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INTRODUCTION

The capelin Mallotus villosus (Müller, 1776) is one of
the most abundant fish species in the sub-arctic
ecosystem. It plays a key role as an intermediary in
energy conservation from production at lower (zoo-
plankton) to higher trophic levels, e.g. whales, seals,
birds and other fish species (Wassmann et al. 2006). It
is, furthermore, important for commercial fisheries in
the Atlantic Ocean, with annual landings of 0.8–2.1 ×
106 t ,whereas landings in the Pacific Ocean are con-
siderable smaller (≤4000 t, Carscadden & Vilhjálmsson
2002).

Capelin is widespread throughout the sub-arctic
regions of the Pacific and Atlantic Oceans and it is rare
along the Arctic coasts of Russia and Canada. For
reviews of the distribution and general ecology of
capelin, we refer to Stergiou (1989), Gjøsæter (1998)
and Vilhjálmsson (2002). The marginal distribution of
capelin towards high latitudes is governed by sub-

arctic water circulations (Dunbar 1983). Hence, Ster-
giou (1989) attributed the discontinuous pattern of
capelin populations within the Arctic Ocean to survival
of relicts from warmer periods in the past. In this
regard, it is of note that rising sea temperatures will
enhance the dispersal and mixture of capelin popula-
tions in the Arctic Ocean, as has been observed within
the Pacific Ocean and the Barents Sea (Naumenko
1996, Gjøsæter 1998). Like other members of the
Osmeridae, capelin may undertake extensive spawn-
ing and feeding migrations (Gjøsæter 1998, Vilhjálms-
son 2002). Inshore capelin, e.g. capelin from Norwe-
gian fjords, West Greenland and Alaska, spend most of
their lives within a limited geographical area (Brown
2002, Friis-Rødel & Kanneworff 2002). Whether these
populations are reproductively isolated is not yet
known. Capelin displays one of 2 alternative reproduc-
tive modes; it spawns on the substratum either on the
beach or in deeper oceanic water (Carscadden et al.
1989, Stergiou 1989). The ocean-spawning capelin
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appear to be strictly semelparous (i.e. both sexes die
after a single reproductive event), whereas beach-
spawning capelin are both semelparous and itero-
parous (i.e. death after 2 or more reproductive events)
(Christiansen & Siikavuopio 1998, Gjøsæter 1998).
After hatching, the larval drift is directed by ocean and
wind-induced surface currents (Gjøsæter 1998). The
immature ocean capelin often migrate long distances
to find suitable feeding grounds, whereas local popula-
tions complete their entire life cycle in nearshore
waters and fjords (Brown 2002, Friis-Rødel & Kan-
neworff 2002, Vilhjálmsson 2002). Thus, it is first and
foremost the larval and immature stages of capelin that
have high potential for dispersal, though mature
capelin may also undertake spawning migrations
across vast geographical distances, e.g. the Barents
Sea capelin (Behrens et al. 2006).

Understanding of the circumpolar genetic popula-
tion structure of capelin is as yet fragmentary. The
genetic relationship of capelin populations within the
Pacific Ocean and between the Pacific and Atlantic
Oceans has not been investigated previously. Within
the Atlantic Ocean, the Newfoundland capelin can be
genetically discriminated from capelin in western
Greenland (Payne 1976), Iceland (Dodson et al. 1991),
and the Barents Sea (Dodson et al. 1991, Birt et al.
1995, Røed et al. 2003). Previous studies have failed to
resolve the genetic structuring of capelin on smaller
geographical scales, e.g. genetic differentiation of Bar-
ents Sea capelin from a local fjord population (Bals-
fjord) (Mork & Friis-Sörensen 1983) and between
ocean and beach spawning capelin from Newfound-
land (Dodson et al. 1991). However, Roby et al. (1991)
showed that capelin in the St. Lawrence estuary and
Gulf of St. Lawrence (eastern Canada) could be differ-
entiated into eastern and western populations using a
combination of morphometric and genetic methods.

The ecological and economical importance of
capelin clearly emphasizes the need for a better under-
standing of the genetic population structure of the spe-
cies and the mechanisms underlying its population
dynamics. Whereas previous studies on population
genetics of capelin have used polymorphic proteins
(allozymes) (Payne 1976, Mork & Friis-Sörensen 1983,
Sørensen & Simonsen 1988, Roby et al. 1991) and
mtDNA as genetic markers (Dodson et al. 1991, Birt et
al. 1995), a set of di- and tetranucleotide microsatellite
DNA markers has recently been developed for capelin
population discrimination (Røed et al. 2003, Gordos et
al. 2005). The advantage of microsatellite markers
compared to other genetic markers is that they are
putatively neutral and highly polymorphic, their co-
dominant alleles are easy to score, and they provide
more informative results than other markers (cf. e.g.
Sunnucks 2000). Here, we employ a selected set of the

new microsatellite markers to examine the genetic
population structure of capelin over its entire distribu-
tional range.

