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Genetic differentiation among Atlantic cod (Gadus morhua L.) in
Icelandic waters: temporal stability

Ou . D. B. Jónsdóttir, A. K. Danı́elsdóttir, and
G. Nævdal

Jónsdóttir, Ou . D. B., Danı́elsdóttir, A. K., and Nævdal, G. 2001. Genetic differentia-
tion among Atlantic cod (Gadus morhua L.) in Icelandic waters: temporal stability. –
ICES Journal of Marine Science, 58: 114–122.

Temporal variability in genetic structure of Atlantic cod was investigated at two
locations (Loftstaðahraun and Kantur) on the main cod spawning grounds off south
Iceland using synaptophysin (Syp I) and haemoglobin as genetic markers. During the
spawning season (late March and early April) cod were sampled at each sampling
location and then at the same locations two to four weeks later, during two consecutive
years (1997 and 1998). Significant genetic differences were found at the Syp I locus
between the two samples (Loftstaðahraun and Kantur) and the difference was
temporally stable. Very low variation was found in the haemoglobin and no temporal
changes were found for this marker. The results strongly indicates that cod in south
Icelandic waters do not belong to one panmictic population and that this genetic
difference is stable from year-to-year.
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Introduction

Examination of temporal variability in gene frequencies
is essential for the proper understanding of population
genetic structure (Allendorf and Utter, 1979; Utter et al.,
1980). Inferences about underlying population structure
deduced from particular patterns of spatial variation
may be inaccurate if such patterns vary markedly over
time (Kornfield et al., 1982). Significant temporal genetic
differentiation might indicate the existence of stochastic
effects due to small effective population size, or perhaps
the occurrence of previously cryptic genetic sub-
populations of stocks (Gold et al., 1993). A proper
understanding of population structure is of primary
importance for the conservation of genetic resources in
exploited marine fisheries. This includes determining
whether or not the genetic structure of a stock complex
remains stable over time. A temporally stable genetic
structure implies that existing, separate breeding compo-
nents persist over time and are thus likely to experience
independent population dynamics (Gold et al., 1993;
Brown et al., 1996; Ruzzante et al., 1997).
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Atlantic cod (Gadus morhua) is a significant resource
in the North Atlantic ocean. Considerable effort has
been made in the past to elucidate the possible subdivi-
sion of the Atlantic cod population complex (Cross and
Payne, 1978; Carr and Marshall, 1991; Galvin et al.,
1995; Pogson et al., 1995; Ruzzante et al., 1996;
Fevolden and Pogson, 1997). However, these studies
have not led to a clear-cut conclusion about population
structure of cod and some results are contradictory (e.g.
Jamieson and Jónsson, 1971; Au rnason et al., 1992;
Pepin and Carr, 1993; Ruzzante et al., 1996). Therefore,
uncertainty on the stock structure of Atlantic cod
prevails. Studies of cod populations in Icelandic
waters have also led to contradictory results. The results
of Jamieson and Jónsson (1971), Jónsson (1996) and
Jónsdóttir et al. (1999) indicate the presence of
different units of cod in Icelandic waters, whereas
Au rnason et al. (1992) found no evidence of population
differentiation of cod in the same area. The discrepancy
between these studies shows that our knowledge
of the structuring of Atlantic cod in Icelandic waters is

incomplete.
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Jónsdóttir et al. (1999) described the population struc-
ture within the Northern cod complex in south and
southeast Icelandic waters using a nuclear gene locus,
synaptophysin (Syp I), and the haemoglobin loci (HbI).
The purpose of the present study was to examine the
temporal stability at the Syp I and the HbI loci, and to
study the frequency distributions of the variants within
these loci.
Materials and methods
Sample collection

