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Abstract

Marine fish species are characterized by a low degree of population differentiation at
putatively neutral marker genes. This has been traditionally attributed to ecological
homogeneity and a lack of obvious dispersal barriers in marine habitats, as well as to
the large (effective) population sizes of most marine fish species. The herring (Clupea
harengus) is a case in point — the levels of population differentiation at neutral mark-
ers, even across vast geographic areas, are typically very low (Fst ~ 0.005). We used a
RAD-sequencing approach to identify 5985 novel single-nucleotide polymorphism
markers (SNPs) in herring and estimated genome-wide levels of divergence using
pooled DNA samples between two Baltic Sea populations separated by 387 km. We
found a total of 4756 divergent SNPs (79% of all SNPs) between the populations, of
which 117 showed evidence of substantial divergence, corresponding to Fgy = 0.128
(0.125, 0.131) after accounting for possible biases due to minor alleles and uneven
DNA amplification over the pooled samples. This estimate — based on screening many
genomic polymorphisms — suggests the existence of hitherto unrecognized levels of
genetic differentiation in this commercially important species, challenging the view of
genetic homogeneity in marine fish species, and in that of the Baltic Sea herring in
particular.
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of obvious dispersal barriers enabling extensive gene

Introduction flow (e.g. Ward 2004; Conover et al. 2006; Cano et al.

A general pattern of genetic population structuring in
fishes is that populations of freshwater species are
much more differentiated than those of marine species
(DeWoody & Avise 2000; Ward 2004; Shikano et al.
2010a). This is understandable in the light of the fact
that gene flow between effective population sizes and
within freshwater habitats (viz. ponds, lakes, rivers) is
reduced as compared to marine habitats. In contrast,
our understanding of the low level of population struc-
turing in marine fishes (e.g. Ward et al. 1994; Ward
2004) has been slower to develop. Traditionally, the low
degree of differentiation in marine habitats has been
attributed to their greater ecological homogeneity as
compared to freshwater habitats, as well as to the lack
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2008). Also large (effective) population sizes of many
marine fish species (but see Turner ef al. 2002) have
been identified as a possible explanation to the low
degree of genetic differentiation in neutral markers
(Cano et al. 2008).

In recent years, it has become clear that these low
levels of genetic structuring in marine fish populations
might not extend to genomic regions of functional
importance, but that an extensive genomic heterogene-
ity in the degree of population differentiation is hidden
in genomes of many organisms (e.g. Weir et al. 2005;
Leinonen et al. 2008; Nosil et al. 2009), including marine
fishes (e.g. Cano et al. 2008; Nielsen et al. 2009a; André
et al. 2011; Shimada et al. 2011). In other words, despite
the low degree of differentiation in neutral regions of
genome, marine fish populations can also be locally
adapted and highly differentiated in genomic regions
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under selection (Cano et al. 2008; Nielsen et al. 2009a).
However, the evidence for this heterogenic differentia-
tion is still scarce (reviewed in Cano et al. 2008; Nielsen
et al. 2009a) and based on typically low-throughput
approaches (e.g. André et al. 2011; Shimada et al. 2011;
Westgaard & Fevolden 2007, Makinen et al. 2008;
Nielsen et al. 2009b; but see: Hess et al. 2013).

The Baltic Sea herring (Clupea harengus) is a case in
point: population genetic studies utilizing allozyme
markers have found little differentiation across the
Baltic (Fst ~ 0.001-0.009; André et al. 2011; Ryman
et al. 1984), and microsatellite-based studies have
reached similar conclusions (Fsr ~ 0.002; André et al.
2011; Jorgensen ef al. 2005). However, a single outlier
microsatellite locus (Cpall2; Fsy = 0.036) has been
identified (Larsson ef al. 2007; André et al. 2011), but
further efforts to probe additional divergence patterns
have been modest in terms of the number of markers
(<15) used. Consequently, the question of whether the
Baltic herring can be considered as one large panmictic
population, or a group of locally adapted populations
connected by some gene flow, remains open. This
question is also of practical importance: the herring is
economically the most important species in the Baltic
Sea fisheries, which has been deemed biologically and
economically unsound (Kulmala et al. 2007; ICES 2011).
Furthermore, given that the current management of
herring fisheries in the Baltic Sea rests on quotas
allocated to five different management units (ICES
2011), a mismatch between these units and possible
cryptic population structure could add to the biologi-
cally unsound management of local stocks (Reiss et al.
2009).

