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Abstract

We review our recent studies on the genetic structure of Atlantic cod (Gadus morhua) populations in the NW Atlantic. Our

conclusions are based on knowledge of polymorphism at microsatellite DNA loci combined with known aspects of cod

biology and ecology and with known oceanographic features in the NW Atlantic. Three case studies illustrate genetic

heterogeneity between cod populations at the meso- and large-scales of coastal embayments and offshore banks and at the

small-scale of oceanographic features. Our results generally highlight the importance of combining genetic with physiological,

ecological, and oceanographic information, when assessing the genetic structure of highly abundant, widely distributed, and

high gene-¯ow marine ®sh species. We highlight the role that oceanographic features (e.g., gyre-like systems) and known

spatio-temporal differences in spawning time may play as barriers to gene-¯ow between and among neighboring and often

contiguous cod populations in the NW Atlantic. We suggest that bathymetric and hydrodynamic/oceanographic structure

represents a rational starting point for developing hypotheses aimed at assessing the genetic structure of high gene-¯ow marine

®sh species. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gene-¯ow between populations in highly abundant

and widely distributed marine ®sh species is often

relatively high (Ward et al., 1994; Waples, 1998). For

such species determining whether the extent of dis-

persal and gene-¯ow between components of a stock

complex is low enough for the complex not to be

managed as a single panmictic unit is often dif®cult.

However, the converse, i.e., determining whether

migration between components of a stock complex

is high enough to warrant management of the complex

as a panmictic unit is essentially impossible using

genetic data alone (Waples, 1998). Despite the inher-

ent dif®culties in estimation, some measure of genetic

structure, however approximate, is often essential for

Fisheries Research 43 (1999) 79±97

* Corresponding author. Present address: Danish Institute for

Fisheries Research, Department of Inland Fisheries, Population

Genetics Lab, Vejlsoevej 39, DK 8600 Silkeborg, Denmark. Tel.:

+45-892-13100; fax: +45-892-13150

E-mail address: dr@dfu.min.dk (D.E. Ruzzante)

0165-7836/99/$ ± see front matter # 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 1 6 5 - 7 8 3 6 ( 9 9 ) 0 0 0 6 7 - 3



the conservation of genetic resources and for the

appropriate analysis of population dynamics of marine

species especially when the populations are subjected

to intensive exploitation. Failure to recognise the

existence of population structure in exploited species

can lead to over®shing and depletion of less produc-

tive populations (Larkin, 1977; Iles and Sinclair, 1982;

Clark, 1990). Similarly for populations under recov-

ery; differential recovery between (unidenti®ed) com-

ponents can lead to an inability to anticipate future

patterns of recruitment that are necessary to de®ne

conservation and management policy.

The potential for either of the above outcomes is

particularly increased in exploited and (or) depleted

marine ®sh which, for political or administrative

convenience, are managed under the assumption that

the stock is comprised of a single, large and homo-

geneous breeding population. If this critical assump-

tion is violated then the smaller or least productive

stock components or those most readily captured are

also those most readily eliminated (Larkin, 1977;

Clark, 1990; Policansky and Magnuson, 1998). From

a recovery perspective, population or stock compo-

nents with the greatest recruitment potential (age/size

structure, maturity, condition etc.) can be expected to

recover most rapidly. Indifferent exploitation among

putative stock components is detrimental to the stock

and to the species as a whole because it results in the

selective removal of genetic diversity.

Atlantic cod are distributed in the Western Atlantic

from Labrador (�638N) to Cape Hatteras (�358N).

Across this 3000 km range their distribution is essen-

tially contiguous with different regions encompassing

stock complexes that are recognised as units within

explicit management divisions that are generally

de®ned by latitude and bathymetry. Spawning areas

within management Divisions are relatively discrete

and temporally stable (Frank et al., 1994; Nakken,

1994; Serchuk et al., 1994; Shopka, 1994; Taggart

et al., 1994). There are also differences in productive

capacity between as well as within these stock com-

plexes Ð a capacity that is partly non-heritable and

partly heritable (Brander, 1994). Nevertheless, it is

uncertain at what level these stock complexes and their

components constitute genetically distinct popula-

tions. For cod (Gadus morhua L.), the importance

of resolving cod stock structure is summarised by

Rice: `̀ Clarifying the relationships among cod stock

components ..... is fundamental to sound and scienti®c

assessment and management of cod, and conservation

of biodiversity'' (Rice, 1997, p. 2).

Different genetic markers vary in their ability to

resolve genetic differences between cod populations.

Analyses based on allozyme loci tend to show sig-

ni®cant differences between populations when a lim-

ited number of speci®c loci are examined (Mùller,

1968; Jamieson and Otterlind, 1971; Jamieson, 1975;

Cross and Payne, 1978; Dahle and Jùrstad, 1993).

However, such differences are not apparent when a

larger number of conventional loci are examined

(Mork et al., 1982, 1985). Studies based on mitochon-

drial DNA variation show limited or no differentiation

between populations throughout most of the species'

range (Smith et al., 1989; Carr and Marshall, 1991a;

AÂ rnason and Rand, 1992), or within smaller geo-

graphic areas (e.g., Iceland; AÂ rnason et al., 1992;

AÂ rnason and PaÂlsson, 1996), or between management

divisions within the range of northern cod off New-

foundland (Carr and Marshall, 1991a, b; Pepin and

Carr, 1993; Carr et al., 1995). Recent studies using

nuclear DNA restriction fragment length polymorph-

ism (RFLP) loci (Pogson et al., 1995), and nuclear

DNA microsatellite loci (Bentzen et al., 1996) detect

genetic population structure in cod at ocean basin

scales as well as between major management divisions

in the NW Atlantic. Furthermore, studies using the

nuclear DNA microsatellite technique have revealed

temporally stable population structure between

inshore and offshore overwintering cod aggregations

in the Newfoundland region (Ruzzante et al., 1996b,

1997). Microsatellite DNA loci are abundant and

widely distributed throughout the eukaryotic genome

and often exhibit high levels of allelic polymorphism.

Microsatellite loci can be generated with relative

ease by PCR ampli®cation from minute quantities

of fresh or preserved tissue. These qualities of micro-

satellites make them very useful and often the tool of

choice (see Nielsen et al., 1997, and references

therein) as genetic markers for their application to

®sheries (Park and Moran, 1994; Ward and Grewe,

1994; Wright and Bentzen, 1994; O'Reilly and

Wright, 1995).

We review our recent studies on the genetic struc-

ture of Atlantic cod populations in the NW Atlantic,

and stress aspects of our research that are likely to be

relevant to the identi®cation of stock components in
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high gene-¯ow marine ®sh species. Although our

conclusions rely primarily on knowledge of nuclear,

microsatellite DNA polymorphism, we complement

this information with known aspects of cod biology

and ecology and with known oceanographic features

in the NW Atlantic. We focus on three case studies,

each illustrating the existence of genetic heterogeneity

between cod populations at a different spatial scale.

First, we review the evidence for meso-scale popula-

tion structure, between components of the northern

cod complex off Newfoundland. We emphasize the

evidence for genetic differentiation between inshore

and offshore, as well as between offshore adult cod

(i.e., demersal) aggregations within the complex. We

then relate this information with that available on the

population af®nities of a number of larval (pelagic

juveniles) aggregations recently collected on eastern

Newfoundland waters and in the northern Gulf of St.

Lawrence. Second, we examine small-scale processes

by summarising evidence of genetically de®ned larval

cod cohorts within a well de®ned gyre-like feature on

the western bank on the Scotian Shelf. We discuss how

such features may play a signi®cant role in stock

structuring (e.g., Iles and Sinclair, 1982) and relate

our results to Cushing's match±mismatch hypothesis

and Hedgecock's `̀ sweepstakes'' selection hypothesis

(Cushing, 1972; Hedgecock, 1994). Third, we exam-

ine emerging evidence for genetic differentiation

between neighboring cod aggregations on Browns

and Georges Banks and in the Bay of Fundy.

2. Sample and tissue collections

All of the genetic data presented here are derived

from a subset of over 9000 individual cod samples

collected between 1992 and 1997 in the NW Atlantic

(Fig. 1) and elsewhere. Details of speci®c sample

collections are provided in Ruzzante et al. (1996a)

for the study on the genetic heterogeneity within a

large larval aggregation; in Ruzzante et al. (1996b,

1997) for the inshore±offshore genetic differentiation

within northern cod; in Bentzen et al. (1996) and

Ruzzante et al. (1998) for offshore samples from

northern cod and those samples involving cod from

Georges Bank, Browns Bank and the Bay of Fundy.

We also describe genetic data on cod larvae collected

during research surveys conducted between August

and October 1994. Three of these larval collections are

from the northern cod complex off eastern Newfound-

land (NAFO Management Division 3K, N = 44;

inshore Newfoundland near the Fogo Island region,

N = 23; and NAFO Management Division 3NO,

N = 29; Fig. 2). The fourth sample was collected in

the northern Gulf of St. Lawrence region (Manage-

ment Division 4RS; N = 37; Fig. 2).

3. Genetic techniques

Cod blood preserved in 95% ETOH was used as the

primary source of nuclear DNA for genetic analysis.

Soft muscle tissue taken from the posterior of the

tongue and preserved in 95% ETOH was employed for

DNA extraction when blood tissue was unavailable.

Details of this procedure are available in Ruzzante

et al. (1996b, 1997) and references therein. Data on

antifreeze activity within blood plasma samples were

obtained using the protocol described in Goddard et al.

