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Genetic differentiation between inshore
and offshore Atlantic cod (Gadus morhua)
off Newfoundland: a test and evidence of
temporal stability

Daniel E. Ruzzante, Christopher T. Taggart, Doug Cook, and Sally V. Goddard

Abstract: The genetic difference between inshore overwintering Atlantic Gatlils morhugfrom Trinity Bay,

Newfoundland, and offshore overwintering cod from the Grand Bank region (Ruzzante et al. 1996; Can. J. Fish. Aquat. Sci.
53 634-645) has remained stable during 1992-1995. Cod collected inshore during 1995 in TriniyB&y(Q) were again
genetically distinguishable (usingi()? andDgy) from offshore cod Nl = 140) collected between 1992 and 1994 and were
genetically indistinguishable from inshore cddi£ 123) also collected between 1992 and 1994. Farm-heldNed3Q),

captured inshore in 1992 and pen reared until 1995 were most likely to have been drawn from an inshore overwintering
population; they were genetically different from offshore cod and were indistinguishable from wild inshore cod showing high
antifreeze activity and from cod collected in relatively cold (~0.2°C) water in December 1995. The farm-held cod were
genetically different from cod collected in relatively warm (~3.3°C) water but were indistinguishable from cod with low
antifreeze activity. Despite evidence of weak genetic heterogeneity within the pool of wild cod collected inshore in 1995,
which was not associated with antifreeze activity nor with water temperature, the magnitude of the genetic differences
between inshore and offshore cod has remained unchanged during the period 1992—1995.

Résumé: Les différences génétiques entre la morue franGael(s morhuphivernant dans les eaux cotieres de la baie

Trinité, a Terre-Neuve, et celles hivernant dans les eaux du large dans la région du Grand Banc (Ruzzante et al. 1996; J. Can.
Sci. Halieut. Aquat53: 634—645) sont demeurées stables entre 1992 et 1995. Les morues capturées dans les eaux cétiéres en
1995 dans la baie Trinitd\(= 150) se distinguaient encore sur le plan génétique (a I'aid&yd €t deDgy,) des morues du

large (N = 140) capturées entre 1992 et 1994, et ne se distinguaient pas génétiquement des morues des eabkxhd)es (
également prélevées entre 1992 et 1994. Des morues maintenues en captiBd (capturées dans les eaux cotieres en

1992 et élevées dans des parcs de filets jusqu’en 1995, provenaient trés vraisemblablement d’une population qui hiverne dans
les eaux cotieres; elles étaient génétiquement différentes des morues du large, et ne se distinguaient pas des morues sauvages
des eaux cotieres présentant une forte activité antigel, et des morues capturées dans une eau relativement froide (environ

0,2° C) en décembre 1995. Les morues gardées en captivité étaient génétiguement différentes d’autres morues capturées dans
une eau relativement chaude (environ 3,3° C), mais ne se différenciaient pas des morues présentant une faible activité antigel.
Malgré des indications d’une faible hétérogénéité génétique sur 'ensemble des morues sauvages capturées dans les eaux
cOtieres en 1995, qui n’était pas associée avec I'activité antigel ni avec la température de I'eau, 'ampleur des différences
génétiques entre les morues des eaux cotieres et du large est demeurée identique pendant la période 1992—-1995.

[Traduit par la Rédaction]

Introduction in a marine fishery. This is of particular importance when deal-

Determining whether or not the genetic structure of a stock

ing with local, or neighbouring, fish populations among which

complex remains stable over time is of primary importance for there may not be any readily apparent geographic or oceano-
the proper management and conservation of genetic resourcegraphlc barrier to mixing. A temporally stable genetic structure

implies that existing, separate breeding components persist

over time and are thus likely to experience independent popu-
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Cape region of the Grand Bank. The two subpopulations were study by Goddard et al. (1994). In adult cod, high antifreeze activity
genetically distinct despite the fact that individuals from both (20.2°C thermal hysteresis) is indicative of overwintering in cold
regions intermingle during most of summer and fall as a result (<0°C) water, which was generally inshore, while low or nonexistent
of the inshore feeding migration of offshore cod. However, winter antifreeze levels<0.09°C) are indicative of overwintering in
their study, and that of Bentzen et al. (1996) using virtually warm water, which was generally offshore.

