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ABSTRACT: Previous studies of cod Gadus morhua population structure in European continental
waters using molecular genetic markers have indicated high dispersal and limited structuring, in
contrast to many tagging studies. More sensitive genetic techniques, in the form of microsatellite
analysis, were used to reanalyse the population structure through the specific targeting of mature
fish on spawning grounds. Significantly greater levels of differentiation were found than in previous
studies, supporting the presence of 4 genetically distinct populations within the North Sea: Bergen
Bank, Moray Firth, Flamborough Head and Southern Bight. Gene flow between the southern North
Sea and eastern English Channel is largely restricted to populations within the Southern Bight
(southern North Sea) and Beachy Head (eastern English Channel). The spawning stock in the central
English Channel (Start Point) remains distinct from those in the Celtic Sea, Outer Hebrides, and
central and northern North Sea. No evidence of sub-structuring within the Irish and Celtic Seas was
found, in contrast to previous genetic studies, although the populations remained divergent from that
of the Outer Hebrides. All European populations were significantly divergent from Canadian Scotian
Shelf and Barents Sea (Bear Island) populations. The study indicates that the current fishery moni-
toring systems may need to be reassessed, particularly with respect to the North Sea, and highlights
the value of using microsatellites combined with the targeting of spawning stocks to investigate
subtle population structuring.
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INTRODUCTION

The recent development of significantly more sensi-
tive molecular genetic markers has stimulated re-
newed interest in the analysis of population structure
in marine fishes (O'Connell & Wright 1997, Carvalho &
Hauser 1998), which have hitherto been characterised
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by lower genetic diversity and differentiation when
compared with anadromous and freshwater species
(Ward et al. 1994). Such differences have been related
to a presumed lack of isolating barriers, large popula-
tion sizes and high mobility (Smith 1994, Carvalho &
Hauser 1998, Shaw et al. 1999b).

Microsatellites, in particular, are well suited for
examining genetic structure in fish populations due to
their selective neutrality and high mutation rates,
affording greater allelic diversity and heterozygosities
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Fig.1. Map of the continental shelf of
NW Europe showing sample loca-
tions: Bergen (1); Moray Firth (2);
52° Aberdeen Ground (3); German Bight
(4); Flamborough Head (5); Southern
Bight (6); Beachy Head (7); Start
Point (8); Trevose Head (9); West Isle
of Man (10); East Isle of Man (11);
50°  Outer Hebrides (12). The Barents Sea
(13); and the Canadian Scotian Shelf
(14) are not shown here

often approaching 90% (O'Connell & Wright 1997,
Ruzzante 1998). Microsatellites are rapidly mutating,
nuclear DNA regions, composed of tandem repeats of
short nucleotide motifs of up to 6 nucleotides (Wright
1993). Recent applications of microsatellites have high-
lighted significant divergence between populations
previously thought to be genetically homogenous
(Bentzen et al. 1996, Ruzzante et al. 1996, 1998,
O'Connell et al. 1998, Nesbg et al. 2000).

It has been suggested that some studies that found a
lack of genetic differentiation may have done so
because of inappropriate sampling or use of molecular
markers (Carvalho & Hauser 1998). For example, few
previous studies of marine fishes have specifically tar-
geted spawning stocks (Nesbg et al. 2000), and yet
there is increasing evidence of genetically distinct
populations mixing on feeding grounds and subse-
quently recruiting back to their natal spawning areas
(Shaklee et al. 1990, Wirgin et al. 1997, Ruzzante et al.
2000a). Furthermore, sample sizes have often been too
small, and the choice of molecular and statistical meth-
ods inappropriate (O'Connell & Wright 1997, Ruzzante
1998, Waples 1998).

The Atlantic cod Gadus morhua is found in continen-
tal shelf waters throughout the North Atlantic. It is a

key species, forming the third most important piscine
predator (Macer & Easey 1988), and plays a central
role in ecosystem stability. Furthermore, it is a highly
valued commercial resource, comprising a significant
part of the fish landed from the North Sea. Conse-
quently, it has attracted substantial scientific interest
since the turn of the century, and attempts at monitor-
ing cod population dynamics have been extensive
throughout its range. However, several populations
have shown significant declines or complete collapses
in recent years, which have been frequently linked to
ineffective management (Myers et al. 1996, Serchuk et
al. 1996, Cook et al. 1997).