(1994) and outlined in Ruzzante et al. (1996b). In

previous studies of adult cod, antifreeze levels have

been used in conjunction with details of location and

time of capture to provide evidence of overwintering

behavior (Goddard et al., 1994; Ruzzante et al.,

1996b). In adult cod, high antifreeze activity

(>0.28C thermal hysteresis) is indicative of overwin-

tering in cold (<08C) water Ð generally inshore, while

low or non-existent winter antifreeze levels (<0.098C)

are indicative of overwintering in warm water Ð

generally offshore.

DNA extraction of alcohol preserved tissue from

cod samples is detailed elsewhere (Bentzen et al.,

1996; Ruzzante et al., 1996a, b, 1997, 1998). PCR

analysis was carried out as described by Brooker et al.

(1994) using ®ve radiolabelled dinucleotide microsa-

tellite primers, Gmo2, Gmo132, and Gmo145 (Broo-

ker et al., 1994), Gmo4 (Wright, 1993), and Gmo120

(Ruzzante et al., 1996b). A sixth locus (Gmo141) was

used in the study on the genetic composition of a larval

aggregation (Ruzzante et al., 1996a) and in one of the

studies on the genetic structure of northern cod (Bent-

zen et al., 1996). Gmo2, Gmo4, Gmo120, Gmo132,

and Gmo141 are perfect GT repeats, and Gmo145 is a

compound Gx(GA)x repeat as de®ned by Tautz (1989).

PCR products were resolved on 6.5% denaturing

polyacrylamide gels.
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3.1. Allele scoring and null alleles

To standardize scoring and ensure consistency

among gels all alleles were scored relative to two

standards: a sequence ladder generated from

M13mp18 (Yanisch-Perron et al., 1985) and a stan-

dard battery of individuals for which there is virtually

unlimited supply of DNA. These individuals were run

in each PCR reaction and on each gel. They were

chosen to cover as much as possible of the expected

range in allele size and were systematically run inter-

spersed throughout the gel. The size of the standard

individuals was established by repeated independent

ampli®cation and sizing to verify consistency in size

of the ampli®cation products. Loci used in our surveys

were selected on the basis of production of a clear

major band (yields of the stutter bands were signi®-

cantly lower than those of major band(s)). Because of

the differences in yield, alleles could easily be dis-

tinguished on the basis of product intensity even in

cases of size overlap in heterozygous individuals.

Samples were scored from lane to lane starting with

a standard individual. Interspersed standard indivi-

duals were scored blindly and their scores had to

agree with their known sizes. Each gel was also

independently scored by two people. The extreme

high heterozygosities and variability in size character-

istic of all the cod microsatellite loci we have exam-

ined thus far would make null alleles readily

detectable if they were present at any signi®cant

frequency. Also, the generally good agreement

between observed and expected heterozygosities indi-

cates that if null alleles are present they occur at a very

low frequency and would thus not be expected to

impact signi®cantly on the comparative analyses.

4. Statistical analyses

Estimates of subpopulation structure were obtained

using FST (Wright, 1951) and RST (Slatkin, 1995). FST

was estimated following Weir and Cockerham (1984).

Fig. 1. Bathymetric chart (200 and 1000 m shaded isobaths) of the NW Atlantic showing the North Atlantic Fisheries Organization (NAFO)

management divisions (dotted lines; e.g. 2J), the 200 mile exclusive economic zone (dashed line) and the locations and ranges (shaded

ellipses) where over 9000 individual cod tissue samples have been collected for population structure analyses related to: historical populations

(cod otoliths); offshore northern cod; inshore and offshore cod from Labrador to Georges Bank; and mixed stock (Winter) analyses related to

spawning populations (Summer) in the Gulf of St. Lawrence and near the Cabot Strait entrance to the Gulf.
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RST was calculated following Goodman (1997); see

also Michalakis and Excof®er (1996) to minimise the

variance due to differences in sample size (see Ruz-

zante, 1998) prior to standardisation of allele sizes.

Signi®cance for both structure measures was esti-

mated by bootstrapping genotypes across individuals

and populations and for each locus separately. Multi-

locus estimates of FST and RST were calculated by ®rst

summing numerators and denominators across loci

and then calculating ratios as suggested by Weir and

Cockerham (1984) and Slatkin (1995). Pairwise

genetic distances between populations were estimated

using DSW (Shriver et al., 1995) a measure based on

the stepwise mutational model (SMM), and also using

DA(Nei et al., 1983), a non-SMM measure of genetic

distance with low variance relative to other non-SMM

measures (Takezaki and Nei, 1996; see also Ruzzante,

1998). In some cases, for comparative purposes we

also estimated ��2 (Goldstein et al., 1995). Signi®-

cance for distance measures was estimated by boot-

strapping genotypes (1000 resampling trials with

replacement) across individuals and populations for

each locus separately. We also conducted tests of

Hardy±Weinberg equilibrium (HWE) and heterozy-

gote de®ciency (D) and estimated probabilities by the

bootstrap method. Bootstrapping in these two cases

Fig. 2. Bathymetric chart (200 and 1000 m shaded isobaths) of the NW Atlantic showing the North Atlantic Fisheries Organization (NAFO)

management divisions (dotted lines; e.g. 2J), the 200 mile exclusive economic zone (dashed line) and the locations where adult cod (solid

symbols) were collected inshore (Trinity Bay, solid rhomb) and offshore [North (solid squares): Hamilton, Belle Isle and Funk Island Banks,

and Hawke Channel, Sand (solid circles): St. Anthony Basin and Notre Dame Channel, and South (solid stars): North Cape, and nose of the

Grand Bank], and ranges over which pelagic larval cod were collected (shaded ellipses) on the NE Newfoundland Shelf (1), the Strait of Belle

Isle (2), the NE Newfoundland Coast (3) and the Grand Bank (4).
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was conducted by resampling (with replacement)

alleles across individuals and populations. To avoid

loss of information, we report original statistical

signi®cance values, i.e., uncorrected for multiple

comparisons and where applicable in the tables, we

specify which cases remain signi®cant after Bonfer-

roni corrections for K initial simultaneous tests (Rice,

1989). All statistical tests and analyses of genetic

distances and population structure were conducted

using Splus# standard code or functions written by

DER.

5. Genetic structure in northern cod

Cod populations inhabiting the region off Labrador

and Newfoundland, referred to as northern cod, exhi-

bit an annual pattern of inshore±offshore migration

(Lear, 1984, 1986) with most mature individuals over-

wintering on the continental shelf or along its margins.

Within the northern cod region, spawning takes place

over a three to four month period from late Winter

through early Summer and generally begins earlier in

the north than in the south (Myers et al., 1993).

Following offshore spawning on the continental shelf,

adult cod migrate inshore to the Summer feeding

grounds. They then return offshore in late Autumn±

early Winter (Templeman, 1966; reviewed in Lear and

Green, 1984). The majority of the cod show the above

pattern of migration, and the degree of temporally

stable ®delity to offshore spawning banks inferred

from tagging studies is suf®ciently high for Lear to

conclude that `̀ There is evidence of substantial

inshore migration in Summer and subsequent homing

to speci®c offshore overwintering and spawning areas,

although with some straying'' (Lear, 1984, p. 157).

The quantitative degree of that ®delity is readily

apparent from the tagging studies conducted over

three decades starting in the 1960's and recently

compiled by Taggart (1997); see also below. Addi-

tional evidence that distinct offshore spawning com-

ponents exist is based on the analysis of variation in

vertebral complement (Templeman, 1981; Lear and

Wells, 1984), and on the geographic distribution of

spawning (Hutchings et al., 1993).

However, it has long been known that some ®sh

remain inshore through the Winter (Fletcher et al.,

1987). The extent to which ®sh overwintering

inshore versus offshore constitute distinct populations

remains uncertain (Lear, 1984; Hutchings et al.,

1993; Angel et al., 1994) though Templeman thought

that `̀ differences will be found to indicate a number

of north±south and inshore±offshore sub-stocks of

this Labrador±Newfoundland stock which either do

not intermingle greatly or separate out at certain

seasons'' (Templeman, 1962, p. 108). The regular

occurrence of juvenile and adult cod overwintering

in cold (<08C), coastal waters (Fletcher et al., 1987;

Valerio et al., 1992; Goddard et al., 1992, 1994;

Wroblewski et al., 1994) coupled with evidence of

inshore spawning (Smedbol and Wroblewski, 1997)

suggest that inshore population(s), distinct from the

offshore population(s) may exist (Templeman, 1966).

5.1. Genetic differences between inshore and

offshore components

A pool of cod samples collected inshore in the area

of Trinity Bay, Newfoundland between 1992 and 1994

(see Fig. 2) was genetically distinguishable from cod

collected offshore on the northern Grand Bank when

examined with DA and DSW measures of genetic

distance and with the RST measure of population

structure, and approached statistical signi®cance when

measured with FST (Table 1, see Ruzzante et al.,

1996b). In all cases the genetic differences were small.