MATERIALS AND METHODS

Sample collection. A total of 1155 capelin was
analysed from 16 locations throughout the species’ dis-
tributional range (Table 1). The fish were collected by
trawling or shore seine. The samples consisted of the
heads, which were preserved in 96% ethanol, or of
whole specimens preserved frozen at –80°C. Alaskan
capelin (ALA, Table 1) was collected from several
trawl hauls within the Shelikof Strait off the Alaska
Peninsula. The trawl samples were pooled on board
the ship. Two samples of capelin were obtained from
the Northwest Pacific (Aniva Bay); one was collected at
a spawning beach, the other by pelagic trawling off the
coast of Aniva Bay. Samples were collected mainly at
or near spawning grounds and comprised exclusively
mature specimens. Capelin from Porsangerfjorden,
North Norway (POR) and Jan Mayen, Greenland Sea
(JMA and JMB) were sampled off the spawning
grounds, but specimens were still adult individuals.
Samples from Aniva Bay (ABA), Alaska (ALA), and
Isfjorden, Svalbard (IFJ) were mixtures of mature and
immature individuals. The sampling aimed at includ-
ing a minimum of 50 specimens from each location.
However, one sample from Jan Mayen (JMA), one
from Newfoundland (Middle Cove, NFO), and the
West Greenland (WGR) sample contained only 43, 31,
and 48 specimens, respectively.

DNA extraction and microsatellite amplification.
DNA was extracted from 1 to 3 gill arches using the
Proteinase K/salt-extraction protocol of Fevolden &
Pogson (1997). A total of 13 microsatellite loci was
arranged in 3 multiplex reactions (Table 2) using a
reaction volume of 10 µl. The amplifications of the
microsatellite loci were performed by polymerase
chain reaction (PCR) using a GeneAmp 2700 thermal
cycler (Applied Biosystems). The PCR contained 20 to
50 ng of template DNA, 1× PCR buffer (50 mM KCl and
10 mM TRIS-HCl), 1.5 mM MgCl2, 0.4 mM dNTP,
0.075 to 5.0 µM of each primer (Table 2), and 1 U
AmpliTaq DNA polymerase (Applied Biosystems). The
PCR profiles were identical for the 3 multiplexes and
consisted of an initial denaturation step at 95°C for
10 min, followed by 40 cycles of 95°C for 20 s, 56°C for
30 s, and 72°C for 1 min, followed by a final elongation
step of 10 min at 72°C. PCR products were mixed with
deionised formamide/GeneScan 500-LIZ size standard
(Applied Biosystems) and separated using an ABI 3100
automated sequencer (Applied Biosystems). The
alleles were scored using the software GeneMapper
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3.7 (Applied Biosystems). Each genotype was scored
twice by visual inspection and if inconsistency oc-
curred, a second person performed the scoring.

The software MICRO-CHECKER 2.2.3 (Van Ooster-
hout et al. 2004) was used to identify possible null
alleles, large allele drop-out, scoring of stuttering
peaks and possible typographic errors. The analysis
indicated that null alleles may be present at the loci
Mvi2, 22 and 31 and these were, therefore, omitted
from further analyses. No other loci showed signs of

possible null alleles. The locus Mvi3 was excluded
from the data analysis due to poor amplification suc-
cess. All other loci had high amplification and scoring
success (97 to 99%) (Table 2).

Data analysis. Samples from the same geographical
area that showed non-significant genetic discrepancy
were pooled to increase the statistical power (see
‘Results’). Basic statistics such as observed and ex-
pected heterozygosity, inbreeding coefficients, depar-
tures from Hardy-Weinberg equilibrium for each locus
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Locality General Code Sampling N Latitude Longitude Sample 
area device date

1 Aniva Bay, Sakhalin NW Pacific ABA Shore seine 55 N46° 35’ E143° 10’ 11/6-2003
Aniva Bay, Sakhalina NW Pacific Pelagic trawl 48 N46° 09’ E143° 20’ 29/6-2003

2 Alaska Peninsula, Alaskaa,b NE Pacific ALA Pelagic trawl 96 N55° 32’ W158° 02’ 14/9-2003

3 Bellevue Beach, Newfoundland NW Atlantic NFO Shore seine 49 N47° 38’ W053° 45’ Jul 2000
Middle Cove, Newfoundland NW Atlantic Shore seine 31 N47° 39’ W052° 42’ Jul 2000

4 Sarfanguaq, West-Greenland NW Atlantic WGR Shore seine 48 N66° 55’ W052° 59’ Jun 2003

5 Jan Mayen, Greenland Sea NE Atlantic JMA Bottom trawl 43 N70° 54’ W008° 04’ 17/2-2001

6 Jan Mayen, Greenland Sea NE Atlantic JMB Bottom trawl 59 N70° 35’ W008° 21’ 3/3-2001

7 Isfjorden, Svalbarda NE Atlantic IFJ Bottom trawl 96 N77° 52’ E010° 15’ 2/8-2000

8 Ingøy dypet, West Barents Sea NE Atlantic BSW Pelagic trawl 80 N71° 37’ E022° 25’ 25/2-2003
Hjelmsøy, West Barents Sea NE Atlantic Pelagic trawl 111 N71° 10’ E024° 49’ 17/3-2004
Nordkap, Barents Sea NE Atlantic Pelagic trawl 96 N71° 12’ E025° 34’ 17/3-2004

