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Abstract

Compared with many terrestrial and freshwater environments, dispersal and interbreeding
is generally much less restricted in the marine environment. We studied the tendency for a
marine species, the Atlantic cod, to be sub-structured into genetically differentiated popu-
lations on a fine geographical scale. We selected a coastal area free of any obvious physical
barriers and restricted sampling to a 300-km region, well within the dispersal ability of this
species. Screening 10 polymorphic microsatellite loci in 6 samples we detected a weak, but
consistent, differentiation at all 10 loci. The average 

 

F

 

ST

 

 over loci was small (0.0023) but
highly significant statistically, demonstrating that genetically differentiated populations
can arise and persist in the absence of physical barriers or great distance. We found no geo-
graphical pattern in the genetic differentiation and there was no apparent trend of isolation
by distance along the coastline. These findings lend support to the notion that low levels
of differentiation are due to passive transport of eggs or larvae by the ocean currents rather
than to adult dispersal, the latter being strongly dependent on distance.
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Introduction

 

Populations constitute interbreeding units with more or
less autonomous dynamics and recruitment. In terrestrial
and freshwater environments, populations are often well
defined and distinct from each other, often separated
physically by barriers to mixing and interbreeding (see,
e.g. Avise 2000 for an extensive review). In the marine
environment, in contrast, physical barriers are often absent
and the continuous water instead represents a potential
means for dispersal, favouring intermixing of individuals
over the species range. Tides and ocean currents may
further act to mix passively drifting organisms, primarily
eggs and larvae, over appreciable distances (see Palumbi
2001). For these reasons, distinct populations are more
difficult to detect in the marine environment and for
many marine organisms it is unclear to what degree
distinct populations exist at all, or whether they are
organized into larger panmictic units (McQuinn 1997). The
distinction is crucial, in particular for heavily exploited

organisms such as many marine fish, because recruitment
and sustainability are properties of the population. Failure
to identify the population could lead to local over-
exploitation and subsequent decline, as has become
abundantly clear in recent decades (e.g. Atlantic cod in
Alaska, Hutchings 2000, and along the Swedish west coast,
Svedäng 

 

et al

 

. 2001).
Genetic markers are valuable tools for analysing popu-

lation structure (see, e.g. Utter 1991 for a historical review
of the application of genetic markers to fish populations).
By characterizing the geographical distribution of allele or
haplotype frequencies, population sub-structuring can be
detected and local populations identified. Such applica-
tions of genetic markers have been very successful in
uncovering cryptic population structure in freshwater
(Allendorf 

 

et al

 

. 1976; Jorde & Ryman 1996; Carlsson 

 

et al

 

.
1999) and marine fish (Nesbø 

 

et al

 

. 2000; Ruzzante 

 

et al

 

.
2000; Hutchinson 

 

et al

 

. 2001). The use of genetic markers
for population delineation requires a detectable level of
genetic differentiation, however, and this has presented
problems in studies of many marine organisms (Ward 

 

et al

 

.
1994). In the marine environment many studies have failed
to detect statistically significant population structuring
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because of low differentiation, especially over small geo-
graphical distances (e.g. in cod see, Árnason 

 

et al

 

. 1992;
Gjøsæter 

 

et al

 

. 1992). Low levels of differentiation in marine
organisms are most likely due to extensive gene flow
(Waples 1998; Avise 2000) and do not necessarily imply
that structuring does not exist, but that more powerful
means are required to detect them (see Waples 1998 for a
general discussion). Marine organisms, even if weakly
differentiated on a small geographical scale, often show
evidence of differentiation over larger distances, probably
because the long distance acts as an isolation mechanism.

Here, we address the question whether marine species
tend to form distinct populations when such structuring is
not forced upon the organism in the form of physical bar-
riers or great geographical distances. We chose the Atlantic
cod as a model organism and focus on a geographical scale
well within the dispersal ability of the species (Løversen
1946; Danielssen & Gjøsæter 1994). Any differentiation at
such a restricted geographical scale may be interpreted as
an innate tendency for population sub-structuring and not
just a consequence of external forces. We use microsatellite
DNA, which has proven effective in uncovering popula-
tion sub-structuring over larger areas in other parts of the
species’ range (Bentzen 

 

et al

 

. 1996; Ruzzante 

 

et al

 

. 1996,
2000, 2001; Hutchinson 

 

et al

 

. 2001; Nielsen 

 

et al

 

. 2001).

 

Materials and methods

 

The study species

 

The Atlantic cod (

 

Gadus morhua

 

) is one of the commercially
most important marine fish in the world (FAO 2000). It has
a wide geographical distribution in continental shelf
waters in the North Atlantic, extending northward to
Spitsbergen, Disco Bay and Labrador, and southwards to
Cape Hatteras and the Bay of Biscay. To the east, cod also
enters the Baltic Sea.

Atlantic cod display a wide range of mobility behaviours
with regards to breeding, from long-distance spawning
migration of oceanic cod to stationary coastal cod. While
largely stationary, coastal cod may migrate appreciable
distances (several hundred kilometres: Danielssen &
Gjøsæter 1994). Spawning along the coast usually takes
place from January to April, depending on seawater tem-
perature. A female cod can produce in excess of one million
eggs, distributed over multiple spawning events. The eggs
hatch after two or three weeks and the larvae stay in the
water column where they feed on zooplankton. Around
May–June the larvae metamorphose into small fish (juve-
niles), which settle on the bottom of the nursery grounds
when they are 

 

≈

 

 3–5 cm long and are then referred to as the
0-group.

Maturation starts around 2 years of age when the cod is

 

≈

 

 35 cm and the 2-year-old fish constitute > 50% of the

spawning stock (Gjøsæter 

 

et al

 

. 1996). Annual survival is

 

≈

 

 0.5, and < 2% of 1-year-old cod survive to reach 6 years or
more. The generation length is 

 

≈

 

 3 years.