The cod collected inshore could be classi®ed

according to their blood thermal hysteresis. Thermal

hysteresis is an index of the antifreeze content in the

blood and it is a calibrated indicator of past residence

in cold (<08C) water, characteristic of coastal New-

foundland in Winter (Goddard et al., 1994). Both

estimates of genetic distance (DA and DSW) and the

RST measure of population structure increased with

respect to the initial comparison, which did not

account for antifreeze content (Table 1). FST, however,

decreased in magnitude and signi®cance. None of the

measures indicated that inshore cod with low anti-

freeze content (i.e. not overwintering inshore) were

genetically distinguishable from cod collected off-

shore (Table 1). Finally, inshore cod with high anti-

freeze content were not genetically distinguishable

from inshore cod with low antifreeze content (Table

1), suggesting that cod in this latter group are a

mixture of recently arrived migrants from offshore,

and of inshore resident cod which may have lost their
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antifreeze because of prolonged residence in pockets

of relatively warm water inshore (Ruzzante et al.,

1996b). When measured with RST and FST, the genetic

differentiation between inshore and offshore overwin-

tering cod is primarily due to differences in allele

frequencies at three loci: Gmo120, Gmo132, and

Gmo145 (Table 2).

Collectively, the above results suggest that cod

collected inshore, and in particular those exhibiting

high antifreeze content (a measure of inshore over-

wintering) are genetically distinguishable from off-

shore overwintering cod. We have also shown that this

genetic differentiation was stable over the period

1992±1995. An independent pool of cod samples

collected inshore during 1995 (n = 150) were collec-

tively genetically indistinguishable (with three out of

four measures; DSW, RST , FST) from the cod collected

inshore during the period 1992 to 1994 (n = 308; Table

1, line 5) despite the fact that both pools of inshore cod

themselves showed some heterogeneity (Ruzzante

et al., 1996b, 1997). When the 1995 samples were

compared to the subsets of 1992±1994 inshore cod

containing high (n = 123) or low (n = 58) antifreeze,

all tests, except for one measure (DA) in one of the

comparisons showed that the 1995 inshore cod were

genetically similar to the inshore cod in the 1992±94

period with high and low antifreeze (Table 1, lines 6,

7). Despite evidence of genetic heterogeneity between

cod aggregations inshore, the cod collected inshore

during 1995 were collectively genetically distinguish-

able from cod collected offshore over the period 1992±

94 (N = 140, Table 1, line 8). In addition, a comparison

of the ��2 estimate for the inshore 1992±94 pool vs.

the offshore 1992±94 pool and the inshore 1995 pool

vs. offshore 1992±94 pool showed that the genetic dis-

tance between the inshore and offshore pools remained

virtually unchanged and signi®cant at ��2 = 2.10 and

2.17, respectively (Ruzzante et al., 1997).

Table 1

DA and DSW measures of genetic distance and FST and RST measures of population structure between pools of various sizes (N1, N2) of adult

cod sampled offshore during Winters of 1992±1994 on the northern Grand Bank and inshore in Trinity Bay during late Winters of 1992±1994,

and separately in the late Winter of 1995 (inshore samples are further classified according to high or low levels of blood plasma antifreeze

(AF) levels in the individual cod)

Groups N1 N2 DA DSW FST RST

Inshore 92±94 (N1) vs. Offshore 92±94 (N2) 308 140 0.036*** 0.018** 0.0008* 0.0062**

Inshore 92±94 high-AF (N1) vs. Offshore 92±94 (N2) 123 124a 0.048*** 0.024*** 0.0002 0.0087**

Inshore 92±94 low-AF (N1) vs. Offshore 92±94 (N2) 58 124a 0.061 ÿ0.0003 0.0003 ÿ0.0010

Inshore 92±94 high-AF (N1) vs. Inshore 92±94 low-AF(N2) 123 58 0.047 ÿ0.0073 ±0.0012 ÿ0.0003

Inshore 95 (N1) vs. All inshore 92±94 (N2) 150 308 0.039**** 0.003 ±0.0001 0.002

Inshore 95 (N1) vs. Inshore 92±94 high-AF(N2) 150 123 0.054**** 0.004 0.003 0.028*

Inshore 95 (N1) vs. Inshore 92-94 low-AF (N2) 150 58 0.062 ÿ0.011 0.001 0.035

Inshore 95 (N1) vs. Offshore 92±94 (N2) 150 140 0.047**** 0.019*** 0.014** 0.001

* P < 0.100; ** P < 0.050; *** P < 0.010; **** P < 0.001.
a Individuals within the offshore 92±94 pool for which antifreeze information was available.

Table 2

RST and FST measures of genetic structure between inshore (N1) and offshore (N2) overwintering cod for each of five microsatellite loci and

over all loci (� = 0.012 after sequential Bonferroni correction for 4 (i.e., 4 loci) simultaneous tests (initial K = 4), thus, only locus Gmo 145 in

the RST test remains significant after correction for multiple tests. No correction applies to the tests overall loci.)

Structure measure N1 N2 Gmo2 Gmo4 Gmo120 Gmo132 Gmo145 Overall loci

FST 308 140 ÿ0.0008 0.0004 0.0016** 0.003* <0.0001 0.0008*

RST 308 140 ÿ0.003 ÿ0.002 0.015** 0.005 0.016*** 0.0062***

* P < 0.100; ** P < 0.050; *** P < 0.010.
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We have thus shown, on the basis of microsatellite

DNA variation, that cod sampled inshore at various

times and locations during 1995 within Trinity Bay,

Newfoundland, were collectively, genetically indis-

tinguishable from cod populations overwintering

inshore in the same general area during 1992±1994

and were genetically distinguishable from cod popu-

lations overwintering offshore along the edge of the

continental shelf on the Grand Bank. These results

therefore provide evidence of temporal stability in the

genetic differences between inshore and offshore

overwintering cod populations in the region, at least

at the scale of two to three years. Although these

results provide evidence of temporal stability in the

genetic structure within the northern cod complex

overwintering inshore and offshore, they represent

only a partial test of temporal stability as no wild

cod samples from the northern Grand Bank region (i.e.

offshore) were available in 1995. A more rigorous test

of the temporal stability hypothesis would require the

collection and processing of more or less contempora-

neous inshore and offshore samples, but these were

dif®cult to obtain. Nevertheless, a temporally stable

genetic structure implies that existing, separate breed-

ing components persist over time and are thus likely to

experience independent population dynamics.

The case study reviewed above provides suf®cient

evidence that the null hypothesis of `̀ no signi®cant

genetic population structure in northern Atlantic cod''

can be rejected at least between inshore overwintering

cod from Trinity Bay and offshore overwintering cod

from the Grand Bank. Furthermore, spawning distri-

butions, physiological adaptations, and tagging stu-

dies are all consistent with the genetic evidence.

Tagging studies that focus on the temporal and spatial

distribution of tag returns for ®sh that were tagged

while overwintering in the Trinity Bay (pre-spawning

aggregations; Lear, 1984; Taggart et al., 1995) show

evidence of spawning ground ®delity that is consistent

with the existence of population structure (Fig. 3). A

seasonal analysis of tag report data from Taggart et al.

(1995), excluding reports occurring within the ®rst six

months subsequent to tagging (see also Wroblewski et

al., 1996) shows that >60% of the reported returns are

from the immediate vicinity (within 30 nautical miles)

of the original tagging region and <20% are reported

at ranges exceeding 60 nm from the tagging region

(Fig. 3).

Fig. 3. Bathymetric chart (1000 and 200 m isobaths) of the Newfoundland region showing objective contour isopleths of the reporting rate (%)

for the period 1988±1995 for cod originally tagged and released during the pre-spawning overwintering period in the Random Island region of

Trinity Bay during 1988, 1990, and 1991. The inset shows the seasonal tag reporting rate (%) for tags reported captured in the original tag and

release region. (after Taggart et al., 1998 and data in Taggart et al., 1995).
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5.2. Genetic differences between offshore

components

We have shown that inshore overwintering cod from

Trinity Bay are genetically distinguishable from off-

shore overwintering cod from the Grand Bank region

with which they intermingle in the Summer during the

inshore feeding migration by offshore cod. Are there

detectable genetic differences between other compo-

nents of the northern cod complex? The answer

appears to be yes. In a preliminary study Bentzen

et al. (1996) described evidence consistent with the

existence of small but signi®cant genetic differences

between northern and southern offshore components

of the northern cod complex. More recently, Ruzzante

et al. (1998) examined microsatellite DNA variation

between cod populations spanning the latitudinal

range of the species in the NW Atlantic from the

Northeast Newfoundland shelf to Georges Bank and

provided evidence of further genetic structure between

adult cod aggregations from various offshore regions

within the northern cod complex as well as between

these and the inshore overwintering cod from Trinity

Bay in Newfoundland (Fig. 2). For northern cod and

neighboring regions an appropriate, yet perhaps con-

servative approximation to the stock structure should

comprise (see Ruzzante et al., 1998): (1) a non-

migratory Flemish Cap component; (2) two cross-

shelf migrant components, one with spawning

(Winter) ®delity to the various banks on the

Norheast Newfoundland Shelf, and the other with

spawning (Winter) ®delity to the northern Grand

Bank region; and (3) an along-shelf migrant

component with inshore or nearshore winter and

spawning ®delity along coastal Newfoundland and

Labrador. Taggart et al. (1998) and Ruzzante et al.

(1998) also hypothesized, and recently con®rmed

with adult cod overwintering in Gilbert Bay, Labrador

(Wroblewski, 1997) that there is signi®cant genetic

heterogeneity and structure at the scale of different

bays (unpublished results and see also below,

results concerning an inshore larval collection from

the Fogo Island region of northeastern Newfound-

land). Furthermore, tagging studies conducted over

a period of three decades starting in the 1960's support

the existence of two genetically distinguishable cross-

shelf migrant components of northern cod (Taggart,

1997).