Cod in European continental shelf waters have
received little attention by marine geneticists since the
early 1980s, and the current knowledge of population
structure within the North Sea and the Irish Sea is
based largely upon allozyme and blood protein studies
(Sick 1965, Jamieson 1970, Jamieson & Thompson
1972, Child 1988). Initial studies maintained that North
Sea populations constituted a single homogenous
stock, contradicting the results of tagging surveys
(Bedford 1966). The Channel, Celtic Sea and Irish Sea
have been little studied genetically, though Child
(1988) found evidence of separate populations in the
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eastern and western Irish Sea. Growth rate data
(Agnew 1988) support this theory, while tagging stud-
ies (Brander 1994 and references therein, Pawson
1995) have indicated the presence of separate popula-
tions to the west of Scotland, and within the eastern
and western Channel.

This study presents an extensive genetic survey of
North Atlantic cod in the European continental shelf
waters (North Sea, English Channel, Celtic Sea and
Irish Sea), using the Barents Sea and the Canadian
Scotian Shelf as outgroup comparisons. In contrast to
many past studies, spawning adults were specifically
targeted on the spawning grounds. Furthermore, the
present study represents the first in-depth analysis
using microsatellite markers of cod stock structure in
the waters surrounding the UK.

MATERIALS AND METHODS

Sample collection. The main cod spawning grounds
in the waters surrounding the UK were targeted, com-
prising 12 sites within the North Sea, Celtic Sea, Irish
Sea and north-western Scotland (Fig. 1). Samples
were also collected from the Barents Sea (Bear Island)
and the Canadian Scotian Shelf (Banquereau Bank,
Browns Bank) for macrogeographic or ‘out-group’
comparisons. Wherever possible, samples were col-
lected during research cruises (7 out of 14 samples),
with the remainder being taken from fish markets
directly after landing. Samples were obtained from
local inshore boats, which were known to be fishing
the main cod spawning grounds. All sampling took
place during the spawning season, and running or
spent fish were targeted when data were available on
the spawning status. Since most fish sampled at the
markets were gutted prior to landing, and hence
spawning status was unknown, total length measure-
ments were taken to estimate age and likely maturity
from catch data (Daan 1974). Consequently, only fish
over 70 cm in total length were used for genetic
analysis. Pectoral fin clippings were taken and pre-
served in 90% ethanol for subsequent DNA extrac-
tion. Samples of 50 fish were collected at each of the
14 locations.

DNA extraction. DNA was extracted from the tissue
samples following a procedure based on Taggart et al.
(1992). Briefly, pieces of tissue of approximately 100 pl
in volume were digested for 3 h in 500 pl of extraction
buffer containing 0.1 M Tris HCI], 10 mM EDTA, 0.1 M
NaCl, 2% SDS and 0.1 mg Proteinase K ml%. The cel-
lular debris was removed using phenol/chloroform
extraction, and the DNA precipitated with absolute
ethanol. Finally, DNA was dissolved in 50 pl of double-
distilled water and stored at —20°C.

Microsatellite amplification and screening. Five
dinucleotide (GT repeat) cod microsatellite loci were
employed in this study, to give a range of allelic
diversity and heterozygosity. Two loci, GMO2 and
GMO132, were obtained from Brooker et al. (1994) and
PCR-amplified according to the conditions therein.
Three additional loci, GADM1, GADM2 and GADMS3,
were developed using the PIMA technique described
in Lunt et al. (1999) (sequences available in GeneBank,
Accession nos. AF263940, AF263941, AF263942, http://
www.ncbi.nlm.nih.gov/). Reaction mixes of 15 ul PCR
were prepared for these 3 loci, containing 20 ng tem-
plate DNA, 1 x NH, reaction buffer (Bioline), 1.5 mM
MgCl,, 200 pM dNTPs, 250 nM of each primer
(1 primer end-labelled with Cy5 fluorescent dye) and
0.2 units Taq polymerase (Bioline). GADM1 was PCR-
amplified using 1 cycle of 95°C for 90 s; 35 cycles of
94°C for 45 s, 51°C for 30 s and 72°C for 30 s; whilst
GADM3 and GADM?2 were amplified using 1 cycle of
95°C for 90 s; 5 cycles of 94°C for 45 s, 61°C for 30 s and
7°C for 30 s; and finally 25 cycles of 94°C for 45 s, 60°C
for 30 s and 72°C for 30 s. Products were combined
with internal size markers and electrophoresis under-
taken on 6 % polyacrylamide gels using a Pharmacia
ALFexpress automatic sequencer (Amersham, UK). A
series of standard samples were included in all runs to
ensure consistency in scoring across gels. Products
were sized using the accompanying Fragment Man-
ager software.