A total of 749 cod was collected from two locations in
south Icelandic waters (Figure 1, Table 1) which is the
main spawning ground of cod (Jónsson, 1982; Jónsson,
1996). The samples consisted of 79–99 specimens (Table
1). The sampling locations, which are approximately 50
nautical miles apart, were Loftstaðahraun (Figure 1), a
submarine rocky mount, depth range 50–70 m, and
Kantur (Figure 1) a very steep continental slope, with a
depth range of 150–450 m. Samples were collected dur-
ing surveys by the Marine Research Institute, Reykjavı́k,
Iceland, during spawning seasons in March and April
1997 and 1998. Each location was sampled twice, at
intervals of two to four weeks (Table 1). The fish were
caught using bottom trawls (L-Apr1-97, L-Apr2-97,
L-Mar-98, see below) and gill-nets (Kantur sampling
locations and L-Apr-98). The length and sex of each fish
were recorded. The two spawning grounds appear
to be geographically isolated from each other as
Loftstaðahraun is located in shallow water within the
area referred to as the main spawning grounds of cod on
the south coast (Jónsson, 1982), whilst Kantur is located
further to the west in much deeper water on the conti-
nental edge. Results from tagging experiments have
indicated that spawners from these two locations may
display different patterns of migration when leaving the
spawning areas (Jónsson, 1996). Previous investigations
(Jónsdóttir et al., 1999) have revealed considerable gen-
etic differences between cod captured at these locations.
Two of the samples in this study (L-Apr1-97, K-Mar-97)
were also included in the study of Jónsdóttir et al. (1999)
but are included here to allow comparison of genetic
structure within and between years at the same spawning
location.
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Figure 1. Sampling areas of Atlantic cod off south Iceland (see
Table 1 for details).
Statistical methods

Allele and genotype frequencies, pairwise FST values
(Wright, 1978; Reynolds et al., 1983) and an exact test of
population differentiation (analogous to Fishers exact
test) were calculated using the ARLEQUIN 1.1 compu-
ter package (Schneider et al., 1997). The genetic struc-
ture of the sampled populations were analysed using an
analysis of molecular variance (AMOVA) framework
(Weir and Cockerham, 1984). The eight samples were
grouped according to the two sampling locations:
Loftstaðahraun (L-Apr1-97, L-Apr2-97, L-Mar-98,
and L-Apr-98) and Kantur (K-Mar-97, K-Apr-97,
Genetic analysis

Gill arches were dissected from every fish and stored in
96% (v/v) ethanol. Approximately 200 mg of gill tissue
were then used to extract DNA by the phenol-extraction
method (Taggart et al., 1992). The nucleotide sequence
data of Fevolden and Pogson (1997) were used to
construct primers that amplify, by the polymerase chain
reaction (PCR), a region of the synaptophysin (Syp I)
gene that contains the polymorphic DraI site. All
samples were screened for variation at the Syp I locus
using the reaction conditions described by Jónsdóttir
et al. (1999) modified from Fevolden and Pogson (1997).
Digested PCR products were visualized in 2% (w/v)
agarose gels stained with ethidium bromide.

Fresh blood samples were used for the analysis of
haemoglobin. Horizontal agar electrophoresis was used,
as described by Sick (1967) with modifications (Jørstad,
1984). Smithies buffer (45 mM Tris, 25 mM boric acid,
1 mM EDTA (pH 8.6); Smithies, 1959) was used as an
electrode buffer, and diluted 1:1 with distilled water for
the gel buffer. A 2% (w/v) agar concentration (Agar
Noble) was used in the gels. Electrophoresis was carried
out at 25 mA (8 V cm�1) for 90 min at 3–5�C. The gels
were stained with Brilliant Blue G Quick stain in per-
chloric acid (McFarland, 1977), destained by diffusion
and photographed by transmitted light.
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K-Mar-98 and K-Apr-98), and the significance of the
variance components was tested using non-parametric
permutation procedures (Excoffier et al., 1992). One-way
ANOVA (Zar, 1996) was applied to test for significant
differences in length distribution of the specimens. Sig-
nificant results from the ANOVA were followed by a
Student-Newman-Keuls multiple comparison test to lo-
cate differences among the eight samples (Zar, 1996).
Population pairwise FST statistics were calculated for all
samples and the significance tested by permuting (1000
permutations) the individuals between the samples
(Reynolds et al., 1983; Schneider et al., 1997). Global
departure from Hardy-Weinberg equilibrium was tested
in the AMOVA test by taking into account genotypic
differences between individuals (Schneider et al., 1997).
The Selander’s D-statistics for the excess or deficiency of
heterozygotes (Selander, 1970) and the average heterozy-
gosity were calculated using direct counts, and the esti-
mates based on Hardy-Weinberg expectations. Sex-
specific frequencies of Syp I and HbI were tested with a
contingency �2-test (Zar, 1996). Departures from 1:1 sex
ratios at each sampling location were tested with �2-test.