The aim of this study was to take advantage of an
affordable next generation sequencing technology that
has provided unprecedented opportunities to conduct
genome-wide studies of differentiation in organisms
previously lacking extensive genomic resources (e.g.
Hohenlohe et al. 2010, 2011). To this end, we used
RAD-sequencing (Miller ef al. 2007; Davey et al. 2011) to
characterize genetic differentiation in 5985 SNP loci
among herring caught from two Baltic Sea sites sepa-
rated by 387 km. While earlier studies conducted on
this geographical scale have uncovered no (or very lit-
tle) genetic differentiation in mitochondrial and nuclear
DNA in this species (e.g. Jorgensen et al. 2005, André
et al. 2011; Limborg et al. 2012), we reasoned that given
the accumulating evidence for extensive genetic hetero-
geneity in levels of differentiation in various organisms
(e.g. Weir et al. 2005; Nosil et al. 2009), a screen of gen-
ome-wide polymorphisms might also uncover cryptic
structuring in this species for which three decades of
population genetic studies have failed to discern no or
little population structuring.

Methods

The samples for this study were collected from two
sites: Eckero, Torp, Finland (Aland Islands; 60°11' 19.34’
'N, 19°36'47.87"E) in May 2009, and from Jurmalciems,
Lipeaja, Latvia (56°47'32.68"N, 21°2'43.83"E) in April
2010. The two locations belong to two different fisher-
ies divisions [28-2 and 29, respectively (ICES 2011)],
which are treated as one management unit in the
current herring fisheries (Fig. 8.3.2.1 in ICES 2011).
Adult herring were captured from spawning sites at
the peak of the local spawning season to obtain tissue
samples used for DNA extraction. Fin clips were
collected from the Aland fish and preserved in 70%
ethanol, whereas muscle tissue samples were collected
from the Latvian fish.

Total genomic DNA was extracted using Qiagen
DNeasy kit (Qiagen, Finland) following manufacturer’s
instructions. Quality and concentrations of individual
DNA samples were checked on 1% agarose gels and mea-
sured using a Nanodrop 2000 (Thermo Scientific) spectro-
photometer. Six individuals per population were pooled
for final concentration of approximately 50 ng/pL geno-
mic DNA, and there was ca. 4000 ng of DNA per pool.
RAD libraries were generated by FLORAGENEX (Eugene,
OR, USA), using the methods outlined by Baird et al.
(2008), Hohenlohe et al. (2010) and Emerson et al. (2010).
Briefly, Illumina sequencing adaptors and population-
specific barcodes were ligated to digested (using Sbfl
enzyme) to pooled, total genomic DNA. Barcoded RAD
samples were then sequenced on the Illumina HiSeq2000
platform with single-end 1 x 100 bp chemistry at Uni-
versity of Oregon (HT-Seq; Eugene).

De novo assembly of consensus sequences

The Aland library was used as a reference in the de
novo assembly with FLORAGENEX unitag assembler v2.0.
The total number of sequence reads submitted to the
assembler pipeline was 5 023 398, of which 4 087 625
(81%) were used in the initial unique Tag sequence
(unitag) clustering. The number of initial unitags
assembled equalled 104 071, and the final number
retained was 63 742 according to the standard FLORAGE-
NEX pipeline criteria (see below). RAD sequence analy-
sis followed the methods as in Pfender et al. (2011)
with slight modifications. Briefly, using the FLORAGENEX
software, sequence reads from one population were
first grouped into clusters of identical sequences (RAD
tags) and clusters with <5 or >500 sequences were
discarded, allowing up to three mismatches in calling
identical RAD tags. Consensus sequences were used as
a reference for downstream alignment and variant
calling.
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Read alignment and SNP discovery

The total number of sequence reads produced from the
Latvian library was 4 526 378. Reads were aligned
using the Bowtie alignment algorithm (Langmead et al.
2009), with three mismatches allowed per alignment,
with a maximum of a single permissible alignment per
read. The median sequencing depth was 16 and Illu-
mina sequencing pipeline 1.3 quality score threshold
was set to 20 for single-nucleotide polymorphism mark-
ers (SNP) discovery.