Data analysis. Observed (H,) and expected (H,) het-
erozygosities were estimated using GENEPOP v. 3.1d
(Raymond & Rousset 1995). Departures from Hardy-
Weinberg equilibrium in the form of a deficiency or
excess of heterozygotes were tested with GENEPOP
using the Markov chain method (3000 iterations) to
obtain unbiased estimates of the exact p-value (Guo &
Thompson 1992). The analysis included testing for
linkage disequilibrium in the form of independence of
loci using the Markov chain method (3000 iterations)
and Fisher's Exact test (Haldane 1954).

Genic population differentiation was estimated
using GENEPOP by comparing allele frequencies
between samples using Fisher's Exact test. This
method makes no assumptions about mutation models.

The associated mutational processes involved in
microsatellite evolution are not fully understood, and
there is still considerable debate concerning the
appropriate choice of mutation models and associated
statistical methods (Jarne & Lagoda 1996, O'Connell &
Wright 1997). Briefly, the models are based upon 2
general forms of evolution, the Infinite Allele Model
(IAM), whereby every mutation gives rise to a new
allele, and the Stepwise Mutation Model (SMM),
whereby mutations occur via the loss or gain of a
repeat unit with an associated ancestry. The SMM, in
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contrast to the IAM, assumes that mutations may lead
to an allelic state which is already present (homo-
plasy). Empirical evidence suggests that mutations
may follow either model, or a combination of both, and
thus it has been suggested that both measures should
be calculated (Jarne & Lagonda 1996, Goodman 1997,
Shaw et al. 1999a) for comparison. Therefore, 2 muta-
tion-model-based fixation indices or F-statistics
(Wright 1965) were used to assess the distribution of
genetic variation within and among samples. The
parameter 6, an IAM measure of Fsr (Weir & Cocker-
ham 1984), was compared with p (Goodman 1997), an
SMM estimate of Slatkin's Rst (Slatkin 1995), which
adjusts for differences in sample size and allele size
variances among loci, using Arlequin Ver. 1.1 (Schnei-
der et al. 1997) and RST-CALC Ver. 2.2 (Goodman
1997) respectively. Significance levels were calculated
using 1000 permutations. Sequential Bonferroni (Rice
1989) adjustments were calculated to account for mul-
tiple simultaneous tests.

Two measures of genetic distance, Nei's (1972) Dj
(IAM) and Goldstein et al.'s (1995) Ap? (SMM), were
calculated to provide an estimate of evolutionary rela-
tionship between samples, using PHYLIP v. 3.5c (Fel-
senstein 1989), and RST-CALC ver 2.2 (Goodman 1997)
respectively. The 2 measures were log-transformed
and plotted against logged geographic distance in
kilometres to assess whether isolation by distance
influenced the levels of divergence seen between the
populations of cod. Mantel tests (1000 permutations)
were used to test levels of significance.

RESULTS

Hardy-Weinberg equilibrium and
population diversity

The 5 microsatellite loci showed varying degrees of
allelic diversity (Table 1), ranging from 8 alleles in
locus GADM1 to 54 alleles in locus GADMS3, and with
mean observed heterozygosities of 0.47 to 0.92, respec-
tively. Mean observed heterozygosities across loci

within samples ranged from 0.68 for the Barents Sea to
0.84 for the Start Point and Outer Hebrides samples,
while mean allelic diversity ranged from 12.4 in the
Barents Sea to 20.2 in the Start Point sample. Levels of
allelic diversity were largely comparable within Euro-
pean continental waters, and noticeably lower in the
Barents Sea and Canadian samples. Although 4 sam-
ples showed evidence of heterozygote deficiency at
the p < 0.05 or 0.01 level (Flamborough Head with
GADM1, German Bight with GADMS3, Trevose Head
with GADM2 and Barents Sea with GADM2), there
was no direct correlation with specific loci or samples,
and none remained significant when adjusted for
table-wide significance using the sequential Bonfer-
roni procedure (Rice 1989). No evidence of linkage dis-
equilibrium was observed at any of the 5 loci investi-
gated, thus allowing allelic variation at all loci to be
treated as independent.

