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Imprints from genetic drift and mutation imply relative
divergence times across marine transition zones in a
pan-European small pelagic fish (Sprattus sprattus)

MT Limborg!, R Hanel?, PV Debes®, AK Ring* C André*, CS Tsigenopoulos® and D Bekkevold'

Geographic distributions of most temperate marine fishes are affected by postglacial recolonisation events, which have left
complex genetic imprints on populations of marine species. This study investigated population structure and demographic
history of European sprat (Sprattus sprattus L.) by combining inference from both mtDNA and microsatellite genetic markers
throughout the species’ distribution. We compared effects from genetic drift and mutation for both genetic markers in shaping
genetic differentiation across four transition zones. Microsatellite markers revealed significant isolation by distance and a
complex population structure across the species’ distribution (overall 0s7=0.038, P<0.01). Across transition zones markers
indicated larger effects of genetic drift over mutations in the northern distribution of sprat contrasting a stronger relative impact
of mutation in the species’ southern distribution in the Mediterranean region. These results were interpreted to reflect more
recent divergence times between northern populations in accordance with previous findings. This study demonstrates the
usefulness of comparing inference from different markers and estimators of divergence for phylogeographic and population
genetic studies in species with weak genetic structure, as is the case in many marine species.
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INTRODUCTION

Disentangling the evolutionary processes shaping population struc-
ture is of fundamental importance for understanding contemporary
distributions of species and populations. Species distributions are in
part determined by the environmental regimes within which a full life
cycle can be sustained. However, environmental conditions change
over time, potentially causing distributional shifts (for example, Perry
et al., 2005) and may lead to isolation of demes from a previously
panmictic population. Despite the usual lack of physical barriers in
the sea it is now generally accepted that many marine organisms show
population structures deviating from a pattern of panmixia and often
distance may be the only factor restricting gene flow. Indeed, many
species seem to display population structures reflecting barriers to
gene flow over relatively small geographic scales (for example,
Ruzzante et al., 1998; Bekkevold et al., 2005). Such genetic disconti-
nuities are often referred to as phylogeographic breaks (Avise, 2000)
and can arise and be maintained from a multitude of processes,
including climatic and glacial cycles separating previously panmictic
populations or connecting populations that diverged in allopatry
(Barton and Hewitt, 1985). In the northern hemisphere, for example,
population structures are highly influenced by the Quaternary
glaciations (Maggs et al, 2008), presumably with the strongest
imprint from the last glacial maximum (LGM) ~20000bp.

Furthermore, retention of juvenile stages by local oceanographic
barriers has also been suggested to halt gene flow among contiguous
populations (for example, Ruzzante et al., 1998). Lastly, genetic
barriers may also be maintained by natural selection acting against
migrants between locally adapted populations (that is, a ‘tension
zone' sensu Barton and Hewitt, 1985).

Throughout European waters, at least six major phylogeographic
breaks or transition zones have been described for a variety of
different marine taxa. These include first the area of the Aegean
Archipelago and the Dardanelle Strait separating Black Sea from
Mediterranean populations (Magoulas et al, 1996; Nikula and
Vainola, 2003). Second, gene flow barriers separating the Adriatic
from other eastern Mediterranean populations have also been
reported (Stefanni and Thorley, 2003; Peijnenburg et al., 2006).
Third, a genetic transition zone has been described in the Siculo-
Tunisian strait and/or the Strait of Messina separating populations in
western and eastern Mediterranean Basins (for example, Borsa et al.,
1997; Rolland et al., 2007). Genetic transitions between the Atlantic—
Mediterranean and between the Baltic—Atlantic regions are also
pronounced across many taxa, with reports of clear breaks from the
Strait of Gibraltar to the Almeria—Oran front (reviewed in Patarnello
et al, 2007) and in the Skagerrak—western Baltic (reviewed in
Johannesson and Andre, 2006). Lastly, the English Channel has also
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been identified to constitute a transition zone in the polychaete
Pectinaria koreni (Jolly et al., 2005).

Few marine organisms are distributed throughout European
continental waters, limiting the potential for conducting large-scale
intraspecific comparisons of multiple transition zones. Phylogeo-
graphic studies have simultaneously spanned up to three of the above
marine transition zones (e.g., Borsa et al., 1997; Rolland et al, 2007;
Larmuseau et al., 2009), but few have comprised all of them for the
same species (Nikula and Vainola, 2003; Wilson and Veraguth, 2010).

Here, we use the European sprat (Sprattus sprattus L.) as a model
for studying contemporary population structure and distribution in
relation to known transition zones. Sprat is a locally abundant, small
pelagic clupeid fish with a nearly pan-European distribution: ranging
from the Black Sea, along the northern Mediterranean and Iberian
coasts to the Atlantic, North Sea, Norwegian coastal waters and into
the Baltic Sea. Sprat thus occupies highly heterogeneous environ-
ments. A study using a mtDNA marker suggested a complex
phylogeographic history with two major clades: one representing
the clade that presumably colonised northern European waters
following the LGM, and a second in the eastern Mediterranean and
the Black Sea with a pre- or postglacial origin (Debes et al., 2008). A
substructure was also evident within clades, with genetic differences
within the ‘western’ clade between Atlantic—Baltic Sea and western
Mediterranean populations, and within the ‘eastern’ clade between
Adriatic Sea and Black Sea populations (Debes et al., 2008). A recent
microsatellite study further demonstrated population structure across
the Baltic—Atlantic transition zone (Limborg et al., 2009). In the
current study, we analyse the combined data sets for mtDNA and
microsatellite markers from the two above studies and also extend the
previous sampling coverage. The combination of a new extensive
sampling scheme with inference from both genetic markers allows us
to gain insight into the underlying evolutionary mechanisms shaping
population structure across multiple European transition zones. We
then infer relative divergence times across transition zones, defined as
‘old’ (with a significant effect of mutation on genetic differentiation)
vs ‘recent’ (with no significant effect of mutation on genetic
differentiation), by contrasting effects of genetic drift and mutation
for both marker types.