SNP determination and sensitivity analysis

As the sequencing was performed using pooled DNA
samples, we used as conservative approach as possible
to ensure that the conclusions would not be biased
towards detecting divergence. Of the total 7228 variant
loci (SNP) detected between the two samples, 6442
passed the quality filter threshold, that is, the average
sequence quality score for the locus was larger than 20.
In addition, all loci with missing data for either popula-
tion were excluded, leaving a total of 5985 loci for the
analysis of genetic diversity and differentiation. As the
sample size was relatively small for both locations, we
conducted a simulation study to assess the effect of
minor allele frequencies (MAF) in the populations to
the SNP calling results. Also, to quantify the impact of
possible variation in DNA amplification levels within
each pooled sample (cf. amplification effective only for
a subsample), we conducted another simulation study
to assess the combined effect of MAF and uneven DNA
amplification on the results. Details of the performed
simulations are as follows.

Given the small sample sizes, MAF in the two loca-
tions can have a substantial effect on the SNP discov-
ery. Given L loci, the sampling scenarios described
below yield a probability distribution over the number
of loci where the shared allelic variation is not detected,
and consequently, the loci would be considered as fixed
at different alleles in the two pooled samples. To quan-
tify this effect, we considered two different scenarios in
both of which the MAF had a uniform distribution over
the range 0.01-0.40 at any given locus out of L indepen-
dent loci. Under the first scenario, a locus was assumed
to be tri-allelic (with alleles A, B, C), such that alleles A,
B, were present in one location and alleles A, C in the
other location. In both locations, A was the minor allele
and the random value of MAF for a single locus was
assumed to be the same (P). We calculated the corre-
sponding probability for the event that the minor allele
is detected in neither of the two pooled samples given
the sample sizes, which is the probability to observe
0 successes in two independent Binomial(2n,P)
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experiments. In the second scenario, we assumed that a
locus is bi-allelic (with alleles A, B), such that A is the
minor allele in one location and B in the other location.
MAF was again assumed to equal P in both cases. The
probability to simultaneously fail to observe A from
location 1 and B from location 2 is given by the same
Binomial expression as in the previous scenario; thus, it
is not necessary to determine explicitly which loci are
bi-allelic and which tri-allelic.).

As an uneven amplification of DNA from individuals
over the genome can also influence the outcome of the
genotyping process of pooled samples, we further
extended the simulations to assess the combined effect
of the two factors. For both locations, it was assumed
that successful DNA amplification had the probability
0.80 (chosen to make our approach conservative) inde-
pendently for each individual. This leads to a high level
of variation in the number of detectable alleles per
locus, and we used a compound stochastic process (e.g.
Casella & Berger 2001) over the loci by randomly delet-
ing the genotypes of as many individuals as indicated
by the corresponding binomial probabilities. The result
is again a probability distribution over the number of
loci where the shared allelic variation is not detected in
the two samples, but with an inflated level of variation
compared with the case where only the effect of MAF
was considered. As the effects of MAF and uneven
DNA amplification are expected to be very much larger
than fixed loci emerging due to sequencing errors
under the standard quality filters applied (for details
see above), we did not include this factor in the
simulation study.

Population genetic analyses

The allele frequencies were estimated for both locations
using the standard Bayesian method with conjugate
Beta-priors as used in Bars software (Corander et al.
2003; Corander & Marttinen 2006), such that at every
locus only a single copy of each allele in the detected
genotype was used in the likelihood. This approach is
conservative and minimizes the baseline information
content to the same level over all loci, because it cannot
be known at which loci there may have been problems
with uneven DNA amplification, and thereby failures to
capture minor alleles among the sampled individuals.
Given the weak likelihood, the used priors will auto-
matically imply considerable uncertainty about allele
frequencies in the posterior distributions.