9 Vardø, East Barents Sea NE Atlantic BSE Pelagic trawl 96 N70° 18’ E031° 14’ 10/3-2005

10 Porsangerfjorden, Barents Sea NE Atlantic POR Bottom trawl 101 N70° 07’ E025° 09’ 4/10-2000

11 Varangerfjorden, East Barents Sea NE Atlantic VAR Bottom trawl 50 N70° 07’ E028° 38’ 10/3-1999

12 Balsfjorden, North Norway NE Atlantic BFJ Pelagic trawl 96 N69° 24’ E019° 02’ 30/3-2004
aSample contained a mixture of mature and immature specimens
bSample consisted of capelin collected at 6 different positions along the Alaska Peninsula within a 9 d period. The data given
here are the mean position and date

Table 1. Mallotus villosus. Details of 16 samples. Samples from the same area showing no genetic divergence were pooled, so that
a total of 12 samples was included in the statistical processing. Pooled samples are numbered in the furthest left column. Code 

refers to sample abbreviation used in text. Dates are day/month-year

Locus GenBank Mplx C (µM) Label S (%) S-R (bp) A He Fis FST RST ρRST (CI)

Mav-9 AY-291351 A 0.2 6-FAM 98 150–290 61 0.952 0.053 0.0061*** 0.0173* 0.0057 (–0.0020 – 0.0175)
Mav-17 AY-291353 B 5.0 PET 99 190–236 22 0.759 0.077 0.0552*** 0.0707 0.0513 (0.0005 – 0.1812)
Mav-38 AY-291355 B 0.5 6-FAM 99 125–175 26 0.844 0.038 0.0283*** 0.0384 0.0274 (0.0060 – 0.0595)
Mav-42 AY-291356 A 0.1 NED 98 102–132 16 0.588 0.073 0.0264*** 0.0406 0.0230 (0.0004 – 0.0547)
Mav-51 AY-291357 B 5.0 NED 98 144–212 28 0.735 0.151 0.0213*** 0.0059 0.0186 (–0.0012 – 0.0555)
Mav-62 AY-291360 B 0.75 PET 99 109–171 31 0.899 0.028 0.0060*** 0.0210** 0.0057 (–0.0015 – 0.0158)
Mav-81 AY-291361 B 0.63 VIC 99 116–132 8 0.333 0.128 0.1654*** 0.1289 0.2018 (0.0417 – 0.5192)
Mav-135 AY-291365 A 0.075 6-FAM 99 85–121 19 0.787 0.098 0.0837*** 0.1741 0.0799 (0.0054 – 0.2255)
Mvi5 AY-686623 A 0.7 PET 97 82–142 16 0.828 0.072 0.0362*** 0.1234* 0.0361 (0.0029 – 0.1102)

Table 2. Mallotus villosus. Details and standard diversity estimates for the various loci used. GenBank: accession number; Mplx:
multiplex; C: concentration of primer in multiplex; S: amplification success; S-R: observed size range (number of base pairs) of the
loci; A: number of observed alleles; He: expected heterozygosity; Fis: inbreeding coefficient; FST : fixation index; RST: observed
sum of squared size difference; ρRST: permutated RST with 95% confidence interval (CI). Asterisks indicate significance level for 

the permutation test and for the overall FST estimates (*p < 0.05; **p < 0.01; ***p < 0.001)
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and sample and tests for linkage disequilibrium were
calculated with GENEPOP 3.4 software (Raymond &
Rousset 1995). The number of alleles per locus and
average number of alleles and private alleles per sam-
ple were estimated using HP-RARE 1.0 software (Kali-
nowski 2005). The rarefaction procedure implemented
in the software was utilised for allelic estimates in the
samples. This procedure corrects for different sample
sizes and the estimation was standardised using the
smallest sample (80 genes). In order to determine the
appropriate evolutionary model for describing genetic
differentiation (IAM [infinite-alleles model] versus
SMM [stepwise mutation model]), an allele permuta-
tion test was performed as implemented by SPAGeDi
software (Hardy & Vekemans 2002) using 10 000 per-
mutations. Pairwise FST values (Weir & Cockerham
1984) between all samples were estimated and tested
for statistical significance (10 000 permutations) using
ARLEQUIN 3.01 software (Excoffier et al. 2005).
Sequential Bonferroni corrections were applied in all
multiple comparisons following Rice (1989). Two dif-
ferent methods were used to assess the power of the
statistical tests for population differentiation, an ap-
proach similar to that used by Paetkau et al. (2004) and
the procedure of Ryman & Palm (2006). Both methods
revealed power values close to 1 (≥0.94; details on data
processing available from the authors on request), pro-
viding strong support for the heterogeneity observed.