The average distribution of cod tagged in Winter in

the vicinities of Hamilton Bank and Belle Isle Bank on

the Northeast Newfoundland shelf overlap (Fig. 4) and

they are not genetically distinguishable, while the

average distribution of cod tagged in Winter in the

North Cape region of the Grand Bank do not overlap

with those to the north (Fig. 4), and they are geneti-

cally distinguishable.

The genetic differences between these stock com-

ponents are small and standard population genetic

models would indicate high levels of migration

between them. We, however, stress two points: First,

any interpretation of gene-¯ow estimates derived from

FST and RST assumes that the populations are in

equilibrium Ð likely an invalid assumption given

the extreme ¯uctuations in population sizes that have

occurred under intense exploitation over the last four

decades. Second, assuming that violations of the

assumptions are largely inconsequential, such high

levels of gene-¯ow may be suf®cient to prevent

genetic differentiation of local populations in evolu-

tionary timescales (see Slatkin, 1985, 1987; Lande and

Barrowclough, 1987; Mills and Allendorf, 1996) but

they are probably low in the context of population

dynamics at time scales compatible with management

issues (Ruzzante et al., 1998) because they are unli-

kely to prevent the different local populations from

experiencing their own more or less independent

recruitment dynamics (see Waples, 1998, for further

discussion on this point).

5.3. Population affinities of larval cod aggregations

With the exception of one study that revealed small

scale genetic heterogeneity within a large larval cod

aggregation on the Scotian Shelf (reviewed below; see

Ruzzante et al., 1996a), all our recent studies on the

genetic structure of cod (Bentzen et al., 1996; Ruz-

zante et al., 1996b, 1997, 1998) are based on demersal,

adult cod of a range of ages and sizes. Studies on the

genetic composition of pelagic larval aggregations are

expected to produce results broadly consistent with

those obtained from adult cod collections. Alterna-

tively, lack of consistency between studies involving

adult and larval cod samples may reveal dynamic

complexities in the system that are not apparent when

only adult cod are examined. We examined the genetic

composition of four larval cod aggregations, three of
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them collected within the northern cod complex off

eastern Newfoundland and the fourth collected in the

northern Gulf of St. Lawrence region (see methods

and Fig. 2).

Substantial genetic differences were revealed

between the four larval cod aggregations with both

measures of population structure, FST and RST

(Table 3, line 1), and the differences remained statis-

tically signi®cant, though they decreased in magni-

tude, when only the three larval groups collected on

the Northeast Newfoundland shelf and the Grand

Bank region were included in the analysis (Table 3,

line 2). The main conclusion of substantial and sig-

ni®cant (P < 0.05) genetic differentiation remained

essentially unchanged when the four adult cod collec-

tions from the northern cod complex were included in

the analysis, regardless of whether or not the larvae

collected on the northern Gulf of St. Lawrence were

also included (Table 3, lines 3 and 4).

5.3.1. Genetic distance measures: DAand DSW

The two measures of genetic distance we employed,

DA and DSW, provided highly concordant results.

Examination of Table 4 reveals that (1) the cod larvae

collected inshore near the Fogo Island region of North-

east Newfoundland and, (2) the larvae collected in the

northern Gulf of St. Lawrence (region 4RS) were

genetically distiguishable from each other and from

all other groups including larval and adult collections

(Table 4). The larvae collected in the offshore 3K

region of northern cod were genetically distinguish-

able from the larvae collected inshore and from the

Fig. 4. Chart of the NW Atlantic region of Newfoundland showing the North Atlantic Fisheries Organization (NAFO) management divisions

(dotted lines; e.g. 2J), the 200 mile exclusive economic zone (dashed line) and the combined average progressive vector geographic positions

of reported cod-tag returns as a function of day of the year (aggregated offshore in Winter and inshore in Summer) from tagging experiments

conducted on: (1) Hamilton Bank during the Winter periods of 1964, 1966, 1981, and 1982; (2) on Belle Isle Bank during the Winter periods

of 1978 and 1983; and (3) near the North Cape region of the Grand Bank during the Winter periods of 1980, 1982, 1983, 1990, and 1991 (after

Taggart, 1997 and data from Taggart et al., 1995).
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larvae collected in the Gulf of St. Lawrence but not

from the larvae collected on the Grand Bank or from

any of the adult groups. The genetic af®nities of the

adult cod groups presented here (Table 4) are broadly

consistent with those described elsewhere (Ruzzante

et al., 1998) based on polymorphism at ®ve loci. The

group of cod collected between 1992 and 1994 off-

shore on the Northeast Newfoundland shelf and

referred to as North (N = 174) were distinguishable

from inshore overwintering cod fromTrinity Bay (Tri-

nity, N = 303), from cod collected on the North Cape

region of the Grand Bank (South, N = 249), and with

one measure (DSW) from cod collected in the St.

Athony Basin and Notre Dame Channel areas (Sand,

Table 3

Estimates of population structure: FST and RST among three larval cod collections from three areas (3K, N = 44; nearshore N = 23, and 3NO

N = 29) within the northern cod region and one larval cod collection from the northern Gulf of St. Lawrence region (4RS N = 37) as well as

among these and four adult northern cod collections (North N = 174; Sand N = 96; South = 249; Trinity N = 303) (see Fig. 2). Estimates

involving the northern Gulf of St. Lawrence larval collection are based on four microsatellite loci (i.e., Gmo2, Gmo4, Gmo120, and Gmo145)

(� = 0.010 after Bonferoni correction for 5 (i.e., 5 loci) simultaneous tests (initial K = 5) thus cases with at least*** remain significant. No

correction applies to tests overall loci.)

Groups Gmo2 Gmo4 Gmo120 Gmo132 Gmo145 Overall loci

FST

Northern cod and Gulf larvae (4 groups) 0.062**** 0.015**** 0.025**** NA 0.004* 0.025****

Northern cod larvae (3 groups) 0.022*** ÿ0.000 0.003 0.047**** 0.005 0.014****

Northern cod and Gulf larvae and Northern cod

adults (8 groups)

0.012**** 0.004**** 0.006**** NA 0.002*** 0.005****

Northern cod larvae and adults (7 groups) 0.002* 0.001 0.001* 0.007**** 0.002*** 0.002****

RST

Northern cod and Gulf larvae (4 groups) 0.089**** 0.205**** 0.352**** NA ±0.0010 0.171****

Northern cod larvae (3 groups) ÿ0.002 0.071*** ÿ0.020 0.098*** 0.008 0.031**

Northern cod and Gulf larvae and Northern cod

adults (8 groups)

0.016**** 0.040**** 0.114**** NA 0.007**** 0.051****

Northern cod larvae and adults (7 groups) ÿ0.004 0.010**** ÿ0.010 0.009**** 0.008**** 0.002****

* P < 0.100; ** P < 0.050; *** P < 0.010; **** P < 0.001.

Table 4

DA (above diagonal) and DSW (below diagonal) between larval aggregations in the northern cod and Gulf of St. Lawrence regions and adult

northern cod from offshore and inshore areas. Estimates are based on four loci: Gmo2, Gmo4, Gmo120, and Gmo145. Note: Estimates between

the adult populations differ slightly from those published in Ruzzante et al. (1998) because of the difference in the number of loci involved

(Those in Ruzzante et al. (1998) are based on 5 loci) (� = 0.002 after sequential Bonferroni correction for initial K = 28 (Rice, 1989), thus

cases with**** remain significant after correction for multiple tests.)

Larvae Adults

3K Inshore 3NO 4RS North Sand South Trinity

Larvae 3 K (N = 44) ± 0.291**** 0.133 0.380**** 0.103* 0.098 0.104** 0.096*

Inshore (N = 23) 0.191*** ± 0.286*** 0.349**** 0.230**** 0.228**** 0.217**** 0.235****

3NO (N = 29) 0.061 0.467**** ± 0.427**** 0.113 0.113 0.109 0.099

4RS (N = 37) 2.212**** 1.462**** 2.72*** ± 0.413**** 0.405**** 0.367**** 0.360****

AdultS North (N = 174) 0.071 0.402**** 0.005 2.933**** ± 0.059 0.044*** 0.043****

Sand (N = 96) 0.036 0.303**** 0.014 2.458**** 0.064**** ± 0.048 0.055*

South (N = 249) ±0.006 0.215**** 0.078 2.479**** 0.06**** 0.045*** ± 0.037****

Trinity (303) 0.019 0.285**** 0.011 2.475**** 0.038**** ÿ0.002 0.02*** ±

* P < 0.100; ** P < 0.050; *** P < 0.010; **** P < 0.001.
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N = 96). As described in more detail above, the cod

collected offshore in the North Cape region of the

Grand Bank (South) was genetically distinguishable

from inshore overwintering cod from Trinity Bay

(Trinity).

Some of the results concerning the genetic popula-

tion af®nities of the larval collections from the NE

Newfoundland shelf were not entirely consistent with

our expectations based on knowledge of the genetic

composition of the adult samples. For example the

larvae collected in the 3K region of the NE New-

foundland shelf (N = 44) and those collected on the

Grand Bank (3NO, N = 29) were genetically indis-

tinguishable from each other and from any of the adult

cod samples from northern cod. In general, however

the genetic results involving the larval collections

from the NE Newfoundland shelf and the northern

Gulf of St. Lawrence should be interpreted with

caution because of limited sample sizes (see Ruzzante,

1998). Sampling size considerations aside these

results suggest cod larvae originated on the NE New-

foundland shelf may disperse throughout the region

and eventually reach the Grand Bank area. Existence

of a statistically and biologically signi®cant degree of

population structure (Ruzzante et al., 1998) despite

potentially extensive dispersal at the larval stage can in

principle be explained if (1) the dispersed larvae do

not recruit successfully to any adult population, or (2)

they recruit successfully but eventually migrate back

to spawn in their general natal area, a behavior that

may be facilitated by topographically induced gyre-

like circulations or other hydrodynamic features that

can act as retention mechanisms for eggs and larvae.