To quantify the genetic divergence, we estimated Fsr
using the Bayesian Monte Carlo method described
in Corander et al. (2003), based on the formula derived
in Nei (1977), creating 10 000 independent poster-
ior samples for each locus. Again, to employ a more
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conservative approach, we preferred an alternative
Bayesian estimate based on averaging the locus-wise
posterior means, to minimize the effect of the prior
distribution under a weak likelihood. Note that as the
likelihood contributions of the observed alleles were
minimized at all loci, only three distinct values of the
posterior mean of Fgr are possible.

Additionally, to invoke the results from the sensitiv-
ity analysis of SNP calling, the final estimates of Fgr
were down-weighted based on the probability distribu-
tion of the number of loci (Z) where the shared allele
would be erroneously missing in both samples. Given
that L loci were observed to be fixed at distinct alleles
in the two locations, we assigned K < L of them to be
due to MAF and uneven DNA amplification using the
threshold 0.01 on the probability P(Z > K) according to
the distribution obtained as described above (see: SNP
determination and sensitivity analysis). For the L-K
remaining loci, we used the Bayesian estimate of Fsr as
described above. For the former K loci, the estimate was
down-weighted by assigning it a uniform distribution
between zero, and the estimate that was used for the
L-K ‘unaffected” loci, ensuring that the resulting locus-
wise estimates would always be smaller and on average
half of the other values. This procedure was adopted
for simplicity as it is challenging to model explicitly the
effect of MAF and the uneven DNA amplification under
the conservative approach to minimize the likelihood
contributions.

To test the hypothesis of equal allele frequencies in
the two populations against distinct allele frequencies,
we used the ‘test’ option in BaPs software (Corander
et al. 2008) with equal prior probabilities for the two
hypotheses.

BLAST analyses

After initial blast-screen of all 7228 variable RAD tag
reads with liberal quality criteria (E-value < 0.1; similar-
ity >70%), the resulting 943 RAD tag reads were used
as query sequences in more stringent blast searches con-
ducted with software BLAsT2GO (http://www.blast2go.
com/b2ghome) and Embster (http://chipster.csc.fi/
embster/) to search for homologous sequences, genes
and gene annotations. Minimal E-value of 1.0E—3 was
set for BLASIN analysis with BLAST2GO and regarded as
threshold when considering results with Embster too.
In Embster, both BLASTN and the MEGABLAST analyses
against the nonredundant database selection (nr nucleo-
tide database maintained by NCBI, a composite of
GenBank, GenBank updates and EMBL updates) were
conducted. In BLAST2GO, a similar nr-blast was con-
ducted, which runs against all GenBank, EMBL, DDB]J
and PDB sequences (but no EST, STS, GSS, environmen-

tal samples or phase 0, 1 or 2 HTGS sequences).
Although the nr-type search uses a collection of ge-
nomes including other species as well, our focus was
on the fish genomes. Most of the hits yielded by blast
analyses occurred against the genomes of Danio rerio,
Takifugu rubripes, Gasterosteus aculeatus, Salmo salar,
Oncorhynchus mykiss, Oreochromis niloticus and Oryzias
latipes, and less commonly against Osmerux mordax and
Astotilapia burtoni. All the used analyses yielded highly
congruent results. Below, we report a representative
selection hits with UniProtKB classification for biologi-
cal and molecular functionalities. The 30 overall best-
quality hits (75% similarity and E-value < 1.0E—5) are
also included in the Supporting information (Table S1),
as are the identities of the 133 divergent RAD sequences
of 943 most strongly divergent RAD sequences used in
BLAST analyses (Table S2).

Results

Population genetic analyses

The fraction of polymorphic sites over the total covered
sequence length was approximately 1 x 10E—3 per base
(5985/6 055 490). Of the 5985 variable loci without
missing data, 1567 (26%) were fixed for different alleles
in the two populations (however, this number was
pruned in the subsequent calculations as explained in
Methods). In contrast, 1229 exhibited no difference in
the allele frequencies, and the remaining 3246 loci were
intermediate between these two extremes. In total, 4756
loci (79%) showed a pattern of non-zero divergence
(Fst > 0). A summary count of putative SNP loci and
final counts of candidate SNPs after different filtering
steps is given in Table 1.