An assignment test was used to estimate scoring suc-
cess within samples using GENECLASS 2.0 software
(Piry et al. 2004). Assignment success was calculated
as the proportion of self-assigned individuals within
each sample. Principal component analysis (PCA)
performed by the software PCA-GEN 1.2.1 (available
at: www2.unil.ch/popgen/softwares/pcagen.htm) was
used to visualize the genetic structuring among sam-
ples. To estimate the assumed grouping of samples, 30
independent runs assuming number of populations (K)
from 2 to 6 were performed by STRUCTURE software
(Pritchard et al. 2000). The most likely (highest ln
Pr[X |K]) grouping was tested using pairwise non-para-
metric Wilcoxon signed rank statistics applying 10 000
Monte Carlo simulations to obtain the significance.
This information was utilised in a spatial analysis of the
molecular variance (SAMOVA) (Dupanloup et al.
2002) using FST as distance measure and 100 initial
conditions. The geographic positions used were those
listed in Table 1, except for the pooled stations for
which mean geographic positions were calculated for
each pooled sample. To overcome the geometric prob-
lems that arise when employing circumpolar geo-
graphical positions we plotted the sample positions
onto a map and drew a coordinate system upon it.
Then new arbitrary coordinates were obtained and
utilised in the SAMOVA analysis and in the subse-

quent identification of possible barriers (K = 4) to gene
flow. Computation of barriers was performed by BAR-
RIER 2.2 software (Manni et al. 2004), first using the
multi-locus FST matrix, and subsequently by calculat-
ing FST matrices for the 9 loci separately to obtain ‘con-
sensus barriers’.

RESULTS

Standard genetic measures

The allele permutation test showed that for 3 of the 9
loci, the observed RST values were significantly higher
than expected (Table 2). The IAM-based FST estimator
was therefore used for pairwise population compar-
isons. The 16 samples were compared pairwise by FST,
and samples from the same geographical localities that
showed non-significant genetic differences were
pooled to increase statistical power in the subsequent
analyses. The pooled samples were the 2 from Aniva
Bay (FST = 0.0059, p = 0.0187, non-significant after cor-
rection for multiple tests), the 2 from Newfoundland
(FST = 0.0001, p = 0.5834), and 3 from the western Bar-
ents Sea (BS_A/BS_B: FST = –0.0016, p = 0.9476;
BS_A/BS_C: FST = –0.0012, p = 0.8834; BS_B/BS_C:
FST = 0.0005, p = 0.3614) (see Table 1). A new pairwise
FST matrix was then calculated for the 12 pooled
samples (Table 3).

Standard genetic estimates such as average number
of alleles and private alleles, expected heterozygosities
and the inbreeding coefficient for each sample are
summarised in Table 4. Highest average numbers of
private alleles per sample were found in ALA (0.7),
BFJ (0.5), and WGR/BSE (0.4). Of 108 tests, 9 showed
departures from the Hardy-Weinberg equilibrium,
which is slightly above what is expected by chance.
Observed number of alleles, allele size range,
expected heterozygosity and variability observed for
each locus across all samples are shown in Table 2.
The overall estimates of FST per locus were in general
high (0.0213 to 0.1654), with the exception of Mav-9
(FST = 0.0061) and Mav-62 (FST = 0.0060). All estimates
were highly significant (Table 2). The test for linkage
disequilibrium revealed that 2 out of 432 tests demon-
strated possible linkage, which is well within what is
expected by chance.

Circumpolar genetic structure of capelin

The Pacific Ocean samples (ABA and ALA) dis-
played relatively strong and highly significant genetic
divergence (Table 3). Each of them seems clearly dis-
tinguished from samples within the Atlantic Ocean
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(FST = 0.055 to 0.117). Profound genetic differentiation
was also observed within the Northwest Atlantic (NFO
and WGR); the NFO sample was in fact significantly
different from all other samples (FST = 0.069 to 0.113).
Considerably lower, but highly significant, FST values
were calculated for pairwise comparisons between the
West Greenland sample (WGR) and the Northeast
Atlantic samples (Table 3).

Within the Northeast Atlantic, there was, in general,
less heterogeneity among samples, with the peculiar
exception that the 2 Jan Mayen samples (JMA and
JMB) differed significantly from one another (Table 3),
obscuring the genetic relationship between the Jan
Mayen capelin and the other Atlantic samples. The
JMA sample displayed significant FST values in pair-
wise comparisons with all other Atlantic samples. Con-
versely, the JMB sample, collected only 2 wk later and
in the same area, was not significantly different from

any of the samples from the Barents Sea (BSE, BSW) or
the 3 fjords in North Norway (BFJ, POR, and VAR), but
diverged from the Svalbard sample (IFJ) (Table 3). The
Svalbard sample, on the other hand, exhibited signifi-
cant FST values when compared to the Barents Sea and
Balsfjorden samples, but non-significant FST values
when compared to the 2 fjord samples from Finnmark
(POR and VAR). No significant divergence was ob-
served among the remaining Barents Sea samples
(BSE and BSW) and samples from the fjords of North
Norway (BFJ, POR, and VAR).