Reynolds genetic distances (Reynolds et al., 1983)
were calculated by the GENDIST program in the
PHYLIP package (Felsenstein, 1993), and a UPGMA
dendrogram of Reynolds genetic distance matrix was
constructed in the NEIGHBOR program in PHYLIP. A
Bonferroni correction (Johnson and Field, 1993) of the
significance level (�=0.05) was applied when testing
for significant differences in allele frequencies and for
significant departures of genotypes proportions from
Hardy-Weinberg expectations.
Results
Syp I and HbI polymorphisms

The allele frequencies for the Syp I alleles differed

both between the sampling locations (Loftstaðahraun
and Kantur) and between samples within sampling
location (Loftstaðahraun, Table 2). The frequency
of the Syp IA allele was significantly higher in
the Loftstaðahraun samples (mean frequency=
0.766) compared to the Kantur samples (mean fre-
quency=0.270). Although observed frequencies of het-
erozygotes were in most cases higher than the expected
Hardy-Weinberg values (Table 2), no significant devia-
tions from Hardy-Weinberg equilibrium were detected
in any sample when using the Bonferroni correction for
simultaneous tests (p>0.15) and Selander’s D-statistics
values were non-significant for all samples (�2

1<2.4,
p>0.10).

The frequency of the most cathodic haemoglobin
allele, HbI1 was low, ranging from 0.005 (K-Apr-98) to
0.032 (L-Apr2-97, Table 2), with an average of 0.021.
When the compiled allele frequencies of HbI in the two
sampling locations were tested, Loftstaðahraun and
Kantur did not differ significantly (FST<0.015, p>0.5).
For all samples the observed and expected heterozygote
frequencies at the HbI locus were similar and were in
Hardy-Weinberg equilibrium (p>0.9). The Selander’s
D-statistics values were non-significant for all samples
(�2

1<1.0). No differences were found in frequencies of the
Syp I (p>0.09) and HbI loci (p>0.7) between sexes
within sampling locations.
Genetic differentiation within sampling locations
Table 1. Summary statistics of cod samples collected in March and April 1997 and 1998, used for testing the temporal genetic
stability of spawning populations at Loftstaðfahraun and Kantur. Differences in mean length of specimens between sampling
locations were tested with one-way ANOVA. Different letters indicate significant differences (p<0.05) in mean length between
sampling locations, with a indicating significantly higher mean length compared to b etc.

Collection date
Sampling
locations

Sample
identifier n

Latitude
(�N)

Longitude
(�W)

Mean
depth
(m)

Mean
length (s.d.)

(cm)

Proportion
females

(%)

3–4 April 1997 Loftstaðahraun L-Apr1-97* 95 63�46 20�50 44 109 (14)a 33.6
18–20 April 1997 Loftstaðahraun L-Apr2-97 79 63�44 20�53 80 103 (14)b 12.6
25–26 March 1997 Kantur K-Mar-97 87 63�17 19�13 285 85 (6)d 46.0
15–16 April 1997 Kantur K-Apr-97* 96 63�17 19�12 288 83 (7)d 64.6
28–30 March 1998 Loftstaðahraun L-Mar-98 99 63�47 21�00 45 98 (14)c 39.4
26 April 1998 Loftstaðahraun L-Apr-98 96 63�50 21�10 52 95 (12)c 36.5
25–26 March 1998 Kantur K-Mar-98 99 63�17 19�12 286 84 (7)d 41.4
16–17 April 1998 Kantur K-Apr-98 98 63�17 19�12 288 78 (7)e 49.0