Results of the sensitivity analyses are shown in Fig. 1.
Figure 1a shows variation in the probability distribution
of the number of loci (Z) where the shared allele failed
to become detected in both locations. Choosing the
upper 95% confidence limit of the underlying distribu-
tion and given that 1567 loci were considered, the prob-
ability of Z exceeding 1224 equals the threshold 0.01
(see Methods). Thus, here K = 1224 and the remaining
L-K = 286 loci would be interpreted to represent — with
high probability — polymorphic sites where MAF did
not cause the observed fixation.

Correspondingly, Fig. 1b shows how the effect of
uneven DNA amplification combines with the effect of
MAF. Here, at the upper 95% confidence limit the prob-
ability of Z exceeding 1393 equals the threshold 0.01,
which leads to K = 1393 and L-K = 117. The latter value
can thus be considered as a conservative estimate of the
number of sites where the two locations display a sub-
stantial signal of divergence.

© 2013 John Wiley & Sons Ltd



Table 1 Counts putative loci in herring after different filtering
steps and final counts of candidate single-nucleotide polymor-
phism markers (SNPs) after filtering

Count % of total
Filtering step
Total variable RAD 7228 100.0
tag loci
Loci with average 6935 95.9
quality score > 10
Loci with average 6442 89.1
quality score > 20
Loci with no missing 5985 82.8
data for either pooled sample
Candidate SNPs
Total 5985 100.0
Fixed between samples 1567 26.2
Fixed between samples after 117 2.0
pruning by 95% c.i.
No difference in allele 1229 20.5
frequencies between samples
Intermediate difference in allele 3246 54.2

frequencies between samples

The posterior mean estimate of Fsr was equal to 0.315
(95% credible interval: 0.308, 0.322). However, the
preferred estimate is to use the posterior mean of allele
frequencies at every locus (see Methods) and then cor-
rect the estimate by down-weighting according to the
results of the sensitivity analysis. The uncorrected mean
Fsr equalled 0.179 (95% credible interval: 0.172, 0.182),
and the corrected final estimate was 0.128 (95% credible
interval: 0.125, 0.131).

Bayesian hypothesis testing resulted in the posterior
probability P = 1.000 for the hypothesis of unequal
allele frequencies for the two locations, which further
supports the quantitative finding in terms of Fgr.

BLAST analyses of the divergent loci

The blast analyses result in a total of 133 hits with
E-value smaller than 0.001 (Table S1, Supporting infor-
mation). The 14 best-quality hits (E < 107°; <75% simi-
larity) are shown in Table 2. These hits occurred against
various fish genomes and involved biological functions
related to immunological functions (e.g. MHCI),
hypoxia (Hifla) and stress responses (e.g. HSP;
Table 2).

Discussion

The most significant finding of this study was the high
degree of population differentiation between two
herring samples collected from the Baltic Sea over a

© 2013 John Wiley & Sons Ltd
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Fig. 1 Probability distribution over the number of loci (Z)
where the shared minor allele is not detected in genotyping in
our simulation study. (a) The value of the vertical axis equals
the probability P(Z > z) that Z exceeds any given value z on
the horizontal axis. The unbroken curve represents the mean of
the probability over the distribution of minor allele frequency
(MAF) values across loci and the dotted curve equals the 95%
upper confidence limit (lower limit not visible due to scaling
of the axes). (b) Same as the previous except that the distribu-
tions were obtained using a compound process in which also
the DNA amplification success varied randomly over loci, in
addition to the sampling effect due to MAF.