Alternatively, the dispersed larvae may generally

recruit and reproduce successfully anywhere within

the northern cod complex, as suggested by the rela-

tively low (but signi®cant) magnitude of FST and/or

RST estimates (see Ruzzante et al., 1998) but they are

simply not numerous enough compared to larvae that

do not disperse, to eliminate the observed genetic

structure and result in panmixia. Some further insights

to address these and related issues may be gained by

next focusing on a group of larvae found in a gyre-like

feature on the Scotian shelf.

6. Small-scale genetic heterogeneity in a larval
cod aggregation: genetics and ecology

During November and December 1992 a large

aggregation of larval cod was tracked offshore on

the Scotian Shelf and sampled repeatedly over a

period of three weeks (Taggart et al., 1996). On the

basis of polymorphism at six microsatellite DNA

loci among 1337 cod larvae we found strong evi-

dence of heterozygote de®ciency and departure from

Hardy±Weinberg expectations for the larval aggrega-

tion as a whole and for a subset found within a single

water mass (i.e. the crestwater, CW; see Ruzzante

et al., 1996a) but not for a subset of the larvae that

formed a single cohort on the basis of age-at-length

(Table 5).

HWE is characteristic of large, randomly mating

populations. A population is in HWE for a given locus

if the probability of observing a given genotype is

equal to the product of the probabilities of observing

each of the alleles (i.e. the allele frequencies) for a

homozygote, or twice this product for a heterozygous

genotype. If a population is sub-divided, and there are

two or more groups that differ in allele frequencies at a

given locus, then analysis of the entire population

without considering its structure will show a de®-

ciency of heterozygotes. This is essentially what

our analysis described for the entire larval aggregation

Table 5

Genetic variation at six microsatellite loci described by samples per locus, number of alleles, average observed (Hobs) and expected (Hexp)

heterozygosity and heterozygote deficiency (D) and its significance (P) among all larvae in the entire larval cod aggregation (pool), among

larvae within the gyre-like crest water mass (CW) and the age-at-size cohort found within the CW on Western Bank of the Scotian Shelf

Larval

Group

Mean sample

size per locus

Total

alleles

Mean Hobs Mean Hexp Mean D P

pool 1226.8 276 0.895 0.902 ÿ0.009 0.015

CW 705.7 256 0.891 0.901 ÿ0.013 0.008

Cohort 283.3 212 0.897 0.898 ÿ0.004 0.263
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and the subset of all larvae sampled in the CW water

mass Ð they appear to have originated from several

spawning groups among which there were marked

differences in allele frequencies (see also Herbinger et

al., 1997). In contrast, there was neither evidence for

heterozygote de®ciency nor strong evidence for depar-

tures from HWE among the cod larvae that formed a

single cohort within the aggregation in the CW water

mass (Ruzzante et al., 1996a). The power to detect

small deviations from HWE decreases with sample

size, thus, the detection of departures from HWE in the

entire larval aggregation but not in the cohort subset

may be related to the difference in sample size. We

believe, however, that this is not the case in this

particular instance for two reasons: ®rst, sample sizes

are still relatively large even in the cohort subset, and

Hobs and Hexp are closer in the cohort sample than in

either aggregated sample. Departures from HWE can

also result from factors other than population subdivi-

sion, such as selection, inbreeding, phenotypic assor-

tative mating, and/or the presence of null alleles

(Devlin et al., 1990; Chakraborty and Jin, 1992),

but population subdivision is thought to be the most

important of these factors for microsatellite loci

(Lander, 1989). Thus we concluded that the entire

aggregation originated from several distinct spawning

events involving spawners with heterogeneous allelic

compositions. However, the larvae forming the cohort

originated from a single spawning event.

There was no evidence that the entire larval aggre-

gation originated from different populations as mea-

sured by ��2 distance, RST, and FST estimates between

subsets (Ruzzante et al., 1996a). On the other hand,

comparison of the cohort larvae to adult cod sampled

two years later on Western Bank and approximately

200 km to the NE, on Banquereau Bank, indicated that

no matter how measured, using either RST and FST (as

in Ruzzante et al., 1996a) or using DA, DSW, and ��2

(Table 6) the cohort larvae were consistently more

similar to adult cod collected locally on Western Bank

than to adult cod from Banquereau Bank. These

analyses clearly suggest that the genetic composition

of cod on Western Bank remains stable over time and

are consistent with the notion of the existence of

localized stock structure in cod at bank-scales (order

100 km).

The large larval aggregation described in this exam-

ple was con®ned within a relatively small area (order

100 km2) of coastal ocean involving a rotating slab of

well mixed water overlying the crest of a spawning

bank (Sanderson, 1995) and contained larvae spanning

a range of sizes and ages (Taggart et al., 1996;

Lochmann et al., 1997). Considered as a whole, the

aggregation was genetically heterogeneous. However,

a subset (the common age-at-size cohort) was geneti-

cally homogeneous. The evidence indicates that the

larval aggregation as a whole resulted from several

spawning groups whose offspring form genetically

de®ned larval cohorts upon which temporally and

(or) spatially varying biotic and oceanographic pro-

cesses can act to effect differential reproductive suc-

cess between spawning groups (see Lambert, 1984). If

this interpretation is correct, then moderate or minor

differences in the timing of spawning or differences in

the availability of resources to the offspring (i.e.

match±mismatch; Cushing, 1972; see also Levitan

and Petersen, 1995) appear to be the mechanisms that

lead to high variance between cohorts in their con-

tribution to recruitment. These ®ndings therefore,

have implications in the context of the `̀ match±mis-

match'' hypothesis (Cushing, 1972) and its genetic

counterpart, the `̀ sweepstakes'' selection hypothesis

(Hedgecock, 1994). The `̀ sweepstakes'' hypothesis

attributes the discrepancies between effective and

actual population sizes characteristic of highly abun-

dant and widely distributed marine species to the fact

Table 6

Genetic distance estimates (DA, DSW, and ��2) between the larval cod cohort collected on Western Bank of the Scotian Shelf in November

1992 and adult cod sampled on Western Bank and Banquereau Banks two years later

Groups DA DSW ��2

Larval cohort (N = 316) vs Western Bank adults (N = 48) 0.073 0.018 2.25

Larval cohort (N = 316) vs Banquereau Bank adults (N = 48) 0.076* 0.067** 5.89**

* P < 0.100; ** P < 0.050.
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that in each generation a small minority of individuals

can replace the entire population by a `̀ sweepstakes-

chance matching of reproductive activity with ocea-

nographic conditions conducive to . . . successful

recruitment'' (Hedgecock, 1994). Also, ®nding a large

larval cod aggregation within a spatially well de®ned

(kilometre-scale) and temporally stable (at the scale of

days) gyre-like water circulation system provides

support to the hypothesis that spawning products

can be retained within well de®ned geographic areas

on the Scotian Shelf suggesting that cod spawning

aggregations from neighboring banks may experience

more or less independent dynamics and may exhibit

further evidence of genetic structure.

7. Bank-scale genetic structure in Browns Bank,
Georges Bank and Bay of Fundy cod

Our last example involves an examination of the

genetic composition of cod from three neighbouring

regions on Browns Bank (western Scotian Shelf), the

Bay of Fundy, and Georges Bank (Fig. 5). Although all

three areas are geographically very close to each other,

they are characterized by distinct oceanographic

regimes. Georges Bank and Browns Bank are bath-

ymetrically separated by the Fundian Channel and

each is characterized by distinct and relatively persis-

tent gyre-like circulations. Juvenile and adult cod

migration as well as mixing of spawning products

between these banks are thought to be low or negli-

gible (Campana et al., 1989; Suthers and Frank, 1989).

The evidence thus suggests that retention mechanisms

resulting from topographically induced eddies act to

minimise dispersal of ichthyoplankton between these

banks (Smith, 1983, 1989a, b; Loder et al., 1988, for

Browns Bank; Hopkins and Gar®eld, 1981; Smith and

Morse, 1985; Loder et al., 1988; Werner et al., 1993

for Georges Bank; Iles and Sinclair, 1982; O'Boyle

et al., 1984; review in Frank et al., 1994) and/or to

allow for suf®cient imprinting necessary for subse-

quent spawning on natal banks.

Fig. 5. Bathymetric chart (1000 and 200 m isobaths) of the Scotia±Fundy region showing sample locations for Georges Bank (GB) and

Browns Bank (BB) cod. The inset shows the between-population relative proportions (proportion of GB cod with allele minus proportion of

BB cod with the same allele) of different alleles (base-pairs) for the Gmo132 and Gmo2 microsatellite loci.
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Despite their geographic proximity, cod collected at

these three locations are genetically distinguishable

from each other when examined with any one of four

different genetic measures of distance and population

structure (Tables 7 and 8). The genetic differences

between these populations appear to be primarily

related to the Gmo132 and Gmo145 loci, and to a

lesser extent Gmo4 (Table 7, Fig. 5).