*These samples were also included in the study of Jónsdóttir et al. (1999) but are included here to allow comparison of genetic
structure within and between years at the same spawning location.
Kantur
At Kantur, samples taken approximately 13 nautical
miles apart (Kantur 1 and Kantur 2) showed no differ-
ences in allelic frequencies (Fisher’s exact text, p>0.65),
and were therefore pooled for inter-area comparisons.
No significant differences (FST and population pairwise
differentiation test, p>0.2) were observed between
samples from Kantur (n=380). Further, the differences
between Kantur 1997 and 1998 samples accounted only
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for 0.4% of total genetic variation when tested with
AMOVA.
Loftstaðahraun
The Loftstaðahraun samples (n=369) did, however,
display some genetic heterogeneity as L-Apr1-97 differed
significantly from L-Apr-98 (Table 3). L-Apr1-97 dif-
fered from L-Mar-98 when tested with pairwise FST test
(Table 3), whereas the population pairwise differentia-
tion test did not indicate any differences between these
samples (p>0.10). An AMOVA test indicated that only
3.8% of the variation within Loftstaðahraun samples
was due to differences between years.
Table 2. Frequencies of Syp IA, Syp IB, HbI1 and HbI2 alleles, heterozygosity and Selander’s D-statistics of cod samples from two
successively sampled locations in south Icelandic waters in 1997 and 1998.

Locus Allele L-Apr1-97 L-Apr2-97 L-Mar-98 L-Apr-98 K-Mar-97 K-Apr-97 K-Mar-98 K-Apr-98

n 95 79 99 96 87 96 99 98
Syp I Syp IA 0.874 0.791 0.732 0.667 0.299 0.287 0.247 0.250

Syp IB 0.126 0.209 0.268 0.333 0.701 0.713 0.753 0.750
H 0.189 0.291 0.454 0.500 0.436 0.510 0.434 0.397

(0.220) (0.330) (0.392) (0.444) (0.419) (0.409) (0.372) (0.375)
D �0.141 �0.118 0.159 0.126 0.042 0.249 0.167 0.057

HbI HbI1 0.016 0.032 0.010 0.031 0.029 0.016 0.030 0.005
HbI2 0.984 0.968 0.989 0.969 0.971 0.984 0.970 0.995

H 0.032 0.063 0.020 0.062 0.057 0.031 0.061 0.010
(0.031) (0.061) (0.020) (0.060) (0.056) (0.031) (0.059) (0.010)

D 0.019 0.034 0.010 0.042 0.032 0.018 0.032 0.020

n=number of specimens analyzed, H=heterozygosity, observed (expected), D=Selander’s (1970) D-statistic for the excess of
deficiency of heterozygotes.
Table 3. Population pairwise FST estimates at Syp I locus among all samples. Permuting the individuals between the samples tested
the significance of the pairwise FST values. 1000 permutations were performed for all pairs of samples.

L-Apr1-97 L-Apr2-97 K-Mar-97 K-Apr-97 L-Mar-98 L-Apr-98 K-Mar-98 K-Apr-98

L-Apr1-97 — — — — — — — —
L-Apr2-97 0.021 — — — — — — —
K-Mar-97 0.478** 0.347** — — — — — —
K-Apr-97 0.500** 0.372** �0.004 — — — — —
L-Mar-98 0.050** 0.001 0.294** 0.318** — — — —
L-Apr-98 0.107** 0.028 0.203** 0.226** 0.008 — — —
K-Mar-98 0.537** 0.413** 0.001 �0.002 0.360** 0.266** — —
K-Apr-98 0.547** 0.421** 0.002 �0.002 0.367** 0.271** �0.004 —

*p<0.0018, **p<0.00036 (Bonferroni correction for simultaneous tests).
Genetic differentiation between sampling
locations

The total material (all samples for both loci compiled)
was not in Hardy-Weinberg equilibrium (p<0.01, Table
4) when the individual genetic variation in the analysis
of molecular variance (AMOVA, Table 4) was tested,
strongly indicating that the samples were drawn from
more than one panmictic population. Significant differ-
ence was observed at the Syp I locus (FST>0.234,
p<0.001) when testing the compiled allele frequencies in
the samples from the two sampling locations. The popu-
lation pairwise FST test and the population pairwise
differentiation test revealed highly significant differences
(p<0.001) between samples from Loftstaðahraun vs.
Kantur (Table 3). When pooling the material into two
groups (Loftstaðahraun and Kantur) the AMOVA test
indicated a significant difference (p<0.05) between the
two sampling locations (Table 4). Also, hierarchical
F-statistics indicated a clear population differentiation
and 36.4% of the total allelic variance was due to
differences between the two sampling locations (Table
4). A significant difference was detected between the
samples within each sampling location (p<0.01),
whereas only 1.1% of the allelic variance within sam-
pling locations was observed among the eight samples
(Table 4).