 

The study area

 

We chose to study cod along the Norwegian Skagerrak
coast (Fig. 1). The choice was motivated, in part, to aid the
statistical analysis of a seine haul data set that have been
collected in this area for a long time (below) (Chan 

 

et al

 

.
2003). The Skagerrak is an ocean basin extending from
the North Sea and is delineated by the landmasses of
Denmark, Sweden and Norway (Fig. 1). Within the basin,
the ocean current flows in a loop along the coastline
(Danielssen 

 

et al

 

. 1997). The Norwegian Skagerrak coast is
characterized by numerous small islands and skerries and
with fjords typically extending a few kilometres inland.
Cod is common along the entire coast, and we selected six
roughly equidistant (

 

≈

 

 60 km apart) sites covering some
300 km of coastline (Fig. 1). Samples of 

 

≈

 

 100 adult Atlantic
cod were collected from each site (from west): Høvåg,
Bjelland, Risør, Grenland, Oslo and Fredrikstad. Sampling
with gill nets was carried out during the spawning season
(January–March 2000), near presumed spawning sites,
with the help of local fishermen. All sampled cod were
aged, sexed, weighed, measured and assigned to a sexual

Fig. 1 Map of the sampled region along the Skagerrak coast. The
positions of the six sampling sites are identified by solid circles
and the location of the Institute of Marine Research, Flødevigen
Research Station by an open circle. The curved arrow shows the
predominant ocean current, and indicates a possible route for the
passive drift of eggs and larvae.
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maturity index (according to Fotland 

 

et al

 

. 2000). White
skeletal muscle was taken from each individual and stored
in 96% ethanol until genetic analysis.

A cod hatch-and-release programme had previously
been in operation in the general study area in an attempt
(largely unsuccessful as it turned out: Chan 

 

et al

 

. 2003) to
increase the coastal cod stock. In total, the programme
lasted almost 90 years (from the 1880s to 1971) and
included the release of 7 billion yolk sac larvae. As brood-
stock for the released fish, several hundred adult cod were
captured annually in the vicinity of the Flødevigen
Research Station (cf. Fig. 1) and put together in an enclosed
salt-water basin where spawning occurred at random.
Hatching larvae from the basin were thereafter released
along the Norwegian Skagerrak coastline (Solemdal 

 

et al

 

.
1984; Smith 

 

et al

 

. 2002). An ongoing monitoring pro-
gramme using systematic beach seine hauls was initiated
early in the 20th century (annually since 1919) in order to
study the effects, if any, of fry releases on the natural cod
stock (Gjøsæter 

 

et al

 

. 2002).

 

Genetic analysis

 

DNA from individual cod was extracted from muscle
tissue using the DNEASY kit (Qiagen). Polymerase chain
reaction (PCR) amplification of 10 microsatellite loci
was carried out using a PCT-100 machine (MJ-Research),
following published descriptions with only slight modi-
fications. The following loci were screened: 

 

Gmo2

 

 and 

 

Gmo132

 

(Brooker 

 

et al

 

. 1994); 

 

Gmo3

 

, 

 

Gmo19

 

, 

 

Gmo34

 

, 

 

Gmo35

 

, 

 

Gmo36

 

 and

 

Gmo37

 

 (Miller 

 

et al

 

. 2000); and 

 

Tch12

 

 and 

 

Tch13

 

 (O’Reilly

 

et al

 

. 2000). Microsatellite DNA fragments were separated
on an ALFexpress II automatic sequencer (Amersham
Pharmacia Biotech). Genotypes were scored independ-
ently by two people. Any deviating scores were reanalysed,
using new PCR products, and dismissed if a consistent
scoring could not be obtained after three or four attempts.
Alleles were designated according to size (number of
nucleotides), determined by comparison with standard
fragments of various sizes (Amersham Pharmacia Bio-
tech), and corrected for bias as described by Jorde 

 

et al

 

.
(unpublished).

 

Statistical analysis

 

Allele and genotype frequencies were estimated from
samples by gene counting. Deviations from Hardy–
Weinberg genotype proportions were estimated as 

 

F

 

IS

 

 (Nei
& Chesser 1983) and the null-hypothesis of 

 

F

 

IS

 

 = 0 was
tested at each locus with an exact test (Guo & Thompson
1992). We further investigated heterozygosity excesses and
deficiencies separately (with one-sided tests), using the
score test in 

 

genepop

 

 (Version 3.1d; Rousset & Raymond
1995b).

We tested the null-hypothesis of one single population
occupying the Skagerrak coast by testing for allele fre-
quency heterogeneity among the six samples. Because
of potential statistical problems associated with the
large number of alleles at most microsatellite loci, many
occurring at low frequencies, we applied several standard
statistical tests. These include the contingency 

 

χ

 

2

 

 test, the
log-likelihood test (

 

G

 

-test; Sokal & Rohlf 1981), and an
exact test for allele frequency differences (Raymond &
Rousset 1995a). When testing the joint hypothesis of no gen-
etic differentiation at any locus we combined the single-locus
statistics by summarizing the 

 

χ

 

2

 

 and 

 

G

 

-values as recom-
mended by Ryman & Jorde (2001) and by summariz-
ing twice the negative logarithms of the exact test 

 

P

 

-values
(Fisher 1950). The joint hypothesis was also tested using 

 

F

 

ST

 

(below). For each individual we also calculated the likeli-
hood of it belonging to each of the sample sites on the basis
of its multilocus genotype, using the jackknifed ‘leave one
out procedure’ in the 

 

whichrun

 

 4.1 software by Banks &
Eichert (2000). We compared the proportion of individuals
assigned to the site of capture with the proportions
assigned to different sites.