MTERIALS AND METHODS

Samples

Samples covered the species’ distribution from its northern (Northeast Atlantic
Ocean, North and Baltic Seas) to its southern (Mediterranean and Black Seas)
range (Figure 1, Table 1). Sampling density, however, differed between north
and south, reflecting a more continuous distribution of spawning locations in
the north, compared with the south where major populations presumably are
presently restricted to the Gulf of Lion, the northern Adriatic Sea and the Black
Sea Basins (Debes et al., 2008). Additional occurrences in estuarine areas
around the Iberian Peninsula have been reported, but populations are thought
to be in strong decline or even disappeared (Cabral et al., 2001). Findings in
the northern Aegean Sea have been reported (Deval et al., 2002), but our own
sampling efforts in that region have not been successful. Assumed occurrences
in the Strait of Sicily have never been confirmed (O Jarboui, personal
communication). Data from a total of 21 sampling stations representing 19
locations were included in the analysis (Figure 1). Of these, mtDNA variation
was reported for seven locations in Debes et al. (2008). Microsatellite data were
compiled for 17 sampling stations: 11 stations as reported by Limborg et al.
(2009) and six additional stations extending the previous northerly dominated
coverage southwards via the English Channel and the Atlantic into the
Mediterranean and eastwards into the Black Sea (Figure 1). This data set
effectively increased sampling coverage throughout the species distribution
including the Mediterranean region. Samples were, with few exceptions,
collected on spawning sites during the spawning season, which differs among
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populations. Temporal replicates were collected from two locations (see
Table 1, Debes et al. (2008) and Limborg et al. (2009) for more details on
sampling).

Populations and geographic transition zones studied

In the following, we refer to all geographic zones with observed genetic
discontinuities as ‘genetic transition zones, regardless of the underlying
mechanisms. Of the six major cross-species transition zones defined a priori,
the English Channel does not appear to constitute one for sprat, as samples on
either side of the English Channel show spatial as well as temporal genetic
homogeneity (Limborg et al., 2009; Glover et al., 2011). We could not address a
potential transition zone between the Adriatic Sea and the eastern Mediterra-
nean as no sprat could be obtained from the eastern Mediterranean. In the
current study, we are thus obliged to use the Adriatic population for
investigating genetic differentiation between the eastern Mediterranean and
the Black Sea. We investigated genetic differentiation across the remaining four
major transition zones separating the following regions: (i) the Baltic Sea from
the Atlantic region (here, the latter includes the North Sea and English Channel,
Balt-Atl), (ii) the Atlantic region from the Mediterranean Sea (Atl-WMed), (iii)
the western from the eastern Mediterranean Sea (WMed—EMed), and (iv) the
eastern Mediterranean Sea from the Black Sea (EMed—Black; Figure 1).

Molecular analyses

Samples from seven locations were genotyped for both mitochondrial and
nuclear DNA markers, of which both marker types were analysed for the same
individuals in three of the samples (Table 1). Thus, four samples were typed
only for mtDNA and 14 only for microsatellite markers.

In total, 210 individuals from seven locations (Table 1) were sequenced for a
partial fragment of the 5'-end of the mitochondrial control region, as described
in Debes et al. (2008).

A total of 1531 individuals, including 556 new to this study, were typed for
nine species-specific microsatellite loci: Spsp47D, Spsp77C, Spspl133, Spspl55,
Spsp170, Spsp202, Spsp219, Spsp256 and Spsp275 (Dailianis et al., 2008). DNA
extraction and PCR amplification were performed as described in Dailianis
et al. (2008). PCR-amplified microsatellite fragments were analysed either on a
BaseStation 51 DNA fragment analyser (M] Research, Skovlunde, Denmark)
followed by semi-automatically typing of genotypes with the software
CARTOGRAPHER 1.2.6 (M] Geneworks Inc., Skovlunde, Denmark) (samples
GOT, GDA, BOR05, BOR06, ARK, BEL, KAT, SKA, GER04, GER05, ENC,
CEL, BoB and ADR), or on a Beckman Coulter CEQ 8000 (Beckman-Coulter,
Fullerton, CA, USA) automated sequencer (samples SKA, LIO, BLW and BLE).
For the latter, allele sizes were scored with the software CEQ 8000 Genetic
Analysis System (version 8.0.52; Beckman-Coulter). All individual runs
included a 400-bp ladder (Applied Biosystems, Foster City, CA, USA; Beck-
man-Coulter). To obtain consistency in genotype scoring among runs and
between platforms, we (i) analysed from two to four heterozygote control
individuals spanning the anticipated allelic ranges, (ii) double-typed two
samples (1 =40) on both platforms, and (iii) split the SKA sample into two
groups of n =50 and genotyped on different platforms to test for consistency
in allele frequency estimates between platforms (see Supplementary File S1 for
further details on validation of scoring consistency).