geographic distance of <400 km. The observed (mini-
mum) level of differentiation (Fst = 0.128) is much
larger than the typical estimates uncovered in earlier
studies of herring over much larger geographic areas
(Ryman et al. 1984; Jorgensen et al. 2005; Larsson et al.
2007; André et al. 2011; Limborg et al. 2012). This find-
ing is not entirely unexpected, as Baltic herring are
known to exhibit substantial morphological and life-
history differentiation (e.g. autumn and spring spawn-
ing stocks; Ryman ef al. 1984). Furthermore, recent
studies of other species have started to uncover genetic
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differentiation that has gone undetected in studies
employing only neutral marker loci (e.g. Westgaard &
Fevolden 2007; Nielsen et al. 2009b; Russello et al. 2011;
Shimada et al. 2011). Nonetheless, it is still surprising to
uncover such a high degree of differentiation in a spe-
cies otherwise shown to be genetically homogenous in
earlier studies and even in a more recent study which
revealed little differentiation using 281 SNPs (Limborg
et al. 2012). Our results are particularly interesting given
that most marine organisms tend to show low levels of
genetic differentiation within the Baltic Sea, likely
owing to its young age (Johannesson & André 2006;
Johannesson et al. 2011).

As no reference genome is available for herring, the
genomic positions of the SNPs used in this study are
mostly unknown. Hence, it is not possible to determine
whether the divergent SNPs detected in study reside
within or close to coding or regulatory regions of func-
tional genes that might be subject to locally varying
selection. Nevertheless, our BLAST analyses revealed that
many of the highly divergent SNPs reside in genomic
regions that contain physiologically and/or immunolog-
ically important genes in other fish species. This finding
suggests the possibility that those SNPs may also have
corresponding roles in herring. For instance, ionic chan-
nel activity-related genes (e.g. kennl, ryr2, DDX43 and
KCNHS) likely to be involved with osmoregulation and
electrolyte homeostasis (e.g. Tse et al. 2007; Inokuchi
et al. 2008; Norman ef al. 2011; Shimada ef al. 2011) were
among the top hits. Likewise, growth factors (e.g.
pdgrfa), and heat shock and immunogenic responses
mediating factors (e.g. MHC1, HSPA14, UBA and UBB
families), as well as genes suggested to be tissue spe-
cific for morphogenesis such as gill and ureteric tract
development (Igrd4, wdr55), regulation of peripheral
blood cell formation (plg), oxygen transportation (hifla,
HBB) and urea transportation (utl) were identified as
potential candidates of divergence (see: Marshall &
Grosell 2006; Shikano et al. 2010b; for similar findings).
Nevertheless, given that only a conservative approach
to Fsr estimation is possible under the current study
design, it is not meaningful to try to statistically identify
outlier loci that would have putatively been under
selection pressure or experienced hitch-hiking with such
loci (e.g. Foll & Gaggiotti 2008). The reason is that the
derived information content is identical among all the
1567 loci that showed substantial evidence of diver-
gence, such that they would appear equally outlying in
terms of any applicable statistical test. Consequently, it
is not reasonable to ask which of them could actually
be explicitly considered as outliers. In the future, with
the aid of a sequenced reference genome for this species
(or if individual rather than pooled samples are used;
for example Limborg et al. 2012), it will be feasible to

perform detailed genome scans and map divergent loci
to gain insights towards the genomic regions on which
selection is acting.

The analytical approach we have used provides a
very conservative estimate of Fgr. Yet, the considerable
level of divergence — as compared to earlier studies
based on limited numbers of putatively neutral markers
— accords with the contention that at least part of the
observed divergence is likely to have been caused by
directional selection. For example, we estimated that
approximately 7.5% (117/1567) of the substantially
divergent loci do in fact represent genuine variation
that may be linked to directional selection. Similar
results were shown by Roberts et al. (2012), in which
6% (6/96) of the loci (a subset of 10 993 SNPs screened)
demonstrated substantial population differentiation
(Fst > 0.1) in the Pacific herring (Clupea pallasii). Like-
wise, 5.7% (16) of the 281 SNP loci screened in the glo-
bal study of the Atlantic herring were found to show
significant divergence (Limborg et al. 2012). Much like
the herring in the Baltic Sea, earlier microsatellite stud-
ies of Pacific herring also failed to find similar levels of
differentiation. Hence, one possible explanation for the
lack of correspondence with these earlier studies is the
larger number of loci (1 = 5985) screened in our study.
Yet, a recent study that screened 281 SNPs in five Baltic
Sea herring populations did not detect any significant
differentiation (Limborg et al. 2012). It is also possible
that some of the divergent SNPs in our data are tightly
linked, but as we used pooled data, we were unable to
estimate the linkage disequilibrium among these loci.
However, in the light of the BLAST results, it seems unli-
kely that linkage alone would explain the large number
of divergent loci in our results. Whatever the explana-
tion, we wish to emphasize that the derived Fsr esti-
mate should not be interpreted too literally as a direct
measure of gene flow, given both the restriction to only
two locations within the Baltic Sea and the limitations
imposed by the study design. Nevertheless, given our
limited sampling and conservative approach, it is
possible that we have even underestimated the general
degree of divergence among Baltic Sea herring
populations.