Population differentiation and structure

Pairwise Exact tests of genic differentiation between
all 14 populations of Gadus morhua indicated varying
degrees of structuring (Table 2). Allele frequencies
within the Barents Sea and Canadian samples were
significantly divergent (p < 0.001) from all other sam-
ples, while the Bergen and Moray Firth samples dif-
fered from all other samples to a lesser degree, with
levels of significance ranging from p < 0.001 to non-
significance (Flamborough Head, Outer Hebrides, and
German Bight). Furthermore, evidence of a significant
divergence was identified between the Southern Bight
and both the East and West Isle of Man samples (p <
0.05 and p < 0.01, respectively), and between Aber-
deen Ground and Start Point (p < 0.05).

Analysis of genetic variation among samples using
the more sensitive fixation indices, 6Fst and pRgr,
also indicated significant heterogeneity (Table 2), al-
though not always in agreement with genic differenti-
ation estimates. Generally, 8Fsr and pRsr values dif-
fered little, although genic differentiation significance
levels were more likely to be in agreement with 8Fgy

Table 1. Gadus morhua. Mean allelic diversity, total number of alleles, allelic range, and mean observed and expected heterozy-
gosity across the 14 populations of Atlantic cod analysed at 5 microsatellite loci. A copy of allelic frequencies for all samples
across the 5 loci can be obtained from the authors

GMO2 GADM1 GMO132 GADMS3 GADM2
Mean allelic diversity 12.8 4.9 19.0 30.7 21.2
Total number of alleles 22 8 46 54 33
Allelic range (base pairs) 104-146 123-137 107-227 96-228 106-190
Mean observed heterozygosity 0.83 0.47 0.83 0.92 0.90
Mean expected heterozygosity 0.85 0.47 0.88 0.96 0.92
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than pRst values, as predicted from assumptions in-
herent in the respective algorithms. Barents Sea and
Canadian samples remained significantly divergent
from all other samples, although p-values for 2 pair-
wise comparisons fell below the p < 0.001 level (Cana-
dian versus Moray Firth and Bergen). Measures of
OFsr largely confirmed that Bergen and Moray Firth
were significantly divergent from the other samples,
and frequently showed higher levels of significance
than pRsT,

Furthermore, both pRsr and 6Fsr estimates indicated
significant genetic divergences (p < 0.01 and p < 0.05,
respectively) between Flamborough Head and Start
Point, and Flamborough Head and East Isle of Man.
There were an additional 8 cases in which either pRst
or BFsr indicated a reduced but significant (p < 0.05)
divergence between regions. Collectively, the data
suggest restricted gene flow between the North Sea,
Irish Sea and Channel.

Applying sequential Bonferroni correction to these
tests frequently caused p-values lower than 0.001 to
become non-significant, typifying a Type 2 error of
rejecting significant results due to excessive numbers
of pairwise comparisons. It has been stated (Sachs
1980, Altman 1991) that the Bonferroni method is
unsuitable for cases in which >5 comparisons are
being made, and that above this level the method
becomes highly conservative. Consequently, in the
present study, values that remained significant after
sequential Bonferroni were highlighted in bold (Table
2), indicating that although caution may be required in
interpreting the non-highlighted significant results,
they should not be rejected.

Genetic distance

Nei's (1972) standard distance D and Goldstein et
al.'s (1995) An? were calculated for all pairwise com-
parisons. The 2 measures of genetic distance, D, and
Ap?, were log-transformed and plotted against log-
transformed geographic distance in kilometres (Fig. 2).
The 2 measures gave comparable plots, and hence
only Dj is shown in the figure.