Genetic variation

For microsatellites, potential effects of technical or sampling artefacts were
assessed by checking for effects of null alleles and departure from Hardy—
Weinberg Equilibrium (HWE) and gametic phase equilibrium (LD) using
MICRO-CHECKER 2.2.3 (Van Qosterhout et al., 2004) and GENEPOP 4.0
(Raymond and Rousset, 1995), respectively. In all following analyses including
multiple tests, results were corrected with the sequential Bonferroni method
(Rice, 1989). Overall genetic variation and diversity were estimated by allelic
richness (A,) for each sample and locus using FSTAT 2.9.3 (Goudet, 1995).
Weir and Cockerham's inbreeding coefficient 6 13 (Weir and Cockerham, 1984)
was estimated for each locus and sample using FSTAT 2.9.3. Numbers of alleles
(A), expected and observed heterozygosity (Hg and Hp, respectively) were
calculated for all loci and samples using Arlequin 3.5 (Excoffier and Lischer,
2010).
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Figure 1 Samples analysed for microsatellites (black squares with three letter sample ID) and mtDNA (white circles with two-letter sample D) markers.
Sample ID corresponds to Table 1. Underlined samples represent locations with temporally repeated sampling. All samples analysed with the mtDNA marker
(white circles) are the same as in Debes et al. (2008). Grey-shaded areas with labels in italics show transition zones separating the Baltic and Atlantic
(including the North Sea, abbreviated Balt-Atl), Atlantic and Mediterranean (At/-WMed), western and eastern Mediterranean (WMed-EMed) and the
Mediterranean and Black Sea (EMed-Black), respectively. See text and Table 1 for more details.

Outlier analysis

Potential effects of natural or hitchhiking selection on microsatellite loci may
obscure inferred patterns of neutral demographic processes (Nielsen et al.,
2006). We tested for any such patterns using BayeScan 1.0, following the
Bayesian method described in Foll and Gaggiotti (2008). To obtain sufficient
convergence of MCMC chains, we ran 10 pilot runs of 5000 iterations and an
additional burn-in of 5 x 10° iterations with a thinning interval of 50 and a
final sample size of 50000. For comparison, we also used the model by
Excoffier et al. (2009b) as implemented in Arlequin 3.5 (Excoffier and Lischer,
2010) by running 10000 simulations.

sample as prior information, according to Hubisz et al. (2009). The latter
model has been shown to outperform the original model for clustering
populations at weak structure (that is, Fgp values <0.10) and with limited
numbers of microsatellite markers (Hubisz et al., 2009).

Statistical analyses of overall population structure

We used Arlequin 3.5 to estimate pairwise Fgr from mtDNA haplotype
frequencies (using conventional F-statistics based on haplotype frequencies
only) between all samples, and compared these to the pairwise ®gr estimates

Inference of total number of populations

To infer the number of populations in our samples we analysed the
microsatellite data using the Bayesian clustering model implemented in
STRUCTURE 2.3.1 (Pritchard et al., 2000). This model infers population
structure by clustering individual multilocus genotypes into a given number of
populations (K) by minimising LD and overall departure from HWE. We used
the admixture model with correlated allele frequencies among populations. We
initially considered five trials for each value of K from one to ten. To ascertain
adequate convergence of the MCMC model we used a burn-in of 5x 10°
iterations, followed by 2 x 10° sampled iterations. We considered the mean
probability values of InP(X|K) given by the programme, as well as the AK
method (Evanno et al., 2005) to infer the most likely number of populations.
For subsequent biological interpretations of Kwe focused on the smallest value
capturing most of the structure in the data, as suggested in the manual.
Subsequently, we repeated the analysis on subsets of major clusters detected by
the first run, to detect potential finer scale substructure. All analyses were
performed with either no population information, or including population
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(that is also based on genetic distances among haplotypes) reported in Debes
et al. (2008).

Owing to a denser coverage for samples analysed with microsatellites, the
description of population structure was mainly based on these markers. We
thus estimated an overall and pairwise genetic differentiation using Weir and
Cockerham's (1984) estimator (here, referred to as Ogr) and 95% confidence
intervals (CI) using the approach described in Neff and Fraser (2010).
Statistical significance of pairwise Ogr estimates was tested using permutation
tests implemented in FSTAT 2.9.3. RSTCALC 2.2 (Goodman, 1997) was used
to estimate pairwise Rgr between all samples and significance was tested by
1000 permutations, whereas 95% CI were obtained by bootstrapping 1000
times over loci. A principal component analysis (PCA), based on allele
frequencies, for all 17 population samples was performed using PCAGEN
1.3.1 (available at: www2.unil.ch/popgen/softwares/pcagen.htm). Significance
of each principal component (PC) was tested by 10000 randomisations.

To test if the geographic pattern of genetic differentiation is caused by
isolation by distance we ran Mantel tests for pairwise matrices between
geographic distance and genetic distance in Arlequin 3.5 with 100000
permutations. This was performed for both marker types and for both
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measures of genetic differentiation separately (linearised equivalents of
Fsr and ®gr for mtDNA, Fgr and Rgr for microsatellites, respectively).
Geographic distance was estimated by direct shipping distance between
coordinates of sampling locations calculated with the programme Netpas
Distance (Netpas).

Demographic effects on population structure

Spatial population expansions are expected to result in higher population-
specific Fgr values in marginal populations that have potentially undergone
more founder events and received fewer immigrants than populations closer to
an ancestral source population (Foll and Gaggiotti, 2006; Gaggiotti and Foll,
2010). To statistically test a potential effect of range expansion on population-
specific differentiation, we used GESTE v2.0 (Foll and Gaggiotti, 2006) to
estimate population-specific Fsy values following the approach by Balding and
Nichols (1995). Depending on the underlying demographic history of the
species, this Fgrestimator describes the differentiation of each population from
the overall meta-population (under a migration-drift model), or from a
common ancestral source population (under a fission model) (Foll and
Gaggiotti, 2006).