From the point of herring management in the Baltic
Sea, the results underline the need for further studies
and possible refinements in management practices. The
two populations in the focus of our study both belong
to the same herring fishery management unit (see Table
8.3.2.1 in ICES 2011), in which fishing mortality in rela-
tion to that producing maximum sustainable yield
(Fmsy) is considered to be above target level. In addi-
tion, harvesting is considered to be unsustainable in
relation to precautionary limits (ICES 2011) in this fish-
ery management unit. If one considers the high degree

© 2013 John Wiley & Sons Ltd
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of genetic heterogeneity within this management unit, it
implies that it is not necessarily a demographically and
biologically coherent unit, but in fact, perhaps a hetero-
geneous collection of divergent stocks. If so, there is a
clear mismatch between fisheries units and genetic
population structure, which can lead to biologically
unsound management of local stocks (Reiss et al. 2009).

Finally, although pooling of samples is shown to be a
sound approach to population genetic inference (e.g.
Baird et al. 2008; Futschik & Schlotterer 2010; Davey
et al. 2011), there is always a risk that some error is
introduced, for example in the case where some indi-
viduals within the pool failed to amplify. This possibil-
ity, combined with the effect of MAF, motivated our
sensitivity analyses to assess what fraction of the diver-
gent loci should be discarded to avoid inflating the
false-positive rate. Despite the relatively small (but com-
parable to that used in earlier studies; e.g. Jones et al.
2011; Feulner et al. 2012) number of sampled individu-
als per population, our analytical approach suggests
that the large number of loci that are derivable using
the RAD technology enables discoveries about biologi-
cally important variation both within and between spe-
cies, which has not been possible using the traditional
genotyping methods. That said, the SNP density recov-
ered in this study (ca. 1 SNP per kb) is substantially
lower than that discovered for instance in pooled sam-
ples of nine-spined sticklebacks (Pungitius pungitius;
1.93 SNP per kb; Bruneaux et al. 2012) or in three-
spined sticklebacks (Gasterosteus aculeatus; 21.8 SNP per
kb; Hohenlohe et al. 2010). However, these differences
are likely to reflect both biological and technical sources
of variation. For instance, the number of individuals
and populations screened in our study was substan-
tially smaller than that in the two above mentioned
studies. Nevertheless, although even small number of
individuals may suffice to get good estimates of degree
of population differentiation when the number of
screened markers is large (Willing et al. 2012), further
studies with larger sample sizes are clearly warranted
to get more confidence on the levels of genetic variabil-
ity and differentiation in the Baltic Sea herring. Like-
wise, we note that studies aiming to utilize SNPs
discovered in study should consider the fact that as
only two populations were used for discovery, ascer-
tainment bias might ensue.

In conclusion, our results provide evidence for exten-
sive heterogeneity in the levels of genetic differentiation
among Baltic Sea herring populations and suggest the
existence of hitherto unrecognized cryptic population
structuring within this species. This cryptic differ-
entiation is particularly noteworthy, as the two study
populations belong to the same herring fisheries man-
agement unit and are separated only by a relatively

short geographic distance. In general, our results high-
light the potential utility of second-generation sequenc-
ing technologies in identifying hidden structuring in
populations of marine fishes, which have traditionally
been viewed as genetically homogenous. When genome
sequences become more generally available for such
organisms, this will open numerous opportunities to
continue unravelling patterns of local adaptation and
divergence, offering valuable information both for man-
agement and conservation purposes in the future.
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