The bathymetry and oceanography of the region

from which these cod were collected as well as the

spatio-temporal distribution of spawning are all con-

sistent with cod from these locations experiencing

independent population dynamics. Maximum spawn-

ing time differs between these regions (Colton et al.,

1979; Sherman et al., 1984; Hurley and Campana,

1989) with egg concentrations appearing ®rst on

Georges Bank (January±February), and then on

Browns Bank (March±April).

8. Conclusion

Our main goal in reviewing these three case studies

was to show that using a combination of genetic,

physiological and ecological, as well as oceano-

graphic information, biologically signi®cant differ-

ences in genetic composition can be detected

between cod populations at a variety of geographic

scales. We stressed those aspects of our research that

in our view are likely to provide signi®cant insights

into issues related to the identi®cation of stocks and

stock components in widely distributed, highly abun-

dant and high gene-¯ow marine ®sh species. For

example, our results suggest the existence of signi®-

cant genetic differences between cod populations at

bank- and bay-scales and imply that oceanographic

features (e.g., recirculation systems) and known spa-

tio-temporal differences in spawning time may con-

stitute important barriers to gene-¯ow between and

among neighboring cod aggregations in the NW

Atlantic. Topographically (bank) induced gyre-like

circulations (eddies), which in some regions have

been shown to act as retention mechanisms for cod

eggs, larvae, and juveniles may facilitate post-disper-

sal spawning ®delity to natal areas (i.e., homing) and

thus, may help explain some of the detected genetic

differences between neighbouring cod aggregations.

We suggest that bathymetric and hydrodynamic/ocea-

nographic structure represents a rational starting point

for developing hypotheses aimed at assessing the

genetic structure of high gene-¯ow marine ®sh

species.

Table 7

FST and RST measures of genetic structure between adult cod collected from Browns and Georges Bank and the Bay of Fundy for each of 5

microsatellite loci and over all loci (� = 0.012 after Bonferroni correction for 4 (i.e., 4 loci) simultaneous tests (initial K = 4), thus, cases

with**** remain significant after correction. No correction applies to the overall loci test.)

Gmo2 Gmo4 Gmo120 Gmo132 Gmo145 Overall loci

FST ÿ0.002 0.003* ÿ0.001 0.030**** 0.005** 0.007****

RST ±0.005 0.014* ÿ0.006 0.091**** 0.030** 0.025****

* P < 0.180; ** P < 0.050; **** P < 0.001.

Table 8

DA (above diagonal) and DSW (below diagonal) measures of genetic distance between cod collected on Browns and Georges Bank and in the

Bay of Fundy (� = 0.050/3 = 0.017 after sequential Bonferroni correction for three simultaneous tests, thus cases with at least*** remain

significant after correction)

Groups Browns Bank Georges Bank Bay of Fundy

Browns Bank (N = 48) ÿ 0.118* 0.136***

Georges Bank (N = 48) 0.139**** ÿ 0.116*

Bay of Fundy (N = 48) 0.175**** 0.036 -

* P < 0.100; *** P < 0.010; ****P < 0.001.

D.E. Ruzzante et al. / Fisheries Research 43 (1999) 79±97 93



Acknowledgements

For assistance in securing cod tissue samples we

thank the Captains and crews of the vessels MV

PETREL V, WILFRED TEMPLEMAN, GADUS

ATLANTICA, ALFRED NEEDLER, SHAMOOK,

LADY KENDA, and NORTHERN QUEST and the

support staff and observers in the Canada department

of ®sheries and oceans (DFO) at the NW Atlantic

®sheries centre (NWAFC), the St. Andrews Biological

Station, and the Bedford Institute of Oceanography.

We are particularly grateful to C. Anderson, P. Aven-

dano, W. Bailey, J. Brattey; W. Edison, C. George, J.

Hunt, G. Rose, K. Smedbol, and J. Wroblewski for

assistance in sample collections and J. Berthier, L.

Bussey, S. Lang, J. McPhail, S. Neale, A. Pickle, P.

Simard, and K. Spence for help in the lab. J. Anderson

(NWAFC, DFO) and J. GagneÂ (Institute Maurice

Lamontagne, DFO) kindly provided the pelagic larval

tissues collected off eastern Newfoundland and in the

northern Gulf of St. Lawrence. The research was

supported by the ocean production enhancement net-

work (OPEN), one of the 15 Networks of Centres of

Excellence funded by the Government of Canada from

1990 to 1994, by the interim funding research pro-

gramme (IFRP) funded by the Government of Canada,

the Canada/Newfoundland and Canada/Nova Scotia

COOPERATION agreements; by the DFO northern

Cod Science Program, by The Canadian Centre for

Fisheries Innovation, and by Dalhousie University

Marine Gene Probe Laboratory funds.

References

Angel, J.R., Burke, D.L., O'Boyle, R.N., Peacock, F.G., Sinclair,

M., 1994. Report of the workshop on Scotia±Fundy Groundfish

Management from 1977 to 1993. Can. Tech. Rep. Fish. Aquat.

Sci. 1979, p. 181.

AÂ rnason, E., PaÂlsson, S., 1996. Mitochondrial cytochrome b DNA

sequence variation of Atlantic cod (Gadus morhua) from

Norway. Molec. Ecol. 5, 715±724.

AÂ rnason, E., PaÂlsson, S., Arason, A., 1992. Gene flow and lack of

population differentiation in Atlantic cod, Gadus morhuafrom

Iceland, comparison of cod from Norway and Newfoundland. J.

Fish Biol. 40, 751±770.

AÂ rnason, E., Rand, D.M., 1992. Heteroplasmy of short tandem

repeats in mitochondrial DNA of Atlantic cod, Gadus morhua.

Genetics 132, 211±220.

Bentzen, P., Taggart, C.T., Ruzzante, D.E., Cook, D., 1996.

Microsatellite polymorphism and the population structure of

cod (Gadus morhua) in the North West Atlantic. Can. J. Fish.

Aquat. Sci. 53, 2706±2721.

Brander, K.M., 1994. Patterns of distribution, spawning, and

growth in North Atlantic cod: the utility of inter-regional

comparisons. ICES Mar. Sci. Symp. 198, 406±413.

Brooker, A.L., Cook, D., Bentzen, P., Wright, J.M., Doyle, R.W.,

1994. Organization of microsatellites differs between mammals

and cold-water teleost fish. Can. J. Fish. Aquat. Sci. 51, 1959±

1966.

Campana, S.E., Smith, S.J., Hurley, P.C.F., 1989. An age-structured

index of cod larval drift and retention in the waters off

southwest Nova Scotia. Rapp. P.-V ReÂun. Cons. int. Explor.

Mer. 191, 50±62.

Carr, S.M., Marshall, H.D., 1991a. Detection of intraspecific DNA

sequence variation in the mitochondrial cytochrome b gene of

Atlantic cod (Gadus morhua) by the polymerase chain reaction.

Can. J. Fish. Aquat. Sci. 48, 48±52.

Carr, S.M., Marshall, H.D., 1991b. A direct approach to the

measurement of genetic variation in fish populations: Applica-

tions of the polymerase chain reaction to studies of Atlantic cod

(Gadus morhua). J. Fish Biol. 39 (Suppl. A), 101±107.

Carr, S.M., Snellen, A.J., Howse, K.A., Wroblewski, J.S., 1995.

Mitochondrial DNA sequence variation and genetic stock

structure of Atlantic cod (Gadus morhua) from bay and

offshore locations on the Newfoundland continental shelf.

Molec. Ecol. 4, 79±88.

Chakraborty, R., Jin, L., 1992. Heterozygote deficiency, population

substructure, population substructure and their implications in

DNA fingerprinting. Human Genetics 88, 267±272.

Clark, C.W., 1990. Mathematical Bioeconomics, 2nd ed. Wiley,

New York, p. 386.

Colton, J.B., Kendall, A.W., Berrien, P.L., Fahay, M.P., 1979.

Principal spawning areas and times of marine fishes, Cape

Sable to Cape Hatteras. Fish. Bull. (US) 76, 911±915.

Cross, T.F., Payne, R.H., 1978. Geographic variation in Atlantic

cod, Gadus morhua, off Eastern North America: A biochemical

systematics approach. J. Fish. Res. Board Can. 35, 117±123.

Cushing, D.H., 1972. The production cycle and the numbers of

marine fish. Symp. Zool. Soc. London 29, 213±232.

Dahle, G., Jùrstad, K.E., 1993. Haemoglobin variation in cod-a

reliable marker for Arctic cod (Gadus morhua L.). Fish. Res.

16, 301±311.

Devlin, B., Risch, N., Roeder, K., 1990. No excess of homozygosity

at loci used for DNA fingerprinting. Science 249, 1416±1420.

Fletcher, G.L., King, M.J., Kao, M.H., 1987. Low temperature

regulation of antifreeze glycopeptide levels in Atlantic cod

(Gadus morhua). Can. J. Zool. 65, 227±233.

Frank, K.T., Drinkwater, K.F., Page, F.H., 1994. Possible causes of

recent trends and fluctuations in Scotian Shelf/Gulf of Maine

cod stocks. ICES Mar. Sci. Symp. 198, 110±120.

Goddard, S.V., Kao, M.H., Fletcher, G.L., 1992. Antifreeze

production, freeze resistance, and overwintering of juvenile

Northern Atlantic cod (Gadus morhua). Can. J. Fish. Aquat.

Sci. 49, 516±522.