Genetic differentiation across transition zones

Subsequent analyses focused on genetic patterns across four transition zones
(Figure 1), synthesising results from the two marker types. For mtDNA data,
we pooled samples fulfilling the criteria of not crossing a transition zone as
well as not showing statistically significant differentiation for either the Fgr
or Ogp pairwise estimates within the regional groups (Table 1, also see
Supplementary File S2 for pairwise gy and Fsy). Applying this approach,
groups of samples thus represented the following five regions: the Baltic Sea
(abbreviated BALT in Table 1), the Northeast Atlantic (incl. North Sea; ATLA),
the western Mediterranean (WMED), the Adriatic Sea (ADRI) and the Black
Sea (incl. Strait of Bosporus; BLAS). Similarly, for microsatellite data we
pooled subsets of samples showing no statistically significant pairwise Ogr, to
represent the same five regions (Table 1). Samples from within the Baltic—
Atlantic transition zone (BEL, KAT and SKA; Figure 1) and a single sample
from the Celtic Sea (CEL) that showed weak, but significant, differentiation
from neighbouring samples (Supplementary File S3) were omitted from this
analysis to avoid potential confounding effects from pooling non-panmictic
populations.

The programme POWSIM 4.0 (Ryman and Palm, 2006) was used to
evaluate statistical power of both types of markers for detecting pairwise
genetic differentiation at Fgr levels ranging from 0.00 to 0.10. The programme
simulates the divergence of two to several subpopulations from a single
ancestral population through genetic drift to a given overall Fg value defined
by controlling effective population size (N,) and number of generations (). To
best reflect the assumingly large N, of sprat, we let N.=10000 and varied ¢
from 0 to 2078 for simulating different levels of differentiation. After the
simulation, each subpopulation was sampled at n =280 and divergence from
genetic homogeneity was tested with Fisher’s exact test. This procedure was
repeated 1000 times and the proportion of significant outcomes was used to
estimate statistical power for detecting pairwise genetic differentiation.
Founder events in populations of more recently colonised areas may have left
a stronger imprint from genetic drift, resulting in higher levels of pairwise Fsp
between neighbouring populations. To infer our power for detecting such
events we tested four scenarios corresponding to observed genetic differentia-
tion between populations on both sides of the four studied transition zones.
Specifically, for the Baltic—Atlantic transition zone, we pooled samples from the
BALT and ATLA groups (Table 1) to represent allele frequencies for the
ancestral population at the onset of the simulation process. Similarly, we
pooled samples for the groups flanking each of the remaining transition zones
(Table 1, Figure 1). For the mtDNA analysis, we only pooled the two
geographically closest samples on each side of a transition zone, as including
more samples led to violation of the maximal number of alleles (or haplotypes)
for a given marker (50) allowed by POWSIM, owing to a large number of
private haplotypes in all samples.

Pairwise Fgr estimates based on mtDNA haplotype frequencies are expected
to be mainly shaped through genetic drift, at least on time scales where
mutations can be largely ignored. In contrast, the ®gy estimator takes the
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number of mutational differences among haplotypes into account and is able
to reveal higher resolution on divergence time between populations having
accumulated specific mutations over time (see Excoffier et al., 1992 for more
details). Comparisons of Fgp and ®gy estimates for mtDNA sequences across
multiple transition zones is therefore expected to reveal relative imprints from
genetic drift and mutation in explaining the level of genetic differentiation.
Thus, we repeated analyses in Arlequin 3.5 using 20000 permutations to
obtain pairwise estimates of Fsr (using conventional F-statistics) and ®gr
(using a distance matrix based on haplotype nucleotide differences corrected
with the base substitution model of Tamura and Nei (1993)) between the
regions represented by the five major groups described above.

The relative effects of genetic drift and mutations in explaining genetic
differentiation across transition zones were also examined for microsatellite
data by applying the Rgr permutation test in SPAGeDi 1.2 (Hardy and
Vekemans, 2002). The test compares observed Rgy values based on allele size
differences assuming a stepwise mutation model (SMM) with a corresponding
frequency distribution (pRgr) obtained by randomly permuting over allelic
states following an infinite allele model of mutation. A significantly larger
observed Rgr implies a significant role of mutation for explaining population
structure and suggests that divergence occurred over very long time scales
(Pons and Petit, 1996; Hardy et al., 2003). Significance was tested with 20000
permutations using a one-sided test (Rgy> pRgr) (Slatkin, 1995). Similar tests
were applied for global Rgy estimates for each locus and all loci together. For
locus Spsp275, a total of four individuals from the ENC and BoB samples had
considerably larger alleles (50-200bp longer) than the maximum sizes
observed in all other samples. These (rare) alleles may be the results of one
or more insertion events, and including them would violate the assumption of
a SMM. Information for these four individuals was therefore ignored in Rgp
permutation tests.

RESULTS

One microsatellite locus (Spsp154) failed to amplify consistent
fragment lengths between the two genotyping platforms in the 40
calibration individuals and was discarded from further analyses. For
the remaining eight loci, scoring of genotypes was consistent between
the genotyping platforms (see Supplementary File S1 for more
information on calibration results).

Overall genetic variation at mtDNA

For mtDNA, a total of 128 different haplotypes with 82 segregating
sites were observed in the seven samples (Debes et al, 2008).
Haplotype diversity (h) for each sample is reported in Table 1.