Amounts of genetic variation were estimated both as the
observed number of alleles at each locus and as average
gene diversities within (

 

H

 

S

 

) and among (

 

H

 

T

 

) samples (Nei
& Chesser 1983). The level of genetic differentiation among
samples was characterized using Wright’s 

 

F

 

ST

 

, with Weir &
Cockerham’s (1984) estimator 

 

θ

 

 as calculated using the

 

genepop

 

 software. We tested the null-hypothesis of no spa-
tial structure (i.e. average 

 

F

 

ST

 

 = 0) by a permutation test,
whereby all individuals were reassigned to a sample at
random, and 

 

θ

 

 recalculated for the rearranged data set.
Permutations were carried out for each locus separately,
and for all loci simultaneously (i.e. by permutating the
arrays of 10 genotypes representing individuals). Permuta-
tions were repeated 10 000 times, and the probability of the
null-hypothesis was taken as the proportions of replicates
that yielded an estimate (

 

θ

 

) of 

 

F

 

ST

 

 that is as high, or higher
than, the observed value. To check that the observed 

 

F

 

ST

 

reflects an actual spatial differentiation, and is not con-
founded by temporal heterogeneity, we estimated the
temporal component (

 

F

 

MS

 

) between immature (sexual
maturity index 1) and mature cod (sexual maturity index 2
or larger) within sites, again using Weir & Cockerham’s
(1984) estimator 

 

θ

 

. The null-hypothesis of no temporal
heterogeneity (

 

F

 

MS

 

 = 0) was tested with 

 

genepop

 

 using the
exact test for allele frequency heterogeneity within each
site.

A possible geographical pattern in the distribution
of genetic variability was analysed using two different
approaches. First, we estimated 

 

F

 

ST

 

 (Weir & Cockerham
1984) between each pair of samples (15 pairs) and used
these pairwise estimates to calculate the relationship
between genetic differentiation and geographical distance,
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by regressing 

 

F

 

ST

 

/(1 

 

−

 

 

 

F

 

ST

 

) against the logarithm of geo-
graphical distance (Rousset 1997). Second, we calculated
genetic distances (

 

D

 

A

 

: Nei 

 

et al

 

. 1983) among sample pairs
(see Takezaki & Nei 1996 for a discussion on alternative
distance measures), and used these genetic distances to
construct a phylogenetic tree among samples, using the

 

upgma

 

 method. The topology of the resulting tree was
tested for robustness by bootstrapping over loci (5000 rep-
licates), using 

 

poptree

 

 software (N. Takezaki, unpub-
lished; ftp://ftp.nig.ac.jp/pub/Bio/njbafd/dos/).

 

Results

 

In total, 611 individual cod from 6 localities were
genotyped at 10 microsatellite loci. The amount of genetic
variability within sites, as judged by average gene
diversities (

 

H

 

S

 

) and average number of alleles per locus (

 

a

 

),
was very similar among sites (Table 1). There were large
differences among loci, however, and for the total material,

 

H

 

T

 

 ranged from 0.196 at locus 

 

Gmo3

 

 to 0.914 at loci 

 

Gmo19

 

and 

 

Tch13

 

, and the total number of alleles varied from 4
(

 

Gmo36

 

) to 38 (

 

Tch13

 

) (Table 2). These values are close to
those found in other samples of cod at the same loci (cf.
Bentzen 

 

et al

 

. 1996; Miller 

 

et al

 

. 2000; Ruzzante 

 

et al

 

. 2000;
Beacham 

 

et al

 

. 2001; Bekkevold 

 

et al

 

. 2002).
There was a slight overall tendency for deficiencies

of heterozygotes within sites compared with Hardy–
Weinberg genotype proportions (Table 1). Of the total 60
estimates of 

 

F

 

IS

 

 (i.e. at 10 loci from each of 6 sites), 32 were
negative (representing heterozygote excesses) and 28 were
positive (heterozygote deficiencies). The positive 

 

F

 

IS

 

 values
were, on average, slightly higher than the absolute of the
negative values, resulting in a positive (but nonsignificant)
average 

 

F

 

IS

 

 = 0.0078 over all sites and loci. Seven of the 60
single-locus tests for Hardy–Weinberg genotype propor-
tions were statistically significant at the 

 

α

 

 = 0.05 level (one-
sided tests), representing six deficiencies and one excess of

heterozygotes. The deficiencies refer to two loci in the sam-
ple from Bjelland and one locus in each of Høvåg, Risør,
Grenland and Fredrikstad, whereas a single excess of
heterozygotes was observed in the sample from Oslo
(Table 1). All significant deviations, in either direction,
occurred at three loci only (

 

Gmo19

 

, 

 

Gmo34

 

 and 

 

Gmo132).
Testing jointly over all 10 loci, however, no sample devi-
ated significantly from Hardy–Weinberg proportions
(two-sided tests), although the sample from Fredrikstad
was nearly significant (P = 0.076). At this site, 9 of the 10
loci showed heterozygote deficits, but this was significant
only at locus Gmo19 (Table 1). Pursuing this further, we
find that deviations from Hardy–Weinberg genotype pro-
portions at this site are most pronounced in adult cod aged
3 years and older (35 individuals), possibly indicating

Table 1 The sampled localities and summary statistics for genetic variability within sites. HS is the estimate of gene diversity, a is the
average number of alleles per locus; FIS measures deviation from Hardy–Weinberg genotype proportions (P-values for two-sided tests).
Also indicated are the loci that appear to have excesses and deficiencies of heterozygotes, representing significant single locus tests in the
corresponding direction (one sided tests: *P < 0.05; **P < 0.01; ***P < 0.001)

Sample 
site

Sample 
size

Average 
HS

Average 
a

Deviations from Hardy–Weinberg proportions

Average 
FIS P-value

Excess of 
heterozygotes

Deficiency of 
heterozygotes

Høvåg 100 0.687 12.7 −0.0019 0.183 6 4Gmo34*
Bjelland 92 0.692 13.3 0.0163 0.289 5 5Gmo132*,Gmo19**
Risør 101 0.691 13.1 −0.0038 0.390 8 2Gmo19*
Grenland 100 0.668 12.8 0.0085 0.482 5 5Gmo34*
Oslo 109 0.679 13.5 −0.0033 0.225 7Gmo132* 3
Fredrikstad 109 0.684 13.3 0.0313 0.076 1 9Gmo19***
Average 0.684 13.1 0.0078 0.149 5.3 4.7