High self-assignment success was observed for the
Pacific samples (ABA and ALA) and those from the
Western Atlantic (NFO and WGR) compared with
samples collected in the Northeast Atlantic (Table 5).
In samples showing poor self-assignment success,
most individuals were assigned to neighbouring popu-
lations within the same geographical area. The princi-
pal component plot showed that the samples from the
Northeast Atlantic plus the West Greenland sample
clustered in one group whereas the samples from
Newfoundland, Alaska and Aniva Bay were segre-
gated (Fig. 1). Evidence that the samples could be clus-
tered into 4 groups was provided by the hierarchical
analyses in STRUCTURE and SAMOVA software
(Table 6). All the Atlantic samples, with the exception
of one from Newfoundland (NFO), were clustered into
one group. This 4-group structure was utilised to esti-
mate possible barriers to gene flow as illustrated in
Fig. 2. There was good agreement between barriers
estimated by means of the multi-locus FST matrix and
the single-locus FST matrixes.

DISCUSSION

In contrast to previous population genetic studies of
capelin, our samples cover the entire distributional range
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ABA ALA BFJ BSE BSW IFJ JMA JMB NFO POR VAR

ALA 0.039*** .–
BFJ 0.065*** 0.082*** .–
BSE 0.064*** 0.079*** 0.001 .–
BSW 0.055*** 0.075*** 0.002 0.002 .–
IFJ 0.071*** 0.096*** 0.009** **0.009*** 0.009*** .–
JMA 0.061*** 0.083*** 0.026*** *0.024*** 0.021*** 0.018*** .–
JMB 0.056*** 0.069*** 0.002 0.001 0.004 0.008** 0.025*** .–
NFO 0.113*** 0.113*** 0.074*** 0.069*** 0.079*** 0.094*** 0.103*** 0.073*** .–
POR 0.059*** 0.079*** 0.003 0.003 0.003 0.003 0.015*** 0.001 0.085*** .–
VAR 0.062*** 0.080*** 0.001 0.001 0.001 0.007 0.022*** 0.001 0.079*** –0.001 .–
WGR 0.087*** 0.117*** *0.023*** 0.022*** 0.027*** 0.013*** 0.015* 0.023*** 0.105*** 0.017*** 0.024***

Table 3. Mallotus villosus. Pairwise FST values between the samples included in the study (sample codes in Table 1). Significance 
level has been adjusted using sequential Bonferroni correction (Rice 1989). *p < 0.05; **p < 0.01; ***p < 0.001

Locality S (%) A Ar Ho He Fis

ABA 99 11 0.3 0.682 0.718 0.050
ALA 99 13 0.7 0.686 0.718 0.044
NFO 100 12 0.3 0.681 0.752 0.094
WGR 99 10 0.4 0.646 0.721 0.104
JMA 97 12 0.1 0.628 0.724 0.133
JMB 97 12 0.2 0.706 0.777 0.091
IFJ 100 12 0.3 0.666 0.729 0.086
BSW 99 12 0.3 0.718 0.761 0.057
BSE 98 13 0.4 0.689 0.784 0.121
POR 97 13 0.3 0.705 0.757 0.069
VAR 97 12 0.2 0.690 0.758 0.090
BFJ 100 13 0.5 0.733 0.771 0.050

Table 4. Mallotus villosus. Standard diversity estimates of 12
samples used. S: amplification success, A: average number of
alleles after rarefaction, Ar: average number of private alleles
after rarefaction, Ho: observed heterozygosity, He: expected
heterozygosity, Fis: Wright’s inbreeding coefficient. See 

Table 1 for localities
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of the species. The microsatellite analyses
clearly demonstrate that the circumpolar
capelin can be divided into 4 regional groups:
(1) West Pacific, (2) East Pacific, (3) Newfound-
land, and (4) Northeast Atlantic and West
Greenland. The structuring is supported by the
various statistical tests made herein. The PCA
(Fig. 1) showed that the samples from the
Northeast Atlantic and West Greenland clus-
tered into one group whereas the samples from
Newfoundland, Alaska, and Aniva Bay each
segregated into separate groups. The same
structuring was displayed by hierarchical
analyses in STRUCTURE and SAMOVA
(Table 6) and by delineating possible barriers
to gene flow (Fig. 2). Various genetic distance
measures were used to draw UPGMA and
Neighbour-Joining topologies, all displaying
support of the major structure revealed by the
PCA plot (authors’ unpubl. data).

The genetic isolation revealed for the above popula-
tions (ABA, ALA, and NFO) was not clearly reflected
by the presence of excessive numbers of private
alleles. The rarefaction procedure revealed that ABA,
ALA, and NFO contained an average of 0.3, 0.7, and
0.3 private alleles, respectively. In the other regional
groups, the average number of private alleles per sam-
ple varied from 0.1 to 0.5 (Table 4). Thus, the presence
of private alleles cannot be taken as evidence for pop-
ulation isolation in capelin. Nevertheless, there was
high self-assignment success for populations ABA,
ALA, and NFO (83 to 85%), which further supports the
result obtained by hierarchical analyses. The sample
from West Greenland (WGR) and samples within the
Northeast Atlantic showed self-assignment success
ranges of 11 to 40%, values which are lower than those
revealed by comparisons of distinct populations of
freshwater fishes (Sønstebø et al. 2007) and selected
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Origin % individuals assigned
ABA ALA BFJ BSE BSW IFJ JMA JMB NFO POR VAR WGR