Overall genetic variation at microsatellite loci

A total of 64 individuals with more than two missing genotypes were
excluded, leaving 1467 individuals for which 99.97% of all loci were
scored successfully (all summary statistics for each locus and sample
are reported in Supplementary File S4). MICRO-CHECKER sug-
gested the potential presence of null alleles for 35 (out of 136) sample
locus pairs, and stutter-prone scoring at eight sample locus pairs.
However, no general trends of a specific locus or sample were evident
and subsequent analyses including or excluding information from
affected loci did not change results. After correcting for multiple tests,
significant deviations from HWE remained for 10 of 136 (7%) tests
distributed among four loci (Spsp275: 3 significant tests, Spsp219: 1,
Spsp133: 4 and Spsp170: 2) (Supplementary File S4). One out of 28
locus pairs showed significant LD (Spsp219, Spsp133). However, this
was only observed in four of the 17 population samples. A similar test
for LD by Limborg et al. (2009) on a subset of these samples did not
show overall LD for any of these loci, and LD is thus not expected to
incur a general bias in our analyses. Nuclear genetic diversity assessed
by A, is reported for each sample in Table 1.
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Figure 2 (a) Probability of each tested potential number of populations (K) inferred from the mean probability value In [P(XIK)] (white squares) and the AK
method (black squares) (see text for more details). (b) Individual population membership plotted for K=3. (c) Individual population membership when
repeating the cluster analysis for the Mediterranean samples (LIO, ADR, BLW and BLE) for K=3 and including prior information of sample location.

Outlier analysis

The BayeScan test indicated three outlier loci (Spsp170, Spsp202 &
Spsp275) potentially subject to divergent selection, whereas the test
implemented in Arlequin supported this only for the latter two loci,
which also showed the highest level of support for divergent selection
(Supplementary File S5). Thus, to test for potential effects of the two
outlier loci found by both methods we conducted all subsequent
analyses using (i) all loci, (ii) excluding each of the two outlier loci
and (iii) excluding both outlier loci.

Estimation of the total number of populations

The global Bayesian clustering analysis revealed the highest likelihood
for models with K= 3 and 4, whereas the AK method suggested K= 3
(Figure 2a) irrespective of whether prior sample information was used
or not. Visual inspection revealed that setting K>3, did not add
further meaningful inference (not shown), and we only show results
for K= 3, as this presumably captures the major biological structure
across samples (that is, population clusters representing, respectively,
the Baltic Sea, the Atlantic region (including the North Sea), and the
Mediterranean region (including the Black Sea)) (Figure 2b). Sub-
sequent analyses comprising either samples from within the Baltic
Sea, the Atlantic region or both, with and without prior sample

information did not reveal further substructuring (data not shown).
When including prior sample information, an analysis comprising
Mediterranean and Black Sea samples revealed substructuring (K= 3)
with the Gulf of Lion (LIO), the Adriatic (ADR) and the Black Sea
(BLW and BLE) samples presumably representing genetically distinct
populations (Figure 2c). The tuning parameter, 7, for the latter model
ranged from 0.06 to 0.12 among the five replicate runs. Values of r
below 1.00 indicate that ancestry proportions differ among sampling
locations and that the inclusion of prior sample information
significantly increased the power for detecting weak population
structure (Hubisz et al., 2009). Altogether, five clusters could hence
be detected using Bayesian clustering (Figure 2).

Population structure and demography

Estimators of pairwise mtDNA differentiation (Fstand ®gr) revealed
significant population differentiation in most comparisons (see below
and Supplementary File S2). Microsatellites also revealed highly
significant population structure, with an overall Oy of 0.038 (95%
CI=0.015 to 0.064, P<0.001) and pairwise Ogy estimates ranging
between 0.001 and 0.100. Genetic differentiation between temporal
samples from both the Bornholm Basin (BOR) and the German Bight
(GER) was low and non-significant (051 < 0.005), suggesting temporal
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Table 2 Results from isolation by distance tests for both marker data
shown as R2 values

Microsatellites Fst Rst
All loci 0.82 0.89
Excluding Spsp202 0.72 0.72
Excluding Spsp275 0.66 0.85
Excluding Spsp202&Spsp275 0.30 0.30
Fst Pst
mtDNA 0.01 0.31

Significant correlations (o=0.05) are shown in bold. For the microsatellite data results are also
shown for tests excluding each of the two outlier loci individually or together.

stability of the observed spatial structure in these regions. The level of
genetic structure varied among different geographical regions with
mostly non-significant estimates of pairwise Ogr within major oceanic
basins in contrast to comparisons among basins (Supplementary File
S3). In the PCA, the first two PCs explained a significant proportion of
the total genetic variance (PC1 and PC2, P<0.001; PC3 to PCI10,
P=1.000). PC1 explained 49.1% of the total genetic variance and
grouped samples corresponding to the two previously described major
phylogenetic clades separated at the western and eastern Mediterranean
Sea transition zone, with further separation of LIO from all other
samples (Figure 3). Samples across the Baltic—Atlantic transition zone
showed a clear East-West trend along PC2 (21.8%). This overall
pattern remained significant although the level of differentiation was
reduced when excluding the two outlier loci (not shown).

Isolation by distance was highly significant for both Fgp (R* = 0.82)
and Rgr (R?=0.89) for all microsatellite loci (Table 2). When only
excluding one of the two outlier loci, results remained significant but
with levels of explained variance reduced by 12-19% (Table 2). When
simultaneously excluding both outlier loci the explained variation was
reduced more drastically by 63—66% for both Fst and Rgy, and only
the Fgr-based test remained significant (R*=0.30; Table 2). For
mtDNA, a significant but weaker pattern of isolation by distance was
revealed only for the ®gr values (R?=0.31).