When all populations are included, the correlation
between geographical and genetic distance (Dy: 12 =
0.89; Ap%: 1% = 0.53) was shown to be highly significant
(Ds: p < 0.001; Ap?: p < 0.01 — Mantel tests), suggesting
that isolation by distance may be an important factor
on a macrogeographic scale. The r? values decline, but
are still significant within European waters (Ds: 1% =
0.38, p < 0.001; Ap% r? = 0.39, p < 0.001), and on a finer
scale within the North Sea (Dg: 2 = 0.21, p < 0.04). Dis-
tance plays an important role in isolating populations
in the north eastern Atlantic from the Barents Sea, as
indicated by the high r? values (D: 1% = 0.82; Ap?: 12 =
0.85), in contrast to the Canadian pairwise compar-
isons in which geographic distance accounts for a neg-
ligible proportion of the variation in genetic differenti-
ation (Dg: 12 = 0.051; Ap?: r? = 0.034).

DISCUSSION
The utility of the approach employed
The present work adds to a recent trend in which
microsatellites have identified sub-structuring where

earlier techniques based upon protein
assays (e.g. allozymes) and mitochondrial

0.0 DNA indicated homogeneity. It is
increasingly apparent that the non-cod-

-02 ing nature and high mutation rates of
04 microsatellites renders them highly

’ 44 suited to identifying the weak sub-struc-
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Fig. 2. Isolation-by-distance plots of log-transformed geographical distance
between sample sites (km) against log-transformed D, (Nei 1972) values,
separated into Canadian, Barents Sea and European pairwise comparisons

4 ance in estimates of genetic distances
and population structuring. Ruzzante rec-
ommended equal sample sizes of at least
50, as employed in the present study, to
obtain precise and accurate estimates.
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This study is unique in providing the first compre-
hensive genetic survey of cod Gadus morhua within
the European continental shelf waters, using micro-
satellites. Additionally, unlike many genetic studies on
marine teleosts, samples were composed of mature fish
collected on the spawning grounds during the spawn-
ing season, thus ensuring that populations were sam-
pled at a time of highest genetic stock integrity. This is
of particular importance in this study as tagging results
indicate that cod populations undergo seasonal migra-
tions between spawning and feeding grounds, poten-
tially mixing with other genetically distinct popula-
tions (Daan 1978, Brander 1994, Pawson 1995).

Macrogeographic patterns

Past studies of genetic divergence in cod stocks across
the North Atlantic have often provided contradictory re-
sults. Blood proteins, allozymes (de Ligny 1969 and ref-
erences therein, Cross & Payne 1976, Mork et al. 1985)
and microsatellite data (Bentzen et al. 1996) have indi-
cated significant divergence between the eastern and
western Atlantic populations, and between the Barents
Sea and Canadian stocks, in contrast to mitochondrial
studies (Smith et al. 1989, Arnason & Palsson 1996).

The present study corroborates the results of Ben-
tzen et al. (1996) indicating a highly significantly
divergence (B8Fst: p < 0.001; pRst: p < 0.001) between
the Canadian and Barents Sea samples, and between
these and the populations resident in European waters.
Logarithmic plots of genetic distance estimates Ds and
Ap? also indicate evidence of isolation by distance at 3
successive levels with differing r? values. Firstly, on a
trans-oceanic scale (Ds: 12 = 0.05, Ap% 1?2 = 0.03), Cana-
dian cod are unlikely to extend to European continen-
tal waters, and thus all the European samples are
equally divergent from the Canadian populations; sec-
ondly on an intermediate scale (D: r? = 0.82, Ap% 12 =
0.85), isolation by distance plays an important role
between the Arctic ocean and Europe; and, finally, on
the continental shelf around the UK (Dy: r2 = 0.38, Ap?:
r2 = 0.39) the correlation between geographic and
genetic distance is weaker.