Goddard, S.V., Wroblewski, J.S., Taggart, C.T., Howse, K.A.,

Bailey, W.L., Kao, M.H., Fletcher, G.L., 1994. Overwintering

94 D.E. Ruzzante et al. / Fisheries Research 43 (1999) 79±97



of adult Northern Atlantic cod (Gadus morhua) in cold inshore

waters as evidenced by plasma antifreeze glycoprotein levels.

Can. J. Fish. Aquat. Sci. 51, 2834±2842.

Goldstein, D.B., Ruiz-Linares, A., Cavalli-Sforza, L.L., Feldman,

M.W., 1995. Genetic absolute dating based on microsatellites

and the origin of modern humans. Proc. Natl. Acad. Sci. USA.

92, 6723±6727.

Goodman, S.J., 1997. RST CALC: A collection of computer

programs for calculating estimates of genetic differentiation

from microsatellite data and determining their significance.

Molec. Ecol. 6, 881±885.

Hedgecock, D., 1994. Does variance in reproductive success limit

effective population sizes of marine organisms? In: Beaumont,

A.R. (Ed.), Genetics and evolution of aquatic organisms.

Chapman and Hall, London, pp. 122±134

Herbinger, C.M., Doyle, R.W. Taggart, C.T., Lochmann, S.E.,

Cook, D., 1997. Family relationships and effective population

size in a natural cohort of cod larvae. Can. J. Fish. Aquat. Sci.

54 (Suppl. 1), 11±18.

Hopkins, T.S., Garfield, N., 1981. Physical origins of Georges

Bank water. J. Mar. Res. 39, 465±500.

Hurley, P.C.F., Campana, S.E., 1989. Distribution and abundance of

haddock (Melanogrammus aeglefinus) and Atlantic cod (Gadus

morhua) eggs and larvae in the waters off southwest Nova

Scotia. Can. J. Fish. Aquat. Sci. 46(Suppl. 1), 103±112.

Hutchings, J.A., Myers, R.A., Lilly, G.R., 1993. Geographic varia-

tion in the spawning of Atlantic cod, Gadus morhua, in the

Northwest Atlantic. Can. J. Fish. Aquat. Sci. 50, 2457±2467.

Iles, T.D., Sinclair, M., 1982. Atlantic herring: Stock discreteness

and abundance. Science 215, 627±633.

Jamieson, A., 1975. Enzyme type of Atlantic cod stocks on the

North American banks. In: Markert, C.L. (Ed.), Isozymes. IV.

Genetics and Evolution. Academic Press, New York, pp. 491±

515.

Jamieson, A., Otterlind, G., 1971. The use of cod blood protein

polymorphisms in the Belt sea, the Sound and the Baltic Sea.

(ICES Special Meeting on the Biochemical and Serological

Identification of Fish Stocks, Dublin, 1969). Rapp. P.-V ReÂun.

Cons. Int. Explor. Mer 161, 55±59.

Lambert, T.C., 1984. Larval cohort succession in herring (Clupea

harengus) and capelin (Mallotus villosus). Can. J. Fish. Aquat.

Sci. 41, 1552±1564.

Lande, R., Barrowclough, G.F., 1987. Effective population size,

genetic variation, and their use in population management. In:

Viable Populations for Conservation(ed. Soule ME). Cam-

bridge University Press, Cambridge, pp. 87±123.

Lander, E.S., 1989. DNA fingerprinting on trial. Nature 339, 501±

505.

Larkin, P.A., 1977. An epitaph for the concept of maximum

sustainable yield. Trans. Amer. Fish. Soc. 106, 3±11.

Lear, W.H., 1984. Discrimination of the stock complex of Atlantic

cod (Gadus morhua) off southern Labrador and eastern

Newfoundland, as inferred from tagging studies. J. Northw.

Atl. Fish. Sci. 5, 143±159.

Lear, W.H., 1986. A further discussion of the stock complex of

Atlantic cod (Gadus morhua) in NAFO divisions 2J, 3K, and

3L. NAFO SCR Doc. 86/118, 122±124.

Lear, W.H., Green, J.M., 1984. Migration of the `̀ northern''

Atlantic cod and the mechanisms involved. In: McCleave, J.D.,

Arnold, G.P., Dodson, J.J., Neil, W.W.,(Eds.), Mechanisms of

Migration in Fishes. Plenum, New York, pp. 309±315.

Lear, W.H., Wells, R., 1984. Vertebral averages of juvenile cod,

Gadus morhua, from coastal waters of Eastern Newfoundland,

and Labrador as indicators of stock origin. J. Northw. Atl. Fish.

Sci. 5, 23±31.

Levitan, D.R., Petersen, C., 1995. Sperm limitation in the sea.

Trends Ecol. Evol. 10, 228±231.

Lochmann, S.E., Taggart, C.T., Griffin, D.A., Thompson, K.R.,

Maillet, G.A., 1997. Abundance and condition of larval cod

(Gadus morhua) at a convergent front on Western Bank,

Scotian Shelf. Can. J. Fish. Aquat. Sci. 54, 1461±1479.

Loder, J.W., Ross, C.K., Smith, P.C., 1988. A space- and time-scale

characterization of circulation and mixing over submarine

banks, with application to the Northwestern Atlantic continen-

tal shelf. Can. J. Fish. Aquat. Sci. 45, 1860±1885.

Michalakis, Y., Excoffier, L., 1996. A generic estimation of

population subdivision using distances between alleles with

special reference for microsatellite loci. Genetics 142, 1061±

1064.

Mills, L.S., Allendorf, F.W., 1996. The one-migrant-per-generation

rule in conservation and management. Conservation Biology

10, 1509±1518.

Mùller, D., 1968. Genetic diversity in spawning cod along the

Norwegian coast. Hereditas 60, 1±32.

Mork, J., Reuterwall, C., Ryman, N., StaÊhl, G., 1982. Genetic

variation in Atlantic cod (Gadus morhua L.): a quantitative

estimate from a Norwegian coastal population. Hereditas 96,

55±61.

Mork, J., Ryman, N., StaÊhl, G., Utter, F., Sundnes, G., 1985.

Genetic variation in Atlantic cod (Gadus morhua) throughout

its range. Can. J. Fish. Aquat. Sci. 42, 1580±1587.

Myers, R.A., Mertz, G., Bishop, C.A., 1993. Cod spawning in

relation to physical and biological cycles of the northern

Northwest Atlantic. Fish. Oceanogr. 2(3/4), 154±165.

Nakken, O., 1994. Causes of trends and fluctuations in the Arcto-

Norwegian cod stock. ICES mar. Sci. Symp. 198, 212±228.

Nei, M., Tajima, F., Tateno, Y., 1983. Accuracy of estimated

phylogenetic trees from molecular data. J. Molec. Evol. 19,

153±170.

Nielsen, J.L., Carpanzano, C., Fountain, M.C., Gan, C., 1997.

Mitochondrial DNA and nuclear microsatellite diversity in

hatchery and wild Oncorhynchus mykiss from freshwater

habitats in southern California. Trans. Am. Fish. Soc. 126,

397±417.

O'Boyle, R.N., Sinclair, M., Conover, R.J., Mann, K.H., Kohler,

A.C., 1984. Temporal and spatial distribution of ichthyoplank-

ton communities of the Scotian Shelf in relation to biological,

hydrological, and physiographic features.. Rapp. P.-V Reun.

Con. internat Explor. Mer. 183, 27±40.

O'Reilly, P.T., Wright, J.M., 1995. The evolving technology of

DNA fingerprinting and its application to fisheries aquaculture.

J. Fish. Biol. 47(Suppl. A), 29±55.

Park, L.K., Moran, P., 1994. Developments in molecular genetic

techniques in fisheries. Rev.. Fish Biol. Fish. 4, 272±299.

D.E. Ruzzante et al. / Fisheries Research 43 (1999) 79±97 95



Pepin, P., Carr, S.M., 1993. Morphological, meristic, and genetic

analysis of stock structure in juvenile Atlantic cod (Gadus

morhua) from the Newfoundland shelf. Can. J. Fish. Aquat. Sci.

50, 1924±1933.

Pogson, G.H., Mesa, K.A., Boutillier, R.G., 1995. Genetic

population structure and gene flow in Atlantic cod Gadus

morhua: a comparison of allozyme and nuclear RFLP loci.

Genetics 139, 375±385.

Policansky, D., Magnuson, J.J., 1998. Genetics, metapopulations,

and ecosystem management of fisheries. Ecol. Appl. 8(1)

Suppl., S119±S123.

Rice, W.R., 1989. Analyzing tables of statistical tests. Evolution

43, 223±225.

Rice, J.R. (Ed.), 1997. Proceedings of the Workshop on Cod Stock

Components, March 3±5, 1997, St. John's Newfoundland. Can.

Stock Assess. Proc. Series 97/06.

Ruzzante, D.E., 1998. A comparison of several measures of genetic

distance and population structure with microsatellite data: bias

and sampling variance. Can. J. Fish. Aquat. Sci. 55, 1±14.

Ruzzante, D.E., Taggart, C.T., Cook, D., 1996a. Spatial and

temporal variation in the genetic composition of a larval cod

(Gadus morhua) aggregation: cohort contribution and genetic

stability. Can. J. Fish. Aquat. Sci. 53, 2695±2705.

Ruzzante, D.E., Taggart, C.T., Cook, D., 1998. A nuclear DNA

basis for shelf and bank-scale population structure in NW

Atlantic cod (Gadus morhua): Labrador to Georges Bank. Mol.