Population-specific Fsy estimates showed an increasing trend from
the west (Atlantic Ocean) eastward into both the Baltic Sea in the
north and into the Adriatic and Black Seas in the south (Figure 4).
This overall pattern remained when excluding one or both outlier
loci, although Fsr values reduced to 0.003-0.027 when excluding all
outlier loci.

Heredity

Genetic differentiation across transition zones

Overall, the power to detect genetic differentiation owing to allelic
drift did not vary significantly across the four transition zones
(Supplementary File S6). The mtDNA marker data lacked sufficient
statistical power for detecting values of Fgr<0.02 but could reliably
detect levels of differentiation above this level (Fst=0.02;
power = 0.872-0.952). The eight microsatellites exhibited adequate
power for detecting true Fgr>0.005 (0.998-1.00). Type-one errors
(Fst=0) did not seem to seriously violate an assumed 5% a-level for
either type of marker used (Supplementary File S6).

For the mtDNA data, pairwise Fgy and ®gr estimates crossing one
or more of the three southern transition zones were significant for
both estimators, but with considerably higher values of the ®gr
estimator (Figure 5). One striking disparity, however, was observed
across the northern Baltic—Atlantic transition zone where the Baltic
group (BALT) showed statistically significant differentiation from the
Atlantic group (ATLA) for the drift-based Fsy estimator but not for
the ®gy estimator.

The mtDNA results were supported by the microsatellite-based
analyses including all loci where the mutation-based Rgy estimator
was not significantly higher than the purely drift-based pRgr
distribution between the Baltic (BALT) and Atlantic (ATLA) groups,
suggesting a negligible mutational imprint across this transition zone
(Figure 6a). Also for microsatellite markers, mutations appeared to
have had a relatively larger role in genetic differentiation across
southern transition zones, evidenced by a significant pattern of
Rs1> pRgr in seven comparisons (Figure 6a). A non-significant effect
was observed between the Adriatic (ADRI) and Black Sea (BLAS)
groups (Figure 6a). When excluding either of the two outlier loci an
overall pattern of a strong mutational effect across southern transition
zones remained as three and five tests remained significant when
excluding Spsp202 and Spsp275, respectively (Figure 6b, c). Con-
versely, no tests were significant when excluding both outlier loci
simultaneously (Figure 6d).

DISCUSSION

By combining inference from mitochondrial and nuclear DNA
markers we gained new insights into the potential effects of historical
demography in explaining distribution-wide population structure of
sprat covering four major transition zones. Both marker types showed
clear regional patterns of population structure and especially micro-
satellites indicated a pattern of isolation by distance. The mtDNA
marker successfully inferred old from more recent divergence times
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across the different transition zones. The advantage of combining
multiple marker types has previously been demonstrated in marine
fishes (for example, Gonzalez and Zardoya, 2007; Wilson and
Veraguth, 2010; Andre et al, 2011). However, to our knowledge the
present study is the first to directly compare relative imprints from
genetic drift and mutation between markers and throughout the
geographic distribution of a small pelagic marine fish.

Overall population structure and historical demography
The initial STRUCTURE analysis identified three population clusters
and corroborated previous assertions about genetically isolated

populations in the Atlantic region, the Mediterranean and Baltic
Sea, respectively, using fewer samples (Limborg et al, 2009). In this
study, a subsequent analysis of population subsets revealed a finer
structure within the Mediterranean/Black Sea region (Figure 2c). The
eastern Black Sea sample (BLE) appears admixed with the Adriatic Sea
population (ADR; Figure 2c), which could be explained by con-
temporary gene flow, shared ancestry or homoplasy. However, these
explanations appear unlikely considering the intermediate location of
the non-admixed sample (BLW) and this result more likely reflects
analytical limitations of the method when few markers are applied
(Hubisz et al., 2009). Overall, the clustering result is in accordance
with pairwise mtDNA and microsatellite differentiation estimates,
which also revealed the highest genetic discontinuities among major
oceanic basins (Supplementary Files S2 and S3) corresponding to the
five clusters detected by STRUCTURE (that is, the Baltic, Atlantic,
western Mediterranean, Adriatic and Black Seas).

When using STRUCTURE with the six neutrally behaving micro-
satellite loci only, no structure was detected (most likely K=1),
suggesting that the observed population structure is largely driven by
the presumed outlier loci Spsp202 and Spsp275 (data not shown). This
raises the question of whether the results indeed reflect the demo-
graphic history of the species, however, at least two facts speak in
favour of this. First, the overall population structure is supported by
independent analyses of both mitochondrial and nuclear DNA, and
second, a PCA and estimates of pairwise st omitting the two outlier
loci detected a similar and statistically significant (albeit weaker)
pattern of population structure. Moreover, the resolving power of
STRUCTURE tends to be low with few markers at low divergence
(Hubisz et al., 2009). Lastly, increased power is expected for detecting
low genetic differentiation between predefined populations based on
pairwise tests comparing allele frequencies (like fgr), compared with
STRUCTURE, which does not consider such a priori-defined sub-
groups (Pritchard et al., 2007).

Our results thus support a pattern with at least five more or less
reproductively isolated genetic clusters in sprat throughout its
distribution. Similar levels of clustering are reported for other small
pelagic fishes (for example, Bekkevold et al, 2005; Grant, 2005;
Gonzalez and Zardoya, 2007), albeit those studies spanned narrower
geographic regions. Although our focus here is the large-scale
distribution, we cannot rule out the potential existence of non-
sampled locally isolated populations at smaller geographic scales.
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Figure 6 Observed microsatellite-based pairwise Rst point estimates (black squares) between regional groups and the pRst distribution (open squares and
vertical bars represent mean and 95% ClI) obtained by randomly permuting over allelic states (see text for more details). Genetic differentiations are shown
across all transition zones as described for figure 5. Asterisks denote comparisons where allele size differences (that is, mutation) inferred from Rt explain
a significant part of the genetic differentiation. Results are shown for tests including all loci (a), excluding: Spsp202 (b), Spsp275 (c) and both Spsp202

and Spsp275 (d).