ABA 83 5 0 1 1 0 6 1 0 1 1 1
ALA 4 83 1 3 0 1 1 1 1 1 3 0
BFJ 3 1 11 13 15 13 4 14 0 9 13 5
BSE 1 2 8 14 25 16 2 7 1 15 6 3
BSW 1 2 13 14 25 9 4 10 0 11 7 3
IFJ 2 0 11 16 7 22 5 8 0 13 6 9
JMA 2 2 7 2 12 7 26 2 0 21 2 16
JMB 0 5 12 10 14 8 3 19 0 8 17 3
NFO 1 0 3 3 0 0 1 3 85 1 4 0
POR 0 1 11 12 17 10 10 11 0 13 9 7
VAR 0 0 12 16 16 10 0 10 0 10 18 8
WGR 0 0 8 6 8 8 10 4 0 8 6 40

Table 5. Mallotus villosus. Percentages of correctly self-assigned individuals within each sample (bold) and individual fish 
assigned to other samples. Origin: actual origin of individuals sampled. See Table 1 for sample codes

NFO

WGR
IFJ
POR

JMA

VAR
BSW

BFJ
BSE
JMB

ABA

ALA

PC1 45.1%

P
C

2 
27

.1
%

Fig. 1. Mallotus villosus. Principal component analysis (PCA)
plot of the genetic structuring among samples. PC1 and PC2
explain 45.1% and 27.1% of the total variation, respectively. 

Sample codes in Table 1

K Mean ln Mean FCT FSC Inferred groups
Pr(X|K) rank

2 –41779.28 53.78 0.0595 0.0311 (3), (1, 2, 4–12)
3 –41609.97 91.52 0.0632 0.0201 (2), (3), (1, 4–12)
4 –41505.57 96.62 0.0678 0.0079 (1), (2), (3), (4–12)
5 –41762.33 85.48 0.0633 0.0062 (1), (2), (3), (5), (4, 6–12)
6 –47658.04 50.10 0.0607 0.0037 (1), (2), (3), (4), (5), (6–12)

Table 6. Mallotus villosus. Summary of combined results from STRUC-
TURE software for inferring K populations among the 12 pooled samples
(see numbering in Table 1), where the most likely grouping was esti-
mated by 30 independent runs and tested using pairwise non-paramet-
ric Wilcoxon signed rank statistics (mean rank) and the corresponding
spatial analyses of molecular variance (SAMOVA) based on allele iden-
tity (FST) differences at each K. The bold values represent situations of K
where ln Pr(X|K) was greatest (lowest negative value), highest mean
rank score and where the variation between groups (FCT) was 

maximised and the variation within groups (FSC) was minimised
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marine fish, e.g. Atlantic cod Gadus morhua (Nielsen
et al. 2001). Our estimates, however, correspond well
with recent reports on marine fishes that have a high
potential for dispersal (Gilbert-Horvath et al. 2006,
O’Leary et al. 2007). None of these authors suggests
implicitly that the failure to correctly assign individuals
to their native population arises from the biological
dynamics of these species. However, the combination
of highly mobile individuals and huge population sizes
within a relative small geographical area must induce
admixture and thus lower the success of self-assign-
ment within each sample. The results obtained here
represent an example of the suggested mechanism. All
samples from North Norway (both fjord and ocean
capelin) had most of their individuals assigned to
neighbouring populations (compare e.g. BFJ, BSE,
BSW, VAR, and POR; Table 5). The spawning grounds
used by the Barents Sea capelin may shift between
eastern and western locations from year to year

(Gjøsæter 1998). As a consequence, samples collected
from different geographical locations in different years
might comprise individuals (or offspring) originating
from the same population. On the other hand, low self-
assignment success by itself does not prove genetic
similarity of populations. JMA and BSW had assign-
ment estimates of 25 and 26% (Table 5), respectively,
but a highly significant pairwise FST of 0.021 (Table 3).
The majority of the individuals within each of these
samples were more likely to be assigned to populations
with the closest genetic resemblance. This shows that
low self-assignment success does not necessarily
reflect genetic homogeneity as evident from hierarchi-
cal estimates, and points to the importance of carefully
inspecting the assigned individuals within each
sample.

The samples analysed were collected over a period
of 6 yr, close to the lifespan of capelin. We admit that
the long sampling period cannot be excluded as a
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Fig. 2. Mallotus villosus. Genetic barriers to gene flow among the 12 circumpolar samples of capelin as identified by BARRIER
software using the Monmonier algorithm. Dashed lines: Delauney triangulation; thin dark gray lines: Voronoi tessellation; thick
black lines: barriers of gene flow revealed by the overall FST matrix; gray bars: ‘consensus barriers’ estimated from single loci FST

matrices. Letters indicate the importance of barriers where (A) is the strongest and (D) is the weakest. Numbers and thickness
of the gray bars indicate number of times the barrier appears in the calculation. Sample codes in Table 1
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contributory factor to the structuring revealed in our
samples, e.g. within the Northeast Atlantic, for reasons
given above. We believe that the circumpolar genetic
population structure revealed is not confounded by
sampling procedures. Given the generally huge popu-
lation sizes of capelin, genetic drift is also considered
an unlikely contributor to the structure revealed.