Table 2 Amount of gene diversity within (HT, a) and among (FST)
sample sites. The P-values refer to permutation tests for the null-
hypotheses of FST = 0 and represent the percentage of 10 000
random replicates that yield a value that is as high or higher than
the observed one. Significant values in italics

Locus
Total 
a HT

Among sites

 FST P-value

Gmo2 19 0.855 0.0004 0.326
Gmo3 8 0.196 0.0045 0.040
Gmo19 25 0.914 0.0022 0.026
Gmo34 11 0.626 0.0009 0.269
Gmo35 10 0.825 0.0020 0.096
Gmo36 4 0.493 0.0051 0.062
Gmo37 20 0.843 0.0036 0.009
Gmo132 29 0.896 0.0047 < 0.001
Tch12 18 0.290 0.0002 0.385
Tch13 38 0.914 0.0006 0.248
Average 18.2 0.685 0.0023 < < 0.0001
SE 3.3 0.086 0.0006
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admixture of cod (Wahlund effect) from different popula-
tions at the Fredrikstad site.

Although a larger fraction of the genetic variability
resides within sample sites, a small but significant part
(FST = 0.0023 on the average: cf. Table 2) is ascribed to
genetic differences among sites. The joint null-hypothesis
of no genetic differentiation among sites at any locus was
rejected with high probability by all tests (P-values ranging
from << 0.0001 for the permutation test on FST to 0.0007 for
the G-test on allele frequencies). Furthermore, all 10 single-
locus estimates of genetic differentiation were positive and
fairly similar, ranging from FST = 0.0002 (at locus Tch12)
to 0.0051 (Gmo36). Four of these single-locus values were
statistically different from 0, as judged both by the per-
mutation tests on FST (Table 2) and also by the various
heterogeneity tests on allele frequencies (i.e. the χ2 test, the
G-test, and the exact test: values not shown). There is,
therefore, strong evidence that the sample sites together
represent several genetically distinct populations. This
conclusion is consistent with the finding that a much
higher fraction (47–62%) of individual cod was assigned to
the site of sampling than to other sites (between 3 and 15%
were assigned to each of the other localities: Fig. 2).

As a rather large fraction of the sampled cod (between
19% in Høvåg and 61% in Fredrikstad) turned out to be sexu-
ally immature, despite being caught near the presumed
spawning sites during the breeding season, we estimated
the level of genetic differentiation (FMS) between immature
and mature cod from each sites (Table 3). For most sites the
estimate is negative, implying that the observed differ-
ences between immature and mature cod were very small
and can be explained by sampling errors alone. For Høvåg,
the difference was somewhat larger (FMS = 0.0016) and
may indicate a possible influence of more than one popu-

lation at this site. Nevertheless, the difference was not
statistically significant (P = 0.115), and we therefore chose
to retain the immature fish in the further analysis of
geographical population structure.

Apart from the finding that most samples were gen-
etic differentiates of each other (cf. Table 4), we found no
clear geographical pattern to this differentiation. First,
the regression of pairwise FST/(1 − FST) values against log-
distance was indistinguishable from 0, the point estimate
being slightly negative (b = −0.0015). This showed that
there was no tendency for increased genetic differenti-
ation within the distance range investigated (50–300 km).
Second, although most cod were assigned to the site of
capture, assignment to other sites was rather uniform (cf.
Figure 2), showing that cod resemble cod from the same
site and are approximately equally different from cod from
other sites. Third, the upgma dendrogram (Fig. 3) revealed
an almost star-shaped phylogeny with little support for

Fig. 2 Distribution of statistical assignment
of sampled individuals based on genotypes
at 10 microsatellite loci. For each sample,
the six bars represent the percentage (y-
axis) of individuals assigned to each sam-
ple site (x-axis). Note that for all samples
a much higher fraction of individuals (46.5–
62%) was assigned to the site of capture than
to any other site (3–15%).

Table 3 Proportion of mature individuals within sites and the
distribution of genetic variation (FMS) between sexual mature and
immature individuals within sites, and overall sites (FMT). P-
values refer to exact tests for allele frequency heterogeneity
between maturity classes within sites

Locality % mature FMS P-value

Høvåg 81.1 0.0016 0.115
Bjelland 46.7 −0.0018 0.239
Risør 57.5 −0.0011 0.835
Grenland 64.0 0.0004 0.358
Oslo 68.8 −0.0012 0.254
Fredrikstad 38.5 −0.0012 0.779
All 63.8 FMT = 0.0006 0.975
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any groupings of sites. The highest bootstrap support for
any grouping was 39% and referred to Bjelland, Risør and
Fredrikstad vs. the other three sites.

Discussion

We detected and estimated statistically significant genetic
differentiation among coastal Atlantic cod inhabiting a
short shoreline. This differentiation was found despite
ample opportunities for admixture and genetic homo-
genization in this species, due to passive drift of larvae,
active dispersal by adult fish and the now terminated
artificial release of larvae. As the distances covered by this
study were intentionally short (≤ 300 km), and well within
the dispersal ability of the species, the observed structuring
was unlikely to be caused by isolation due to geographical
distance. This conclusion is supported by the apparent lack
of any trend between distance and genetic differentiation,
as such a trend is expected when dispersal among more
distant sites is restricted in comparison with that among
neighbouring sites.

The results indicate that marine species may actively
group into local populations that remain partly isolated

from each other. Although on the basis of our data we can-
not set a definite limit to the geographical extent of local
populations, if indeed such limits exist, it appears that our
six samples all represent different populations. This con-
clusion is based on the observation that there is no definite
clustering of sites suggesting that two or more of the sam-
ples should represent the same population, either in the
dendrogram (Fig. 3) or in the assignment percentages
(Fig. 2). Although some pairwise FST estimates (Table 4)
were not statistically significant, all point estimates were
positive indicating greater differentiation than expected
from sampling errors alone. Also, taking the slight tend-
ency for sub-groupings among samples (above) at face
value would produce geographically disparate ‘popula-
tions’, which is unlikely biologically.