Interestingly, the Barents Sea sample is substantially
more divergent than the more geographically distinct
Canadian sample, suggesting the operation of pro-
cesses other than isolation alone. Similar marked diver-
gence has been observed in cod (Dahle 1991, Bentzen
et al. 1996), blue whiting Micromesistius poutassou
(Gieever & Stien 1998), haddock Melanogrammus ae-
glefinus (Gieever & Forthun 1999) and herring Clupea
harengus (Shaw et al. 1999b) from the Barents Sea. It is
also noteworthy that the Barents Sea samples exhibited
a significantly lower allelic diversity and heterozygosity

than all other samples (mean allelic diversity of 12.4
versus 18.1; mean observed heterozygosity of 0.68 ver-
sus 0.8), particularly at locus GMO132 (5 versus 19 alle-
les), reflecting a trend which has been seen in other mi-
crosatellite studies of cod (Dahle 1995, Bentzen et al.
1996). It has been suggested that differences in water
temperature between the Barents Sea and more
southerly waters may lead to localised adaptation or
physical isolation (Shaw et al. 1999b). Additionally, the
differentiation could also reflect a post-glacial colonisa-
tion process, similar to the reduced diversity seen in
more northerly populations documented in terrestrial
species (Hewitt 1999), or the relic of a severe popula-
tion decline resulting in a genetic bottleneck.

Localised geographic patterns

The results indicate that there is significantly more
genetic sub-structuring within the European continen-
tal shelf waters than previously detected, often con-
firming the patterns derived from extensive tagging
studies and the analysis of catch statistics.

All previous genetic studies maintained that cod in
the North Sea are genetically homogenous and, conse-
quently, all later genetic studies have treated the North
Sea cod as a single population. However, extensive
tagging data (Bedford 1966, Anonymous 1971, Holden
& Raitt 1974) and evidence of the Wahlund effect (a
process whereby samples composed of >1 genetically
distinct population show a heterozygote deficiency) in
blood protein studies (Jamieson & Thompson 1972)
have indicated the presence of up to 3 regional group-
ings within the North Sea.

The results herein contradict the hypothesis that the
North Sea is composed of a single homogenous stock;
microsatellite data indicate the existence of at least 3 to
4 genetically divergent populations, with possible evi-
dence of further weak sub-structuring. F-statistics and
genetic distance measures indicate significant diver-
gence between Bergen and the rest of the North Sea
(6Fst: all p-values < 0.05; pRst: 11 of 14 p-values <0.05).
Furthermore, there is also evidence of a weaker diver-
gence between Moray Firth and the populations resi-
dent within the central and southern North Sea, in par-
ticular Flamborough Head (6Fst: 0.0089, p < 0.01) and
Southern Bight (8Fst: 0.0066, p < 0.05). Flamborough
Head is also seen to be divergent from Southern Bight
(BFst: 0.0056, p < 0.05). Data are in line with the pre-
dictions that cod along the north-eastern Scottish coast
are most likely to show evidence of genetic isolation,
and that a cline of increasing divergence along the
eastern English and Scottish coast might exist (Daan
1978). Moreover, data support the presence of distinct
Flamborough Head and Southern Bight populations,
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as predicted by the ICES North Sea Roundfish Work-
ing Group (Anonymous 1971).

There have been no previous genetic studies of cod
within the Channel, and the current knowledge is there-
fore based largely upon tagging work. Tagging data
suggest that the eastern Channel forms a spawning
ground for populations that remain in the Channel, and
also for juvenile cod migrating into the southern North
Sea (Pawson 1995). There is, however, a lack of evidence
for adult cod recruiting back into the eastern channel to
spawn. This limited migration is supported by the pre-
sent study, which indicates that the populations resident
off Beachy Head and within the Southern Bight are ge-
netically similar. Furthermore, Beachy Head is found to
be significantly divergent from Flamborough Head
(PRst: 0.0166, p < 0.05) and German Bight (pRst: 0.015,
p <0.05), indicating that migration into the North Sea is
restricted to the Southern Bight area.

Tagging results (Pawson 1995) indicate limited
migration between the eastern Channel, western
Channel and Celtic Sea. Furthermore, recruitment lev-
els and age compositions of landings between the east-
ern and western Channel occasionally differ. Although
F-statistic estimates of divergence given here are not
significant (at p < 0.05 level) within the Channel, Start
Point is found to be highly divergent from neighbour-
ing populations in the North and Irish Seas, suggesting
that although the divergence is non-significant locally,
it is highly significant on a larger scale. These results
corroborate circumstantial evidence from south Devon
fishing communities, which suggests that the cod off
Start Point seldom move out of the western English
Channel (Pawson 1995).