Genetic differentiation between the Pacific and
Atlantic Oceans

The genetic divergence revealed between capelin in
the Pacific and Atlantic Oceans supports earlier mor-
phological comparisons of the species from these 2
ocean basins (Stergiou 1989 and references therein).
Although capelin is capable of long-distance migra-
tions (Behrens et al. 2006), mixing of specimens be-
tween the 2 oceans, i.e. along the coasts of Arctic
Canada and Russia seems unlikely since capelin is
rarely encountered in high Arctic waters (Stergiou
1989). On the other hand, a rise in sea temperature
induced by global warming is likely to extend the geo-
graphical distributional range into the Arctic (Dunbar
1983), altering the migration pattern and enhancing
geneflow between the Pacific and Atlantic Oceans.

Genetic differentiation within the Pacific Ocean

Highly significant genetic divergence was detected
between the samples from the eastern and western Pa-
cific Ocean, and a high assignment success for both re-
gions indicates minimal gene flow between the popula-
tions. The hierarchical analyses (STRUCTURE and
SAMOVA) and BARRIER also suggested a division of the
Pacific capelin into 2 separate groups (Table 6, Fig. 2).

Capelin are distributed evenly across the Bering Sea
(Brodeur et al. 1999), so dispersal between the eastern
and western Pacific is possible. Other studies have re-
ported that the lifestyle of the Pacific capelin induces a
separation into populations over small and large geo-
graphical scales (Naumenko 1996, Brown 2002, Ve-
likanov 2002). Hence, Velikanov (2002) was able to
identify at least 4 reproductive units of capelin around
Sakhalin Island on the basis of biological parameters
and spatial distributions. Similar observations were re-
ported by Naumenko (1996) within the western Bering
Sea. Our results provide support for these earlier stud-
ies on a large geographic scale, and suggest that a more
refined sampling programme is needed to resolve the
genetic structure of the Pacific capelin on smaller geo-
graphic scales. In particular, sampling across the Bering
Sea would provide useful information on mixing of the
eastern and western Pacific capelin.

Genetic differentiation within the Atlantic Ocean

Within the Atlantic Ocean, there is little doubt that
the Newfoundland capelin population is genetically
differentiated from capelin in the remainder of the
Atlantic Ocean. The Newfoundland capelin showed
strong differentiation from the remaining part of the
Atlantic Ocean in all statistical comparisons. This is in
agreement with previous, but less extensive, popula-
tion genetic studies (Payne 1976, Dodson et al. 1991,
Birt et al. 1995, Røed et al. 2003).

Significant differentiation was observed between
capelin from West Greenland and the remaining sam-
ples within the Atlantic Ocean, although the hierarchi-
cal analyses grouped this sample with capelin from the
Northeast Atlantic Ocean (Table 6, Fig. 2). Capelin is
abundant along most of the West Greenland coast and
up to Scoresby Sound on the Greenland east coast,
where mixing with the Northeast Atlantic capelin pop-
ulations may occur. Allozyme analysis showed that
capelin from West Greenland may be composed of
several genetically distinct populations (Sørensen &
Simonsen 1988), but there is as yet no information
available about the genetic relationship between
capelin from West and East Greenland. However, the
grouping of capelin from West Greenland with popula-
tions in the Northeast Atlantic indicates that gene flow
may occur between these populations. This may be
possible due to the spatial overlap between the East
Greenlandic and Icelandic capelin (Friis-Rødel & Kan-
neworff 2002), and also by the prevailing oceano-
graphic features west and north of Iceland (Vilhjálms-
son 2002).

The possible divergence of capelin within the North-
east Atlantic Ocean remains less conclusive. None of
the hierarchical tests showed evidence for any particu-
lar genetic structuring. The samples collected within
the Barents Sea and the adjacent fjords in northern
Norway did not differentiate. This indicates that exten-
sive mixing takes place either at the feeding grounds
or during larval drift from the spawning sites. Hence,
several fjords in northern Norway (Balsfjorden, Por-
sangerfjorden, and Varangerfjorden) hold capelin all
year round, and they may mix with the oceanic capelin
during the spawning in spring.

Interestingly, the waters around Svalbard have pre-
viously been described as a potential feeding area for
the Barents Sea capelin (Gjøsæter 1998), but the pre-
sent data indicate that the capelin in Isfjorden can be
considered as a differentiated population. Further-
more, the significant divergence between the Isfjorden
sample and the 2 samples off Jan Mayen suggests that
mixing of capelin between Svalbard and the Northeast
Atlantic is modest. The peculiar difference between
the 2 Jan Mayen samples remains intriguing. The geo-
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graphical location of the island is such, however, that
migration of capelin seems possible both from more
westerly (Greenland, Denmark Strait, Iceland) and
easterly populations (central Barents Sea). A compar-
able divergence between 2 locations around Jan
Mayen was reported for the deep sea shrimp Pandalus
borealis (Martinez et al. 2006), indicating the presence
of different hydrographical regimes within the Jan
Mayen region.