Because the level of differentiation was quite low, it may
at first be dismissed as not being ‘biologically meaningful’
(cf. Waples 1998; but see Wirth & Bernatchez 2001). In this
context such a conclusion is unwarranted, however,
because any statistically significant difference in allele fre-
quency, no matter how small, indicates that the samples
are from separate statistical populations. Although the
issue of statistical vs. biological populations is complicated
(e.g. samples from the same biological population taken at
different times may be significantly different genetically;
Jorde & Ryman 1996), in our case, separate statistical popu-
lations also imply separate biological populations. First,
because all sites were sampled in the same season over a
brief period, we reduced the possibility of spatial genetic
differentiation being confounded by temporal genetic
change. Accordingly, immature and mature individuals
taken from the same sites were no more different genetic-
ally than could be accounted for by sampling errors (the
average FMT is very close to zero: Table 3). Hence, there is
little temporal genetic change locally, indicating quite large
effective population sizes (but see Palm et al. 2003 for a dis-
cussion on the probability of detecting drift in temporal
samples). Second, by sampling adults, rather than younger
individuals, we minimized the probability of nonran-
dom sampling within sites due to family aggregations
(Allendorf & Phelps 1981). Third, great care was taken in
scoring genotypes and uncertain individuals were reana-
lysed, sometimes several times. Hansen et al. (2001), using

 

Høvåg Bjelland Risør Grenland Oslo Fredrikstad

Høvåg —
Bjelland 0.0029* —
Risør 0.0028*** 0.0019 —
Grenland 0.0022** 0.0034* 0.0054*** —
Oslo 0.0022** 0.0028 0.0014 0.0013* —
Fredrikstad 0.0015* 0.0003 0.0023 0.0031** 0.0014* —

*P < 0.05; **P < 0.01; ***P < 0.001.

Table 4 Genetic differentiation (FST) be-
tween pairs of populations. Exact tests for
differentiation (FST > 0) are performed with
the genepop 3.3 software

Fig. 3 upgma plot of Nei et al. (1983) genetic distances DA, calculated
for 10 microsatellite loci among six samples of coastal Atlantic cod.
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computer simulations to assess the consequences of differ-
ent types of scoring errors on estimates of FST, found that
misclassifications of 4% of the genes could yield an apparent
FST between 0.001 and 0.003, i.e. similar to our estimate,
when the true value was 0. To check if our estimate could
be inflated by scoring errors at particularly difficult loci, we
compared single-locus FST values with various quantities
that could covariate with scoring difficulty (Fig. 4). These
quantities include number of alleles at each locus, gene
diversity (HT), average number of replicate runs for each
individual, number of individuals that was left unscored,
and deviation from Hardy–Weinberg genotype propor-
tions (FIS). The results are negative, and only numbers of
alleles show any tendency to correlate with estimates of FST
(Fig. 4a). This (nonsignificant) correlation should result in
a downward bias in FST, if scoring errors were responsible,
and thus cannot explain our positive estimate.

The relatively low level of differentiation that we
observe among the sites (FST = 0.0023: Table 2) is in accord-
ance with earlier findings of microsatellite DNA in cod
from other costal regions (cf. Ruzzante et al. 2000,
FST = 0.0039; Hutchinson et al. 2001, FST = 0.0080, excluding
the Canadian and Barents Sea samples). Although the

latter values are slightly higher than our estimate, they refer
to studies covering larger geographic areas than ours and
physical distance may play a role in (partly) isolating the
populations and resulting in a larger FST among them.

Earlier studies of coastal cod in the Skagerrak region
employed other techniques, including haemoglobin
(Frydenberg et al. 1965) and allozyme polymorphisms
(Gjøsæter et al. 1992). These studies failed to detect statis-
tically significant differentiation among cod in this area.
Re-analysing their data (both studies report genotype
data), excluding samples from outside our study area
(Frydenberg et al. 1965) and lumping multiple samples
from the same locality (Gjøsæter et al. 1992), we estimate an
average FST (Weir & Cockerham 1984) of −0.0004 for the
Gjøsæter et al. (1992) data and 0.0004 for the Frydenberg
et al. (1965) data. None of these estimates is significantly dif-
ferent from zero, and because the studies differed markedly
from ours with regards to sample size, number of loci and
degree of polymorphism, we used computer simulations to
check whether these results are consistent with our estimate.
The simulations were carried out with the same number of
alleles and the same allele frequencies as in the respective
study. We simulated genetic drift until the required popu-
lation differentiation (FST = 0.0023) was achieved. Sam-
pling of individuals for genetic analysis was simulated by
random drawing (with replacement) of genes, using the
harmonic mean sample sizes (see below) for each locus.
The random drift and sampling steps were repeated four
times, one for each sample (both studies included four
sample sites). We estimated FST among samples, averaged
over loci, and compared the mean estimate with the
observed mean FST value for that study. The simulations
were repeated 10 000 times, and the proportion of simula-
tions that yielded a mean FST-value as low as or lower than
the observed ones (−0.0004 or 0.0004, respectively, for the
two studies) were taken as the probability of obtaining
such low values under the null-hypothesis that our esti-
mate is correct.

For the Frydenberg et al. (1965) study (one locus only,
sample sizes from n = 77 to 236, with a harmonic mean of
105) we found a probability of 0.47 of obtaining an FST esti-
mate as low as or lower than the observed value (0.0004),
given that our higher estimate is correct. For the Gjøsæter
et al. (1992) study (six protein-coding loci from four sam-
ples, ranging in size from n = 43 to 583 with a harmonic
mean of 121), the corresponding probability is 0.17. These
probabilities are both reasonably high and we conclude
that the slightly lower earlier values probably deviate from
ours by chance alone, reflecting the difficulty in estimating
small amounts of differentiation from a limited number of
genes.