The UPGMA dendrogram constructed using
Reynolds (Reynolds et al., 1983) genetic distance
(Figure 2) illustrated the differentiation between the two
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sampling locations. The genetic distance between
Loftstaðahraun and Kantur samples was eight-
fold higher than the genetic distance within these two
groups. Further, there was differentiation within the
Loftstaðahraun sampling location as the L-Apr1-97
sample differed significantly from L-Apr-98 (Table 3,
Figure 2). It should be noted that the dendrogram is
based on just two loci and should be interpreted with
caution.
Sex ratio

Percentage females at each sampling location varied
from 13–65% (Table 1). The sex ratio was significantly
different from a 1:1 distribution at all Loftstaðahraun
samplings in both years (�2

1>11.5, p<0.01) and at
Kantur in April 1997 and March 1998 (�2

1=7.2, p<0.01).
At Kantur the proportion of females increased from
March to April in both years whereas at Loftstaðahraun
the female proportion decreased between the subsequent
samplings in both years.
Discussion
Table 4. Analysis of molecular variance (AMOVA) and hierarchical F-statistics (fixation indices) for the cod groups analyzed in
the present study. The genetic structure is analyzed at the individual level so that the within individual variance is a test for global
departure from Hardy-Weinberg equilibrium. Sampling location=Loftstaðfahraun (L-Apr1-97, L-Apr2-97, L-Mar-98, L-Apr-98),
Kantur (K-Mar-97, K-Apr-97, K-Mar-98, K-Apr-98).

Source of variation d.f.
Sum of
squares

Variance
component

Variance explained
by AMOVA model FXY

Among sampling locations 1 87.861 0.1162* 36.45 0.364
Among samples within sampling location 6 5.128 0.0036** 1.13 0.018
Among individuals within samples 741 136.553 �0.0147‡ �4.60‡ �0.073‡
Within individuals 749 160.000 0.2136** 67.02 0.330

Total 1497 389.543 0.3187 100

*p<0.05, **p<0.01, d.f.=degrees of freedom. For calculation of d.f. see Schneider et al. (1997).
‡Note that the F-statistic estimators in the AMOVA model are random variables and can take either positive or negative values

(Long, 1986), negative values indicating excess of heterozygotes (Long, 1986; Excoffier et al., 1992). Such negative estimates should
be interpreted as zero (Long, 1986) in the AMOVA model i.e. the variance explained by among individuals within sampling
locations is zero in the present study.
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Figure 2. UPGMA dendrogram of the eight samples based on
Reynolds genetic distance. See Table 1 for details of sampling
locations. It should be noted that the dendrogram is based on
just two loci and should be interpreted with caution.
Genetic diversity at Loftstaðahraun and Kantur

In accordance with our previous study (Jónsdóttir et al.,
1999), the present study showed a genetic differentiation
among spawning units of cod populations in Icelandic
waters. Differences in the Syp I allele frequencies were
highly significant for Loftstaðahraun vs. Kantur in both
years (1997 and 1998, Table 3, Figure 2), and 36.4% of
the total allelic variance detected was due to differences
between the two sampling locations (Table 4). The
distinction in the Syp I allele frequencies between the
two groups (Loftstaðahraun and Kantur) in the present
paper was in line with the findings of Fevolden and
Pogson (1997) in Norwegian waters, where coastal cod
populations possessed significantly higher frequencies of
the Syp IA allele (mean frequency=0.81) than did off-
shore populations (mean frequency=0.10). Ruzzante
et al. (1996) found a similar distinction between inshore
and offshore cod populations off Newfoundland. The
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findings of Ruzzante et al. (1996) and Fevolden and
Pogson (1997) are consistent with morphometric differ-
ences between the cod populations off Newfoundland
(Pepin and Carr, 1993) and differences in otolith struc-
ture between coastal and Arctic cod in Norwegian
waters (Dahle and Jørstad, 1993). Further, significant
genetic diversity between coastal and offshore cod popu-
lations off Norway (Dahle, 1995), and between northern
and southern cod aggregations off Newfoundland
(Bentzen et al., 1996) was reported, using DNA micro-
satellites. Ruzzante et al. (1998) analysed variation in
five microsatellite DNA loci in 14 cod populations
spanning the range of the species in the Northwest
Atlantic. Differences were revealed among populations
at continental shelf scales (NE Newfoundland, Grand
Banks, Flemish Cap, Scotian Shelf, Georges Bank)
where regions are separated by submarine saddles, chan-
nels and trenches. They also found evidence of genetic
structure at spawning-bank scales consistent with vari-
ation in oceanographic features and in the spatiotempo-
ral distribution of spawning which may represent
barriers to gene flow among geographically contiguous
populations inhabiting a highly advective environment.
Overall, these findings indicate genetic heterogeneity
among cod populations at very localized scales contrast-
ing with earlier findings which have indicated minor
sub-structuring (Cross and Payne, 1978; Mork et al.,
1985) or have indicated panmixia (Au rnason et al., 1992;
Pepin and Carr, 1993; Au rnason et al., 2000).