Evidence for the presence of at least 2 distinct stocks
within the Irish Sea and Celtic Sea includes: allozyme
studies (Child 1988); evidence of the Wahlund effect in
haemoglobin data (Brander 1975); tagging data (Bran-
der 1975 and references therein, Pawson 1995); and
bimodal distributions of total lengths in Northern Ire-
land catch data (Agnew 1988). However, the present
study did not identify any significant (at p < 0.05 level)
sub-structuring within the Irish and Celtic Sea sam-
ples, a pattern which is consistent with the strong cor-
relations seen in recruitment trends in the Celtic and
Irish Sea (Myers et al. 1995). Furthermore, the Outer
Hebrides population differed little from populations in
the Celtic and Irish Seas, although it was significantly
divergent from the Start Point population (Rgr: 0.0195,
p < 0.05) in the western English Channel.

Barriers to gene flow

The question therefore remains as to what processes
might initiate and maintain the degrees of divergence

seen among the cod populations. Isolation by distance
explains only 3 to 5% of the divergence between the
Canadian population and others around Europe. This
would correlate with an ancient divergence of the 2
regions, followed by subsequent expansion and diver-
gence of the European populations, with the Atlantic
Ocean forming a barrier to further significant gene
flow.

In contrast, isolation by distance is clearly a domi-
nant factor with respect to the Barents Sea and to a
lesser degree within European waters. Oceanographic
and behavioural factors may also influence levels of
differentiation in European waters, particularly where
geographically proximate populations show significant
genetic divergence (e.g. Bergen and Moray Firth). Fur-
thermore, other factors that may also reduce the corre-
lation between geographic and genetic distance
include: multi-directional gene flow around the UK;
low resolving power of the genetic markers; violation
of the stepping-stone model of migration upon which
the ‘isolation-by-distance’ theory is based; and insuffi-
cient time for populations to reach equilibrium follow-
ing colonisation (Hellberg 1994).

Implications for fishery monitoring and
future management

Given the current precarious status of cod within the
north-eastern Atlantic, and in particular the North Sea,
measures need to be taken to conserve current stocks.
Annual Total Allowable Catches (TAC) have been
reduced in some management areas, and seasonal clo-
sures of select spawning grounds are to be applied in
an attempt to reduce fishing mortality and enhance
spawning stock levels. However, the present study
also indicates that several of the current management
units, which are assumed to be single stocks for the
purposes of assessment, are in fact composed of sev-
eral genetically distinct stocks. Thus the present amal-
gamation of data from different biological stocks may
hide a disproportionate decline of the more vulnerable,
which may require separate monitoring and manage-
ment policies to remain sustainable. Although a system
of regular sampling of landings of cod at ports through-
out Europe already exists, it is likely that outside the
spawning season, catches will be composed of mixed
stocks. There would therefore be a need to identify the
relative contributions from putative stocks, such that
they can be monitored independently. Indeed, Ruz-
zante et al. (2000b), working on stock complexes of cod
in the north-western Atlantic have demonstrated the
efficacy of a mixed-stock-analysis approach based on 6
polymorphic microsatellite loci. It was possible not only
to estimate the proportion of cod contributions from
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various stock components, but also to demonstrate
temporal stability of structuring over a 2 yr period.
However, incorporating this information into an effec-
tive and realistic management policy would be diffi-
cult, without resorting to the large-scale closure of fish-
eries. In summary, the present study contradicts earlier
work, which indicated that cod populations in the
North Sea were genetically homogenous, by identify-
ing 3 to 4 genetically divergent populations resident
off Bergen, within the Moray Firth, off Flamborough
Head and within the Southern Bight. Furthermore, it
indicates the presence of a genetically distinct popula-
tion off the southern Cornish coast. However, in con-
trast to past genetic studies, no evidence of significant
structuring is found within the Irish and Celtic Seas.
Much of this data is in agreement with previous tag-
ging work.

The Barents Sea is seen to be highly divergent from
the other populations resident in the waters surround-
ing the UK, and significantly less diverse, suggesting a
possible barrier to gene flow, recent post-glacial colon-
isation or a genetic bottleneck.

The detection of a higher degree of genetic structur-
ing compared to past genetic studies most likely arises
from a combination of using more sensitive microsatel-
lite markers and the specific targeting of spawning fish
on spawning grounds. The current UK fishery monitor-
ing system may need to be reassessed in order to take
account of the additional sub-structuring detected.
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