The reason for the low level of genetic differentiation
among coastal cod, as for many other marine organisms, is
most likely a fair amount of gene flow among populations

Fig. 4 Linear regression of FST against (a) the number of alleles
and (b) gene diversity (HT) for 10 microsatellite loci. Both slopes
are nonsignificant, but indicate a tendency of lower FST with
increasing genetic variability.
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(e.g. Ward et al. 1994; Waples 1998). Gene flow could occur
at either the egg or larvae stage by passive drift along with
the ocean current, by active migration of adult cod, or both.
The apparent lack of a spatial pattern to the genetic differ-
entiation observed here, especially the lack of a correlation
between differentiation and geographical distance, indi-
cates a mechanism of gene flow that is independent of dis-
tance. Passive transport of egg or larvae seems the most
likely explanation because transport over long distances is
possible in a short time (the current looping from Denmark
to the southern part of Norway on average takes only 2–
3 weeks: D. Danielssen, personal communication). Active
dispersal of adult cod, however, appears to occur primarily
over quite short distances as judged by capture–mark–
recapture studies (Løversen 1946; Danielssen & Gjøsæter
1994). Such a dispersal pattern is expected to result in
neighbouring populations being more genetically sim-
ilar and yielding a declining genetic correlation with dis-
tance (Wright 1943). Such a pattern was not found (the
observed correlation coefficient was slightly negative),
which implies that either there is no such trend at this
geographical scale, or it is too weak to be detected by our
sampling design. Other studies have reported an isolation-
by-distance pattern, however, but primarily for much larger
geographical distances than those involved in our study
(e.g. Mork et al. 1985; Pogson et al. 1995, 2001). Even though
passive transport of eggs or larvae is a plausible mechanism
for gene flow that may explain the lack of a correlation with
distance, such a pattern is also compatible with recent colon-
ization (e.g. Slatkin 1993; Pogson et al. 2001). If the latter
explanation is correct, it could imply a greater effect of the
released larvae than had hitherto been thought.

The observed genetic differentiation was found in spite
of the release of an enormous number of cod larvae over
the years, raising the question of what genetic con-
sequences, if any, larval release has had on the natural cod
populations. As the released larvae originated from adult
cod that were collected near the Flødevigen Marine
Research Station the larvae should represent a single bio-
logical population. Furthermore, several hundred parents
of each sex were used as broodstock each year and tem-
poral differences among released larva should therefore be
small. Hence, the larva releases should, if anything, have a
homogenizing effect on the recipient populations. That we
nevertheless observe genetic differences among extant
populations may indicate that the larvae releases were
largely unsuccessful and did not have any noticeable effect
on the natural populations. Such a conclusion would be in
accordance with findings from statistical analyses of demo-
graphic data collected through the beach seine hauls
(Tveite 1971; Chan et al. 2003). An alternative explanation is
that the larvae releases were successful and led more or less
to the eradication of previous genetic differentiation in this
area. Under this latter scenario the current differentiation is

recent, and caused by subsequent genetic differentiation
after the releases ceased. As an example, the observed
FST = 0.0023 (Table 2) could be reached in the ≈ 10 genera-
tions that have passed since the last releases (in 1971) with
random genetic drift, assuming that the local effective popu-
lation sizes are no higher than Ne = 2000 per generation
(calculated from equation 7.3.17 in Crow & Kimura 1970).
Such a limited effective size seems quite reasonable (cf.
Ruzzante et al. 2001; Bekkevold et al. 2002), because it refers
to the local population only and not to the entire coast. This
scenario may also explain the star-like phylogeny among
extant populations (cf. Fig. 3), as any historic pattern is
eradicated under this scenario and all populations have
diverged from each other in roughly the same time (30–
40 years). We are not able to conclude with certainty what
the genetic effect of the larvae releases have been, as the
genetic data presented here are compatible with both
scenarios. At any rate, the current genetic differentiation,
whether old or more recent, does show that cod do not
interbreed freely, but instead are aggregated into more or
less local isolated populations, despite ample opportunity
for mixing.

The finding that coastal cod are structured into local
populations has important implications for coastal man-
agement. Because coastal cod populations depend on suc-
cessful recruitment locally, both spawning and nursery
areas should be preserved at the local scale. For exploited
areas this may imply restrictions on human activities in the
coastal zone, including restrictions on release of sewage
from households and chemical pollutants from boats, har-
bours, factories, etc., and possibly restrictions on fishing at
or near spawning grounds. For such management to be
effective, local spawning and nursery grounds need to
be identified (e.g. Knutsen et al. 2000). To date, no coastal
management plan, to our knowledge, has taken recruit-
ment to local marine fish populations into account, as it is
for anadromous fish (e.g. the Atlantic salmon in Norway).

Acknowledgements

This work was supported by the Norwegian Research Council
through a Strategic Institute Program. Additional funding were
provided by the Nordic Council of Ministers. We thank Kate
Enersen, Svein Erik Enersen, Henry Knutsen and Jan Atle Knutsen
for valuable help with sampling of cod, and Kate Enersen for
assisting with technical work on the lab. We also benefited from
discussions with Daniel Ruzzante and the staff at the Flødevigen
Marine Research Station. This manuscript was improved by com-
ments from the subject editor and two anonymous reviewers.

References

Allendorf FW, Phelps SR (1981) Use of allelic frequencies to
describe population structure. Canadian Journal of Fisheries and
Aquatic Sciences, 38, 1507–1514.



P O P U L A T I O N  S T R U C T U R E  I N  C O D 393

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 385–394

Allendorf FW, Ryman N, Ståhl G (1976) Genetic variation in
Scandinavian brown trout (Salmo trutta L.): evidence of distinct
sympatric populations. Hereditas, 83, 73–82.

Árnason E, Pálson S, Arason A (1992) Gene flow and lack of
population differentiation in Atlantic cod, Gadus morhua L.,
from Iceland, and comparison of cod from Norway and New-
foundland. Journal of Fish Biology, 40, 751–770.

Avise JC (2000) Phylogeography. Harvard University Press, Cam-
bridge, MA.