There are few other genetic studies of marine organ-
isms in the Northeast Atlantic with a distribution com-
parable to that of capelin. The Iceland scallop Chlamys
islandic and deep sea shrimp are benthic as adults but
have long-lived planktonic larval stages. Thus, their
distribution and dispersal capacity are very much
dependent on passive transport by prevailing oceano-
graphic currents, and as such compare to the early life
history of capelin. Populations of C. islandica in the
Northeast Atlantic were suggested to be at least par-
tially isolated from one another, and restricted gene
flow was considered a likely contributor to the ob-
served genetic structure in allozyme frequencies
(Galand & Fevolden 2000). Populations from Iceland
and Jan Mayen, together with one north of Svalbard,
were more similar to one another than they were to
populations from the coast of northern Norway, the
central (Bear Island) and eastern (Kapp Kanin) Barents
Sea. In contrast, deep sea shrimp showed no signifi-
cant heterogeneity at allozymic loci in a large number
of samples from within the Barents, Svalbard and Jan
Mayen waters (Drengstig et al. 2000). Genetic differ-
ences were found, however, between the Norwegian
fjords and the Barents Sea, probably due to restricted
gene flow between fjords and the open sea (Drengstig
et al. 2000). RAPD analyses of a similar sample set also
showed Jan Mayen shrimp to be different from the
remaining Barents Sea samples (Martinez et al. 2006).
The various scenarios seen for the Iceland scallop,
deep sea shrimp, and capelin, all from the same geo-
graphical region, reflect the complex interactions
between the duration of planktonic stages, dispersal
capacity, and oceanographic features of the Northeast
Atlantic. Thus, genetic structuring of capelin within a
system as complex as the Northeast Atlantic Ocean
cannot be ruled out. The microsatellite data, as yet,
have given only qualified support for the true nature of
this structuring.

It is noteworthy that the genetic structuring of
capelin was revealed only over large geographical
scales and not between populations displaying dif-
ferent reproductive modes, i.e. beach versus ocean
spawners within geographical regions. Only from
North Norway did we collect samples that allowed
possible comparison of genetic differentiation between
beach and ocean spawners (BFJ versus BSW and BSE).

None of the statistics showed any indication of genetic
divergence between those samples, providing no evi-
dence of a genetic component to the reproductive
mode. This is in accordance with earlier studies of
capelin in Norwegian waters (Mork & Friis-Sörensen
1983) and in the Northwest Atlantic Ocean (Dodson et
al. 1991).

Based on mtDNA studies, Dodson et al. (1991 and
Birt et al. (1995) reported a divergence between a
western and an eastern clade of capelin in the Atlantic.
Using an evolutionary rate of 2% nucleotide substitu-
tion per million yr (based on estimates in birds and
mammals), Dodson et al. (1991) found that the 2 clades
diverged 1.75 million yr ago (mya). By applying the
same nucleotide substitution rate in the sequence
divergence estimates obtained by Birt et al. (1995), we
calculated the times of divergence to be 2.84 mya (their
RFLP data) and 0.95 mya (sequencing of cytochrome-
b). However, divergence times obtained from molecu-
lar clocks must be considered imprecise when using
estimates from other species (Pulquério & Nichols
2007, Xu et al. 2006). Moreover, various molecular
methods may differ up to 20-fold in estimates of evolu-
tionary event timing (Pulquério & Nichols 2007). The
divergence time between the 2 suggested capelin
clades (see above) varies 3-fold. Since the data have
not yet been compared with fossil records, reported
time estimates of the evolutionary rate for capelin must
be considered provisional, at best. Due to the effect of
sequence saturation, the suggested time of divergence
may be overestimated (cf. Arbogast et al. 2002).
Microsatellite data have been less frequently used for
estimates of molecular clocks than mtDNA. Almeida et
al. (2005) presented a formula for estimating diver-
gence time of populations based on microsatellites
using the distance δµ2, which take into account the
SMM. The allele permutation (see above) showed that
our data follow IAM, not SMM, and is inappropriate for
our data. Thus, the evolutionary history of capelin has
yet to be revised.

Management implications

Capelin displays a vast phenotypic plasticity in life
history traits (Stergiou 1989). However, phenotypic
plasticity does not necessarily reflect genetic structur-
ing in fishes (Conover et al. 2006). Knowledge of the
genetic population structure is a prerequisite for any
sustainable management of exploited fishes and a
genetically based fisheries management has started
to emerge e.g. for the Atlantic cod Gadus morhua
(O’Leary et al. 2007, Westgaard & Fevolden 2007). The
general biology and trophic ecology of capelin are well
studied (e.g. Gjøsæter 1998). This is in marked contrast
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to the genetic information, which is still scarce and
fragmentary and, consequently, present management
practices employed for capelin are based solely on eco-
logical peculiarities of stocks rather than population
genetic structuring (Gjøsæter 1998). 

In conclusion, we present the first large-scale over-
view of the genetic structuring in capelin throughout
its distributional range and identify 4 geographic
regions each with genetically distinct populations. The
development of genetic tools is growing fast and fur-
ther investigations into the genetic structuring of
capelin should address small-scale variations within
the geographic regions we have identified and, in par-
ticular, the relationship between evolutionary process
and reproductive modes, i.e. beach versus ocean
spawners.
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