for other North Atlantic fish such as pla-
ice (Was et al. 2010), turbot (Hemmer-Hansen et al. 2007a)
and whiting (Charrier et al. 2007).

Finally, the overall very low genetic divergence among
sole populations within the North Sea is consistent with
other marine fish (Borsa et al. 1997; Hemmer-Hansen et al.
2007a, b; Hoarau et al. 2002; Nielsen et al. 2004). Weak
population structure may result from the recent coloniza-
tion histories following postglacial sea level rise and high
effective population size (&,), reducing the effects of
genetic drift detected by microsatellite markers. For sole in
the North Sea, effective population size estimates based on
the analysis of archived otolith samples with microsatellite
markers were large (Cuveliers et al. 2011). Therefore, low
Fgr values do not necessarily imply high gene flow (Hedge-
cock etal. 2007; Larmuseau et al. 2010a; Whitlock and
McCauley 1999), but could be due to the long time span
needed before Fgr reaches equilibrium. The effects of
genetic drift should appear faster in mtDNA due to its four
times smaller effective size than microsatellite markers,
enabling the detection of population structure at an earlier
stage (Buonaccorsi et al. 2001). In populations with high
effective population sizes, such as in sole, mitochondrial
markers might therefore show higher resolution power even
for recently diverged populations in comparison with
microsatellites, although the latter type of genetic markers
has a higher mutation rate (Larmuseau et al. 2010a). Never-
theless, even though the mitochondrial signal of differentia-
tion (pairwise Fgp) was an order of magnitude higher than
differentiation based on microsatellite markers, the power
of spatial resolution and general differentiation patterns
were similar in our study, pointing to the Baltic as most
differentiated region, followed by the Biscay area and the
Irish—Celtic Sea region. No evidence of IBD was found
using the mitochondrial marker, but there was a positive
trend between genetic distance and geographic distance.
The limited resolution with the mitochondrial marker in our
study could be due to the single-locus effect of cyt b, com-
pared to the use of multiple independent microsatellite loci,
sex-biased dispersal or the lower sampling size used for the
mtDNA marker (Grant and Waples 2000).

The clear IBD pattern between the continental sole sam-
ples indicates that genetic drift might be strong enough to
be detectable and that the population structure of sole is
influenced by subtle levels of gene flow as well, next to low
genetic drift due to high effective population sizes. Gene
flow between sole populations could occur either through
passive drift during the larval stage or through active
migration of (sub)adults. On the one hand, passive mixing
during the egg or larval stages might directly cause an
exchange of genetic material originating from different
spawning aggregations. Although a particle tracking model

coupled to a hydrodynamic model has shown that the
exchange of sole larvae among the main spawning sites is
much lower than the number of larvae retained, some con-
nections among spawning sites are possible with the level
of exchange mainly depending on hydrodynamic variability
(Savina et al. 2010). An integrative analysis of genetic, bio-
logical and hydrodynamic analysis is a next step toward
disentangling the proportional effect of all three factors in
the population structure of sole. On the other hand, a lim-
ited number of active subadult or adult migrants between
populations across the Channel would suffice to prevent
strong genetic differentiation (Waples 1998). Although sole
undertake relatively short migrations, active movements of
tagged sole across the English Channel have been observed
(Burt and Millner 2008). Average migration distances of
mature fish were estimated at 75 km in the spawning season
and up to 150 km during the rest of the year (Burt and
Millner 2008). The English Channel may thus act as a route for
gene flow between the British Isles and the southern North
Sea through passive drift of larvae following the residual
current flowing eastward or through active migration of
(sub)adults. On the other hand, the clear IBD pattern for
continental samples disappeared when including the British
Isles samples, suggesting that gene flow events across the
English Channel are not as evident as expected solely based
on the relative small geographic distance between the
British Isles and the European continent. Nevertheless, only
few North Sea samples in this study included fully spawning
individuals, a common logistic issue in many other studies
on commercial marine fish. Therefore, subtle differentiation
patterns may still be overlooked across the North Sea, and a
cautious interpretation of the results is recommended because
of the sampling design.