Banks MA, Eichert W (2000) whichrun Version 3.2. A computer
program for population assignment of individuals based on
multilocus genotype data. Journal of Heredity, 91, 87–89.

Beacham TD, Brattey J, Miller KM, Le KD, Withler RE (2001) Stock
structure of Atlantic cod (Gadus morhua) off Newfoundland and
Labrador determined from genetic variation. ICES CM 2001/L:
17.

Bekkevold D, Hansen MM, Loeschcke V (2002) Male reproductive
competition in spawning aggregations of cod (Gadus morhua,
L.). Molecular Ecology, 11, 91–102.

Bentzen P, Taggart CT, Ruzzante DE, Cook D (1996) Microsatellite
polymorphism and the population structure of Atlantic cod
(Gadus morhua) in the northwest Atlantic. Canadian Journal of
Fisheries and Aquatic Sciences, 53, 2706–2721.

Brooker AL, Cook D, Bentzen P, Wright JM, Doyle RW (1994)
Organization of microsatellites differs between mammals and
cold-water teleost fishes. Canadian Journal of Fisheries and Aquatic
Sciences, 51, 1959–1966.

Carlsson J, Olsen KH, Nilsson J, Øverli Ø, Stabell OB (1999)
Microsatellites reveal fine-scale genetic structure in stream-
living brown trout. Journal of Fish Biology, 55, 1290–1303.

Chan KS, Stenseth NC, Kittilsen MO et al. (2003) Assessing the
effectiveness of releasing cod larvae for stock improvement:
using long-term monitoring beach-seine data to resolve a
century-long controversy. Ecological Application, in press.

Crow J, Kimura M (1970) An Introduction to Population Genetics
Theory. Harper & Row, New York.

Danielssen DS, Edler L, Fonselius S et al. (1997) Oceanic variability
in the Skagerrak and Northern Kattegatt, May–June, 1990. ICES
Journal of Marine Science, 54, 753–773.

Danielssen DS, Gjøsæter J (1994) Release of 0-group cod, Gadus
morhua L., on the southern coast of Norway in the years 1986–
89. Aquaculture and Fisheries Management, 25, 129–142.

FAO (2000) The State of the World’s Fisheries and Aquaculture. Part 1.
http://www.fao.org.

Fisher RA (1950) Statistical Methods for Research Workers, 11nd edn.
Oliver and Boy, London.

Fotland Å, Borge A, Gjøsæter H, Mjanger H (2000) Håndbok for
Prøvetaking Av Fisk Og Krepsdyr [in Norwegian]. Report from
the Institute of Marine Research, Bergen, Norway.

Frydenberg O, Møller D, Nævdal G, Sick K (1965) Haemoglobin
polymorphism in cod populations. Hereditas, 53, 257–271.

Gjøsæter J, Enersen K, Enersen SE (1996) Ressurser av torsk og
andre fisk i fjorder på den norske Skagerrakkysten [in Nor-
wegian]. Fisken og Havet, 23, 1–28.

Gjøsæter J, Jørstad K, Nævdal G, Thorkildsen S (1992) Genotype
distributions of cod from the Norwegian Skagerrak coast. Sarsia,
76, 255–259.

Gjøsæter J, Stenseth NC, Sollie AA, Levkve K (2002) The
Flødevigen beach-seine surveys, a unique long-term monitoring
program. In: Dynamics of the Cod Along the Norwegian Skagerrak
Coast (eds Stenseth NC, Gjøsæter J, Lekve K). Blackwell, London,
in press.

Guo SW, Thompson EA (1992) Performing the exact test of
Hardy–Weinberg proportions for multiple alleles. Biometrics,
48, 361–372.

Hansen MM, McPherson A, Smedbol K, Kenchington E (2001)
Review and report on the importance of different kinds of
genetic population structure in relation to human impact.
Report of the Working Group on the Application of Genetics in
Fisheries and Mariculture. ICES, CM 2001/F: 03.

Hutchings JA (2000) Collapse and recovery of marine fishes.
Nature, 406, 882–885.

Hutchinson WF, Carvalho GR, Rogers SI (2001) Marked genetic
structuring in localised spawning populations of cod Gadus
morhua in the North Sea and adjoining waters, as revealed by
microsatellites. Marine Ecology Progress Series, 223, 251–260.

Jorde PE, Ryman N (1996) Demographic genetics of brown trout
(Salmo trutta) and estimation of effective population size from
temporal change of allele frequencies. Genetics, 143, 1369–1381.

Knutsen JA, Bergstad OA, Gjøsæter J, Enersen SE, Omli L (2000)
Kartlegging av gyteplasser og sonderende oksygenmålinger i
utvalgte fjorder i Risør, Tvedestrand og Lillesand kommune [in
Norwegian]. Fisken Og Havet, 13, 5–22.

Løversen R (1946) Torskens vekst og vandringer på Sørlandet [in
Norwegian]. Fiskeridirektoratets Skrifter Serie Havundersøkelser, 8
(6), 1–27.

McQuinn IH (1997) Metapopulations and the Atlantic herring.
Reviews in Fish Biology and Fisheries, 7, 297–329.

Miller KM, Le KD, Beacham TD (2000) Development of tri- and
tetranucleotide repeat microsatellite loci in Atlantic cod (Gadus
morhua). Molecular Ecology, 9, 238–239.

Mork J, Ryman N, Ståhl G, Utter F, Sundnes G (1985) Genetic
variation in Atlantic cod (Gadus morhua) throughout its range.
Canadian Journal of Fisheries and Aquatic Sciences, 42, 1580–1587.

Nei M, Chesser RK (1983) Estimation of fixation indices and gene
diversities. Annals of Human Genetics, 47, 253–259.

Nei M, Tajima F, Tateno Y (1983) Accuracy of estimated phylo-
genetic trees from molecular data. Journal of Molecular Evolution,
19, 153–170.