The frequency of haemoglobin genotypes did not
display any significant differences in the present study,
neither between sampling locations, samples or years
(Table 2), in line with previous studies (Jónsdóttir et al.,
1999). It has been argued whether the haemoglobin
locus in cod is a suitable population marker for genetic
studies since it has been linked to differences in physio-
logical performance leading to selection (Karpov and
Novikov, 1980; Mork et al., 1984a,b; Mork and
Sundnes, 1985; Nævdal et al., 1992; Brix et al., 1997).
The fact that the haemoglobin frequencies are close to
those found by Sick (1965) and Jamieson and Jónsson
(1971) in similar areas show that the stability of the gene
frequency is sufficient to be used as population marker
in cod at least in the area investigated here.
of Syp IA from Loftstaðahraun samples ranged from
0.667–0.874 between years (L-Apr-98 and L-Apr1-97,
respectively, Table 2). The observed stability in the dif-
ferences between Loftstaðahraun and Kantur is consist-
ent with very similar results reported by Jónsdóttir et al.
(1999; unpublished results) and therefore provides evi-
dence of temporal stability in genetic differences between
the two sampling locations at the scale of one year.
Temporal stability in allelic frequency of Atlantic cod
has also been reported by Ruzzante et al. (1997), where
the magnitude of the genetic differences between inshore
and offshore cod populations off Newfoundland
remained unchanged during the period 1992–1995.

The issue of temporal stability in genetic structure has
previously been considered for a number of marine
species using a variety of genetic techniques. Gold et al.
(1993) demonstrated temporal stability in both nuclear
gene allele frequencies and mtDNA haplotype fre-
quencies of a red drum (Sciaenops ocellatus) population
among four year-classes (1984–1987). Temporal stability
has also been detected by King et al. (1987) throughout
three developmental stages and eight year-classes of
herring (Clupea harengus) using enzyme loci. However,
former studies by Kornfield et al. (1982) showed signifi-
cant temporal heterogeneity of Atlantic herring allo-
zymes. Brown et al. (1996) used mitochondrial DNA
haplotype frequencies to demonstrate a relatively small
temporal variation in the allele frequency of American
shad (Alosa sapidissima), compared with the existing
geographically based variation among populations from
different river drainages spanning the distribution ranges
of the species. Gyllensten and Ryman (1988) observed
pronounced allozymic variation through time for
sculpin (Myoxocephalus quadricornis) from several
Baltic Sea spawning aggregations, where the highest
temporal allele frequency shifts were at highly polluted
localities. They suggested that the reproductive units of
sculpin might not be geographically stationary. Also,
Chapman (1987, 1989) observed temporal genetic
changes in Chesapeake Bay striped bass (Morone saxa-
tilis) and suggested a cohort-related distribution of
mtDNA size polymorphisms. Finally, significant tem-
poral genetic variation has been found among popula-
tions of queen conch (Stombus gigas) in the Florida
Keys (Campton et al., 1992).