Ecol. 7, 1663±1680.

Ruzzante, D.E., Taggart, C.T., Cook, D., Goddard, S.V., 1996b.

Genetic differentiation between inshore and offshore Atlantic

cod (Gadus morhua L.) off Newfoundland: microsatellite DNA

variation and antifreeze level. Can. J. Fish. Aquat. Sci. 53, 634±

645.

Ruzzante, D.E., Taggart, C.T., Cook, D., Goddard, S.V., 1997.

Genetic differentiation between inshore and offshore Atlantic

cod (Gadus morhua) off Newfoundland: a test, and evidence of

temporal stability. Can. J. Fish. Aquat. Sci. 54, 2700±2708.

Sanderson, B., 1995. Structure of an eddy measured with drifters.

J. Geophys. Res. 100, 6761±6776.

Serchuk, F.M., Grosslein, M.D., Lough, R.G., Mountain, D.G.,

O'Brien, L., 1994. Fishery and environmental factors affecting

trends and fluctuations in the Georges Bank and Gulf of Maine

Atlantic cod stocks: an overview. ICES mar. Sci. Symp. 198,

77±109.

Sherman, K., Smith, W., Morse, W., Berman, M., Green, J.,

Ejsymont, L., 1984. Spawning strategies of fishes in relation to

circulation, phytoplankton production, and pulses in zooplank-

ton off the northeastern United States. Mar. Ecol. Progr. Series

18, 1±19.

Shopka, S.A., 1994. Fluctuations in the cod stock off Iceland

during the twentieth century in relation to changes in the

fisheries and environment. ICES mar. Sci. Symp. 198, 175±

193.

Shriver, M.D., Jin, L., Boerwinkle, E., Deka, R., Ferrell, R.E.,

1995. A novel measure of genetic distance for highly

polymorphic tandem repeat loci. Mol. Biol. Evol. 12, 914±920.

Slatkin, M., 1985. Gene flow in natural populations. Annual

Review of Ecol. and Systematics 16, 393±430.

Slatkin, M., 1987. Gene flow and the geographic structure of

natural populations. Science 236, 787±792.

Slatkin, M., 1995. A measure of population subdivision based on

microsatellite allele frequencies. Genetics 139, 457±462.

Smedbol, R.K., Wroblewski, J.S., 1997. Evidence for inshore

spawning of northern Atlantic cod (Gadus morhua) in Trinity

Bay, Newfoundland, 1991±1993, Can. J. Fish. Aquat. Sci. 54

(Suppl. 1), 177±186.

Smith, P.C., 1983. The mean and seasonal circulation off Southwest

Nova Scotia. J. Phys. Oceanogr. 13, 1034±1054.

Smith, P.C., 1989a. Circulation and dispersion on Browns Bank.

Can. J. Fish. Aquat. Sci. 46, 539±559.

Smith, P.C., 1989b. Seasonal and interannual variability of current,

temperature and salinity off Southwest Nova Scotia. Can. J.

Fish. Aquat. Sci. 46(Suppl. 1), 4±20.

Smith, P.J., Birley, A.J., Jamieson, A., Bishop, C.A., 1989.

Mitochondrial DNA in the Atlantic cod, Gadus morhua: lack

of genetic divergence between eastern, and western popula-

tions. J. Fish Biol. 34, 369±373.

Smith, W.G., Morse, W.W., 1985. Retention of larval haddock

Melanogrammus aeglefinus in the Georges Bank region, a gyre-

influenced spawning area. Mar. Ecol. Progr. Series 24, 1±13.

Suthers, I.M., Frank, K.T., 1989. Inter-annual distributions of larval

and pelagic juvenile cod (Gadus morhua) in southwestern Nova

Scotia determined with two different gear types. Can. J. Fish.

Aquat. Sci. 46, 591±602.

Taggart, C.T., 1997. Bank-scale migration patterns in northern cod.

NAFO Sci. Counc. Studies 29, 51±60.

Taggart, C.T., Anderson, J., Bishop, C., Colbourne, E., Hutchings,

J., Lilly, G., Morgan, J., Murphy, E., Myers, R., Rose, G.,

Shelton, P., 1994. Overview of cod stocks, biology, and

environment in the Northwest Atlantic region of Newfound-

land, with emphasis on northern cod. ICES mar. Sci. Symp.

198, 140±157.

Taggart, C.T., Lochmann, S.E., Griffin, D.A., Thompson, K.R.,

Maillet, G.L., 1996. Abundance distribution of larval cod

(Gadus morhua) and zooplankton in a gyre-like water mass on

the Scotian Shelf. In: Watanabe, Y., Yamashita, Y., and Ozeki,

Y. (Eds.), Survival strategies in early life stages. of marine

resources. Proc. Internat. Workshop, Yokohama. Balkema

Press, Rotterdam, pp. 155±173.

Taggart, C.T., Penney, P., Barrowman, N., George, C., 1995. The

1954±1993 Newfoundland cod-tagging data base: statistical

summaries and spatial-temporal distributions. Can. Tech. Rep.

Fish. Aquat. Sci., 2042.

Taggart, C.T., Ruzzante , D.E., Cook, D., 1998. Localised stocks of

cod (Gadus morhua)in the Northwest Atlantic: the genetic

evidence and otherwise. In: Hunt von Herbing, I., Kornfield, I.,

Tupper, M., Wilson, J. (Eds.), The Implications of Localized

Fishery Stocks. NRAES (Natural Ressource, Agriculture and

Engineering Service) Ithaca, New York, pp. 65±90.

Takezaki, N., Nei, M., 1996. Genetic distances and reconstruction

of phylogenetic trees from microsatellite DNA. Genetics 144,

389±399.

Tautz, D., 1989. Hypervariability of simple sequences as a source

for polymorphic DNA markers. Nucleic Acids Res. 17, 6463±

6471.

96 D.E. Ruzzante et al. / Fisheries Research 43 (1999) 79±97



Templeman, W., 1962. Divisions of cod stocks in the Northwest

Atlantic. ICNAF, Redbook 1962, Part III, Selected papers from

the 1962 Annual Meeting, pp. 79±123.

Templeman, W., 1966. Marine Resources of Newfoundland. Bull.

Fish. Res. Board. Can. 154, 170.

Templeman, W., 1981. Vertebral numbers in Atlantic cod, Gadus

morhua, of the Newfoundland and adjacent areas, 1947±1971,

and their use for delineating cod stocks. J. Northw Atl. Fish.

Sci. 2, 21±45.

Valerio, P.F., Goddard, S.V., Kao, M.H., Fletcher, G.L., 1992.

Survival of Northern Atlantic cod (Gadus morhua) eggs and

larvae when exposed to ice and low temperature. Can. J. Fish.

Aquat. Sci. 49, 2588±2595.

Waples, R., 1998. Separating the wheat from the chaff: patterns of

genetic differentiation in high gene flow species. J. Heredity 89,

438±450.

Ward, R.D., Grewe, P.M., 1994. Appraisal of molecular genetic

techniques in fisheries. Rev. Fish Biol. Fish. 4, 300±325.

Ward, R.D., Woodwark, M., Skibinski, D.O.F., 1994. A comparison

of genetic diversity levels in marine, freshwater, and anadro-

mous fishes. J. Fish Biol. 44, 213±232.

Weir, B.S., Cockerham, C.C., 1984. Estimating F-statistics for the

analysis of population structure. Evolution 38, 1358±1370.

Werner, F.E., Page, F.H., Lynch, D.R., Loder, J.W., Lough, R.G.,

Perry, R.I., Greenberg, D.A., Sinclair, M., 1993. Influences of

mean advection and simple behaviour on the distribution of cod

and haddock early life stages on Georges Bank. Fish. Oceanogr.

2, 43±64.

Wright, S., 1951. The genetical structure of populations. Annals

Eugenics 15, 323±354.

Wright, J.M., 1993. DNA fingerprinting of fishes. In: Hochachka,

P.W., Mommsen, T. (Eds.), Biochemistry and molecular

biology of fishes. Vol. 2. Elsevier Science Publishers B. V.

Amsterdam, The Netherlands. pp. 57±91.

Wright, J.M., Bentzen, P., 1994. Microsatellites: genetic markers

for the future. Rev. Fish Biol. Fish. 4, 384±388.

Wroblewski, J., 1997. Observations of northern cod overwintering

in Trinity Bay, Newfoundland and in Gilbert's Bay, southern

Labrador. In: Rice, J.R. (Ed.), Proceedings of the Workshop on

Cod Stock Components March 3±5, 1997 St. John's New-

foundland. Can. Stock Assess. Proc. Series, 97/06.

Wroblewski, J.S., Bailey, W.L., Howse, K.A., 1994. Observations

of adult Atlantic cod (Gadus morhua) overwintering in

nearshore waters of Trinity Bay, Newfoundland. Can. J. Fish.

Aquat. Sci. 51, 142±150.

Wroblewski, J.S., Smedbol, R.K., Taggart, C.T., Goddard, S.V.,

1996. Movements of farm-held and wild Atlantic cod (Gadus

morhua) released in Trinity Bay, Newfoundland. Mar. Biol.

124, 619±627.

Yanisch-Perron, C., Vieira, J., Messing, J., 1985. Improved M13

phage cloning vectors and host strains: nucleotide sequences of

M13mp18 and puc19 vectors. Gene 33, 103±119.

D.E. Ruzzante et al. / Fisheries Research 43 (1999) 79±97 97