Nesbø CL, Rueness EK, Iversen SA, Skagen DW, Jakobsen KS
(2000) Phylogeography and population history of Atlantic
mackerel (Scomber scombrus L.): a genealogical approach reveals
genetic structuring among the eastern Atlantic stocks. Proceed-
ings of the Royal Society of London, B, 267, 281–292.

Nielsen EE, Hansen MM, Schmidt C, Meldrup D, Grønskjær P
(2001) Population of origin of Atlantic cod. Nature, 413, 272–272.

O’Reilly PT, Canino MF, Bailey KM, Bentzen P (2000) Isolation
of twenty low stutter di- and tetranucleotide microsatellites
for population analyses of walleye pollock and other gadoids.
Journal of Fish Biology, 56, 1074–1086.

Palm S, Laikre L, Jorde PE, Ryman N (2003) Effective population
size and temporal genetic change in stream resident brown
trout (Salmo trutta, L.). Conservation Genetics, in press.

Palumbi (2001) The ecology of marine protected areas. In: Com-
munity Ecology (eds Bertness M, Gaines S, Hay M). Sinauer
Associates, Sunderland, MA.

Pogson GH, Mesa KA, Boutilier RG (1995) Genetic population
struc-ture and gene flow in the Atlantic cod Gadus morhua: a com-
parison of allozyme and nuclear RFLP loci. Genetics, 139, 375–385.

Pogson GH, Taggart CT, Mesa KA, Boutilier RG (2001) Isolation
by distance in the Atlantic cod, Gadus morhua, at large and small
geographic scales. Evolution, 55, 131–146.

Raymond M, Rousset F (1995a) An exact test for population differ-
entiation. Evolution, 49, 1280–1283.



394 H .  K N U T S E N  E T  A L .

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 385–394

Raymond M, Rousset F (1995b) genepop (Version 1.2). Population
genetics software for exact tests and ecumenicism. Journal of
Heredity, 86, 248–249.

Rousset F (1997) Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics, 145,
1219–1228.

Rousset F, Raymond M (1995) Testing heterozygote excess and
deficiency. Genetics, 140, 1413–1419.

Ruzzante DE, Taggart CT, Cook D, Goddard SV (1996) Genetic
differentiation between inshore and offshore Atlantic cod
(Gadus morhua) off Newfoundland: microsatellite DNA vari-
ation and antifreeze level. Canadian Journal of Fisheries and Aquatic
Sciences, 53, 634–645.

Ruzzante DE, Taggart CT, Doyle RW, Cook D (2001) Stability in
the historical pattern of genetic structure of Newfoundland cod
(Gadus morhua) despite the catastrophic decline in population
size from 1964 to 1994. Conservation Genetics, 2, 257–269.

Ruzzante DE, Wroblewski JS, Taggart CT, Smedbol RK, Cook D,
Goddard SV (2000) Bay-scale population structure in coastal
Atlantic cod in Labrador and Newfoundland, Canada. Journal of
Fish Biology, 56, 431–447.

Ryman N, Jorde PE (2001) Statistical power when testing for
genetic differentiation. Molecular Ecology, 10, 2361–2373.

Slatkin M (1993) Isolation by distance in equilibrium and non-
equilibrium populations. Evolution, 47, 264–279.

Smith TD, Gjøsæter J, Stenseth NC et al. (2002) A century of mani-
pulating recruitment in coastal cod populations: the Flødevigen
experience. ICES Marine Science Symposia, 215, 402–415.

Sokal RR, Rohlf FJ (1981) Biometry, 2nd edn. Freeman, San Francisco.
Solemdal P, Dahl E, Danielssen DS, Moksness E (1984) The cod

hatchery in Flødevigen-background and realities. In: The Pro-
pagation of Cod Gadus morhua L., Part 1 (eds Dahl E, Danielssen DS,
Moksness E, Solemdal P), pp. 11–45. Institute of Marine
Research, Arendal, Norway.

Stenseth NC, Bjørnstad ON, Falck W, Fromentin JM, Gjøsæter J,
Gray J (1999) Dynamics of coastal cod populations: intra- and

inter-cohort density-dependence and stochastic processes.
Proceedings of the Royal Society of London, B, 266, 1645–1654.

Svedäng H, Hallbäck H, Jacobsson P (2001) Undersökningar av
kustnära fiskbestånd i mellersta Bohuslän: förekomst och storle-
ksfördelning. Delrapport 1 inom projektet Torskprojektet steg 2 [in
Swedish]. Meddelande från Havsfiskelaboratoriet, Lysekil,
Sweden.

Takezaki N, Nei M (1996) Genetic distances and reconstruction of
phylogenetic trees from microsatellite DNA. Genetics, 144, 389–
399.

Tveite S (1971) Fluctuations in year-class strength of cod and pol-
lack in southeastern Norwegian coastal waters during 1920–69.
Fiskeridirektoratets Skrifter Serie Havundersøkelser, 16, 65–76.

Utter FM (1991) Biochemical genetics and fishery management: an
historical perspective. Journal of Fish Biology, 39, 1–20.

Waples RS (1998) Separating the wheat from the chaff: patterns of
genetic differentiation in high gene flow species. Journal of
Heredity, 89, 438–450.

Ward RD, Woodmark M, Skibinski DOF (1994) A comparison of
genetic diversity levels in marine, freshwater and anadromous
fishes. Journal of Fish Biology, 44, 213–232.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the ana-
lysis of population structure. Evolution, 38, 1358–1370.

Wirth T, Bernatchez L (2001) Genetic evidence against panmixia in
the European eel. Nature, 409, 1037–1040.

Wright S (1943) Isolation by distance. Genetics, 28, 114–138.

This study is part of Halvor Knutsen’s PhD thesis on genetic
structure in Atlantic cod. Per Erik Jorde is a population geneticist,
working on temporal genetic change and spatial genetic structure
in various organisms. Carl André’s research focuses on population
biology and genetics of marine organisms. Professor Nils Christian
Stenseth’s research programmes focuses mainly on the population
dynamics of terrestrial and marine species.