Sampling design and temporal stability

Besides the above-mentioned biological reasons for the
observed genetic patterns, one should be careful when
interpreting genetic results from highly dispersive marine
taxa. Technical issues such as scoring errors and limited
resolution power may blur the subtle differentiation signal
(Waples 1998). We have carefully checked the genotypes
and removed all markers with a high occurrence of null
alleles. Still, estimates of population differentiation and the
chances in detecting significant differentiation diminish
when heterozygosity and allelic richness are very high. This
appears to be one of the consequences of size homoplasy at
microsatellite markers (O’Reilly et al. 2004). A reanalysis
of the data without the two markers that gave quite high Fig
estimates across many samples, mainly Sos(AC)45 and
Sos(AC)6 (Table S2), showed that both markers did not
affect significantly the observed patterns based on data of
all ten microsatellites (results not shown). Furthermore,
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Cuveliers et al. (2011) showed that the statistical power
was largely sufficient to detect even small genetic differen-
tiations, as a true Fgp of 0.001 could be detected with a
probability of 98% based on the observed allele frequencies
of a subset (11 loci) of the 15 microsatellite loci used in this
study. Finally, sampling did not always occur within the
spawning period, the moment when the spawning popula-
tions have their most distinct signature. Even though the
summer samples taken along the English coast were caught
at the spawning grounds, they might represent mixed feed-
ing aggregations. Nevertheless, the sole caught off the
Belgian coast in the spawning season in spring were not
significantly different from those sampled in late summer.
This was the case in two consecutive years, suggesting tem-
poral stability of the local spring and summer population.
None of the pairwise tests between temporal samples taken
from the same location in both years were significant.

Juvenile dispersal and genetic patchiness

With limited larval dispersal and a large variance in repro-
ductive success, we expected 1) the genetic composition of
juveniles to reflect neighboring adult spawning aggrega-
tions and 2) juvenile individuals to show reduced genetic
variation and/or a chaotic genetic structure. Although juve-
nile sole dispersal is presumed to be limited (Cuveliers
et al. 2010), no self-assignment could be achieved to nearby
spawning populations; similar levels of genetic diversity in
juvenile sole compared to adult fish were found. The
absence of distinct genetic differentiation among juvenile
samples from different nurseries might indicate either that
adult fish form a single population or that juveniles arriving
and settling at the nursery grounds represent admixture of
progeny from different populations. Since we could not
detect stronger genetic differentiation among adult samples
within the North Sea, we believe the first hypothesis is
more likely. The genetic differentiation observed among
adult samples within the North Sea with the current set of
neutral markers might be just too low for an accurate
assignment of juveniles (Hedgecock et al. 2007). Although
no significant temporal differentiation was observed
between juveniles from the same location in successive
years, these samples did not always cluster together, sug-
gesting some temporal variation in genetic composition.
Such temporal differences might arise due to chaotic
genetic patchiness (Larson and Julian 1999; Pujolar et al.
2006). Also for juvenile sole in the Bay of Biscay (Guinand
et al. 2008) and for juvenile plaice in the Irish Sea (Watts
et al. 2004), no genetic differentiation was found among
nurseries with neutral genetic markers.

Even if neutral genetic differentiation is small in the
presence of gene flow, local adaptation might still charac-
terize the different sole aggregations and should be the
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next step in sole research. It is well established that in
large populations, differentiation at selective traits may
occur faster than the effects of genetic drift (Hauser and
Carvalho 2008; Larmuseau et al. 2009a; Nielsen et al.
2009), so that a large battery of genetic markers under
selection (e.g., gene-linked SNPs; Helyar etal. 2011)
might show more power to detect fine-scale and biologi-
cally relevant population structure in high gene flow—high
Ne species.

Conclusion

Sole populations in the North-East Atlantic Ocean are char-
acterized by a clear IBD pattern and genetic homogeneity
within basins. Genetic differentiation was highest between
the Skagerrak/Kattegat region and the rest of the North
Atlantic. Some differentiation also existed between the
North Sea and the Bay of Biscay and subtle differences
between the North Sea and the Celtic Sea/Irish Sea. Juve-
nile genetic variability was very similar to adult diversity
pointing to large spawning aggregations, and spatial genetic
differences among nursery grounds were very small. We
believe that dispersal of fish larvae away from local spawn-
ing aggregations may lead to a mixing of juveniles from
different origins at nearby nursery grounds. Once settled,
movement of juveniles and (sub)adults is probably limited.
The observed genetic structure seems to be relatively stable
on a short temporal timescale, but further research, incorpo-
rating postlarval sampling, hydrodynamic modeling and
functional markers linked to relevant biological traits,
might help to fine-tune the dispersal model applicable for
sole.
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