The temporally stable genetic structure observed for
Atlantic cod in Icelandic waters implies that existing,
separate breeding components persist over time.
Nordeide (1998) investigated the intermingling of
Norwegian coastal (NC) and Arcto-Norwegian (AN)
cod at their spawning grounds at Lofoten (northern
Norway) using haemoglobin alleles and biological data.
He found that NC and AN cod did not mingle ran-
domly, although specimens from both populations may
stay simultaneously at the same local spawning ground
within an area of less than 0.012 km2. Our data are in
Temporal stability in genetic structure of cod at
Loftstaðahraun and Kantur

This study revealed a significant temporal stability for
most samples, at least at the scale of one year. The allelic
frequencies of the HbI were stable between years as well
as the differences in Syp I allelic frequencies between
Loftstaðahraun and Kantur (Table 2, Figure 2). The
allelic frequency of Syp IA from Kantur samples was
stable, ranging from 0.247–0.299 (K-Mar-98 and
K-Mar-97, respectively). However, the allelic frequencies
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line with the findings of Nordeide (1998). It may thus be
speculated whether the spawning behavior of cod at
Loftstaðahraun and Kantur may also be different.

At Loftstaðahraun the sex ratio in the samples was
skewed towards males, whereas the overall proportions
of males and females were more equal at Kantur (Table
1). Skewed sex ratios in the spawning aggregations of
Atlantic cod in the wild have been reported earlier
(McKenzie, 1940; Chrzan, 1950; Templeman and May,
1965; Jónsson, 1982; Nordeide, 1998). The bias towards
males at Loftstaðahraun is in accordance with
Jónsson’s research (Jónsson, 1982) in the same area. His
studies revealed unbalanced sex ratios in the cod stock
during the spawning season; females predominated in
the samples from January to mid-March, but males
predominated from the end of March until the end of
the season. In the spawning areas of Newfoundland,
Morgan and Trippel (1996) observed shoals with
unequal sex ratios during the spawning season
(March–June), depending on sampling location and
depth. Male-biased shoals were detected at the spawning
grounds prior to the arrival of females, which is in
accordance with the findings of Jónsson (1982) consid-
ering the time of the sample collections. If differences in
sex ratios among samples can be explained by differences
in sampling depth (Morgan and Trippel, 1996), the
equality of the sexes observed at Kantur might be
explained by the sampling methods where gillnets were
set at depths ranging from approximately 130–430 m.
Applying the hypothesis of Morgan and Trippel (1996)
to our data, it might be speculated that the genetic
difference between cod in Loftstaðahraun and Kantur is
maintained by e.g. different timing of spawning and/or
different behavioural mechanisms (Brawn, 1961a,b;
Hawkins and Rasmussen, 1978; Hawkins, 1986).
Hutchings et al. (1999) present results from cod spawn-
ing in tanks and argue that cod has a lek mating system
and is not a promiscuous group spawner, as is the
general view. Also, Nordeide and Folstad (2001)
reviewed the literature on cod spawning behaviour and
conclude that a lek mating system with several options
for female choice best describes the spawning behaviour
of cod. It is argued that different courtship display,
combined with different mate preferences, may be
important pre-mating mechanisms reducing or prevent-
ing interbreeding between groups of cod. Although our
data can not verify or falsify the hypothesis of Hutchings
et al. (1999) and Nordeide and Folstad (2001), the
relationship between spawning behaviour and reduced
interbreeding are in line with our findings. Alternatively,
the observed sex-biased shoals of cod could simply
be an artifact of the sampling gear used in the surveys
(Rollefsen, 1953; Jónsson, 1982). Also, the sex-biased
shoals might be related to the bottom type as there are
indications that it may be more difficult to catch females
on rough lava bottom (Loftstaðahraun) during spawn-
ing as females tend to swim less than males on the
spawning ground (Hutchings et al., 1999; Nordeide and
Folstad, 2000).
Conclusion

The results of the present study strongly indicate that
Atlantic cod collected at the spawning grounds south of
Iceland do not belong to one panmictic population and
the observed genetic difference was stable between years.
Significant genetic difference was found at the Syp I
locus between samples collected at two localities,
Loftstaðahraun and Kantur. The observed genetic dif-
ference was stable from 1997–1998, indicating temporal
stability, at least at the scale of one year. Significant
genetic heterogeneity was observed within the
Loftstaðahraun samples, but not within the Kantur
samples.
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