Indeed, a recent study has shown existence of population structure
between Norwegian fjord populations and the North Sea sprat
population (Glover et al., 2011), suggesting the existence of isolated
local populations.

The grouping of genetic clusters along PC1 in the PCA (Figure 3)
corresponds with three distinct phylogenetic clades occurring in;
(i) the Atlantic region (including the Baltic Sea), (ii) the western
Mediterranean and (iii) the eastern Mediterranean (including the
Black Sea). This pattern suggests that historical and phylogeographic
patterns also explain a significant part of neutral genetic variation at
microsatellites in combination with contemporary migration-drift
processes. An effect of range expansions on genetic variation was
supported by population-specific Fsr values which were in agreement
with a ‘fission model’ where populations expanded from west (the
Atlantic Ocean) into the Mediterranean and the Black Sea, as well as
into the North and Baltic Seas. Such a demographic model was
further supported by the significant patterns of isolation by distance,
where especially the differentiation revealed by microsatellites was
explained by geographic distance. When excluding both outlier loci,
the Fgr-based pattern of isolation by distance was still apparent,
whereas the Rg-based pattern, however, became non-significant. This
latter observation may indicate that for genetic differentiation at
microsatellites indeed contemporary migration-drift processes may be
more important than mutations, since differential mutations among

Heredity

populations with low or no gene flow would most likely result in
larger Rgr estimates and significant isolation by distance. However,
this result may also simply reflect technical issues if for example,
neutrally behaving microsatellites are more constrained in size, which
would deflate true Rgr values at these loci. Fragment size (alleles)
distributions, however, did not suggest such a pattern in our data (not
shown), thus we cannot further assess this potential explanation.
Alternatively, the Rgy estimate may exhibit larger variance than Fgr
(Balloux and Lugon-Moulin, 2002) explaining the observed non-
significant isolation by distance pattern for Rgy when two outlier loci
were removed.

For many marine organisms in the Northeast Atlantic, major
refugia during the LGM included regions south of the Bay of Biscay
with potential smaller inter-glacial refugia further north (Maggs et al,
2008). For example, the thornback ray (Raja clavata L.) presumably
persisted in at least two Atlantic refugia along the Iberian Peninsula
and the Azores (Chevolot et al., 2006). A similar scenario of north-
and eastward expansions from one or more south westerly Atlantic
refugia for sprat cannot be ruled out and would be in accordance with
our results. The northwards range expansion most likely happened
after the LGM in accordance with the biogeographical history of the
Baltic Sea, which did not support the present-day marine fauna before
~9-7000bp (Sohlenius et al, 2001). Together with the study by
Debes et al. (2008), our findings of large mutational differences at the



mtDNA marker suggest old population divergence across the Med-
iterranean transition zones potentially pre-dating the LGM. A similar
scenario of pre-LGM divergence within the Mediterranean has also
been suggested for another fish species (Wilson and Veraguth, 2010).

Differentiation of marginal populations

High microsatellite-based population-specific Fsp values and slightly
reduced mtDNA haplotype diversity of Adriatic Sea and Black Sea
populations compared with Atlantic samples (Figure 4, Table 1) point
to a relatively old split between an eastern Mediterranean and a
western Mediterranean/Atlantic clade. Debes et al. (2008) explained
the present-day pattern at the southern edge of the distribution of
sprat in the Mediterranean as a result of northwards shifting
isotherms since the LGM. Populations in the northernmost Medi-
terranean basins occur at their physiological limit and likely represent
trapped remnants of a formerly more widespread core population in
the Mediterranean.

However, under this scenario, the separation in the Mediterranean
of an eastern and western clade might also reflect local founder events
from cryptic inter-glacial refugia pre-dating the LGM. Postglacial
colonisation of the Black Sea could also, in theory, have taken place
from a refugial population now only represented in this area.
Moreover, the observed Fst pattern (Figure 4) could also be consistent
with a stepping-stone model with lower migration rates (and higher
drift) for marginal populations, without inference about the direc-
tionality of founder events (Gaggiotti and Foll, 2010).

A post hoc permutation test in FSTAT revealed reduced allelic
richness, A, in the Baltic group (BALT; A,=15.06%0.10
(meants.e.)) compared with the Atlantic group (ATLA;
A,=20.23£0.14 (mean *s.e), one-tailed test, P<0.001), consistent
with observations for the mtDNA (%) (Table 1). Similar tests did not
reveal significantly reduced A, in the Adriatic Sea or Black Sea
populations compared with the Atlantic group (P>0.11). Assuming
that the distribution of sprat populations follows a stepping-stone
pattern; an alternative, but not mutually exclusive, explanation for
reduced diversity and increased differentiation in the marginal Baltic
Sea population can be due to reduced immigration of new alleles
compared with more ‘central’ populations. At first sight a similar
explanation appears incongruent with the relatively higher A, in the
marginal Adriatic population (Table 1). One explanation for this
could be that higher microsatellite mutation rates and longer time
since presumably older founder events have erased signals of reduced
genetic diversity. However, strong signatures from old founder events
would not be expected if contemporary immigration is the dominat-
ing factor for shaping genetic diversity in marginal populations. For
example, increased environmental stress in marginal populations may
reduce immigration into locally adapted populations leading to
reduced diversity and greater differentiation of these populations
(Excoffier et al., 2009a). Lastly, congruent patterns of reduced genetic
diversity in Baltic populations of other ‘classical’ marine fishes
(reviewed in Johannesson and Andre, 2006) are suggestive of a
general trend reflecting shared founder histories, reduced immigra-
tion, environmental adaptation and/or other unknown factors simul-
taneously reducing N, in this marginal sea.

Disentangling effects of genetic drift and mutation across
transition zones

We found indications that both genetic drift and mutation explain
genetic differentiation across transition zones, but the relative effect of
each varied among the different transition zones studied. This result is
likely to reflect population splitting events at different time scales.

Disentangling effects of drift and mutation across transition zones
MT Limborg et al

More recently diverged populations will resemble each other in terms
of haplotypes and alleles present, as fewer new mutations are expected
to have accumulated. Pairwise differentiation between the Baltic and
Atlantic groups revealed a significant Fsr and a lower non-significant
@1 for the mtDNA, together with a non-significant Rgr test for
microsatellites. Genetically admixed populations within this transition
zone (Figure 2) could suggest on-going gene flow eroding signals
from population-specific mutations. Alternatively, recent divergence
between Baltic and Atlantic populations may explain the lack of
detectable differentiation in this transition zone. Although these two
explanations may not be mutually exclusive, this, together with the
geologic history of the Baltic region, reinforces the notion of the Baltic
Sea maintaining the most recently established sprat population
among those studied (see above).

Interestingly, we see a pattern of generally larger effects from
mutation in most pairwise comparisons spanning one or more of the
three southern transition zones. This is in accordance with the results
from Debes et al. (2008) pointing towards relatively deep splits
between samples within the Mediterranean region reflecting no or
very little gene flow in combination with large divergence times. Most
comparisons crossing the transition zone separating the western and
eastern Mediterranean Sea, suggested by clade analysis to represent
the deepest phylogeographic split (Debes et al, 2008), show an
accordingly larger effect from mutation and isolation. However, for
microsatellites this result was mainly explained by two loci also
exhibiting outlier behaviour, and thus, potentially violating the
assumptions of neutrality. Furthermore, increased frequency of alleles
affected by positive selection may lead to deviations from the neutral
allele distribution expected under a SMM (see below). As a
consequence, the mtDNA-based results may better reflect true
differences between genetic drift and mutation here. The somewhat
reduced mutation effect at the mtDNA between the Adriatic Sea
population and the Black Sea samples (Figure 5) is in accordance with
expected shorter divergence times within the two major clades and/or
higher levels of gene flow (Debes et al., 2008). The mtDNA-based
estimators of genetic drift (Fgr) and mutational distance (®gy) were
both significant between the Adriatic and Black Sea groups, as
opposed to across the transition zone separating the Baltic and
Atlantic populations. This suggests an intermediate divergence time
between the Adriatic Sea and Black Sea groups. The relatively high
mutational effect between the Atlantic and western Mediterranean
groups within the ‘western’ clade also suggest a considerably older
divergence between these groups than between the Atlantic and Baltic
Sea groups. However, owing to lack of Atlantic samples south of the
Bay of Biscay (presumably reflecting low densities), we cannot rule
out possible confounding effects from a potential undetected struc-
ture around the Iberian Peninsula. In such a case, a sample from the
more southern population would be more appropriate when testing
differentiation across the Atlantic-western Mediterranean transition
zone owing to a potentially more recent shared ancestry with the
western Mediterranean population.

A large effect of mutation relative to drift, in combination with
restricted gene flow, should lead to a genome-wide pattern of
Rgr> pRst. The significant contribution of mutations in explaining
differentiations among the major clades with microsatellites was
mainly driven by the two loci Spsp202 and Spsp275 (Supplementary
File S7), which were also suggested to be affected by directional
selection (Supplementary File S5). Thus, great caution should be
taken when quantitatively inferring effects from mutation and neutral
genetic drift when using these loci. Nevertheless, the congruent results
observed for two independent loci may suggest a biological
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meaningful pattern of increased mutational effects on microsatellite
variation across southern transition zones. We, however, cannot rule
out that these outlier loci behave in a non-neutral fashion and thus
violate the SMM model leaving the microsatellite-based results
inconclusive. Alternatively, our results may have indicated a general
trend of microsatellite loci mainly reflecting more recent migration-
drift processes as suggested from significant patterns of isolation by
distance, whereas genetic variation at mtDNA markers appeared
better suited for inferring older demographic histories. Indeed, for the
mtDNA results we did find varying relative effects of genetic drift and
mutation across different transition zones indicative of varying
divergence times between different sprat populations.

Other statistical methods offer more direct estimates of bottlenecks,
time since divergence and gene flow. However, the signal in our data
is likely too weak to obtain reliable estimates from these analyses, as
testified by the fact that analyses using the approaches of Piry et al.
(1999) and Garza & Williamson (2001) were inconclusive of past
bottlenecks in any of our populations (not shown). Also, attempts to
apply IMa (Hey and Nielsen, 2004) on mtDNA and microsatellite
data to infer divergence times and gene flow resulted in non-
converging MCMC chains, reflecting a lack of information in the
data. Instead, by taking advantage of a more indirect approach of
comparing relative imprints from mutation and genetic drift, we were
able to distinguish putatively ‘old’ from more ‘recent’ population
divergence across transition zones putatively characterised by varying
levels of gene flow. We thus expect that this approach may be useful in
other applications for organisms characterised by weak structure due
to recent divergence, large N, and/or high gene flow.
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