identical techniques, provided very limited evidence of tem-

poral stability in the structures resolved within the northern Genetic techniques

cod complex. The dissemination of results in both of these DNA extraction from alcohol-preserved tissue from the farm-held
studies led critics to rightly challenge us to demonstrate tem- cod samples and from wild cod samples collected between 1992 and
poral stability in the defined structure. Thus, in this paper we 1994 was as described elsewhere (Ruzzante et alal 2986, Ben-
address the question of temporal stability by comparing ge- tzen et al. 1996). Samples collected from W|Iq cod in 1995 were ex-
netic information from new cod samples collected inshore in EFCtgd l?]y thle follgylvmg ’ prc;cedufn;,\]._ ﬁq_Ea“fggt S%_ML gfL
1995 in the same general region of Trinity Bay as in Ruzzante ood-ethanol was diluted in 730 of hig (100 mM Tris—HCL,

. . . 40 mM EDTA) spun for 10 s to pellet the cells, and the supernatant
et al. (199@) with three different sets of samples) (hose 55 iscarded. The cell pellet was then resuspended inuR56F

collected inshore during the period 1992-1999;those col-  \yGpL (Marine Gene Probe Laboratory) lysis buffer (10 mM Tris—
lected offshore during the same period, both of which were HcL, 1 mM EDTA, 200 mM LiCl (pH 8.0), and 0.8% SDS), contain-
reported in Ruzzante et al. (1996 and {ii) those more re-  ing 200ug/mL proteinase K. The sample was incubated at 45°C for

cently collected in 1995 from cod that had been caughtin 1992 15 min, vortexed, and further incubated until the cells were com-
in the inshore region of Trinity Bay and had been pen reared pletely lysed (10-20 min). Following incubation, 5@ of TE

in Gooseberry Cove since then (see Wroblewski et al. 1996). (10 mM Tris-HCI, 1 mM EDTA (pH 8.0)) and 75QL of cold

To maintain consistency with our earlier study we again em- isopropanol was added and the sample was mixed by vortexing. The

ploy the same nuclear DNA microsatellite loci as the genetic 5]':'6; ys:rﬁg,l[gﬁvgép;ffafg&n"_‘r%gf;g?nspﬁ‘g]w:sattﬁgfgﬁ?gge 4 for
markers. For cod collected inshore we again used antifreeze, ;" ="~ resuspended in 1010 of TE. Following resuspension,

protein activity in the blood (expressed as thermal hysteresis),ihe sample was diluted to an appropriate concentration for polymerase

time of sampling, and the available thermal habitat as indica- chain reaction (PCR).

tors of overwintering grounds. We subsequently distinguish  pcR analysis was carried out as described by Brooker et al. (1994)

among the populations using théu§? and Dg,, estimates of  using five dinucleotide microsatellite primers, Gmo2, Gmo132, and

genetic distance (Goldstein et al. 1995; and Shriver et al. 1995,Gmo145 (Brooker et al. 1994), Gmo4 (Wright 1993), and Gmo120

respectively), as well aBqy (Slatkin 1995) andFg; estimates (Ruzzante et al. 192. Gmo2, Gmo4, Gmo120, and Gmo132 are

of population structure. perfect GT repeats, and Gmo145 is a compour(@®), repeat as
defined by Tautz (1989). The PCR products were resolved on 6.5%
denaturing polyacrylamide gels, and the alleles were sized relative to

Materials and methods a sequence ladder generated from M13mp18 (Yanisch-Perron et al.
1985).

Tissue collections

Blood from cod was used for estimating antifreeze activity and as the sample collections

primary source of nuclear DNA for genetic analysis. Blood (1 mL)

was collected from live or recently dead cod using a sterile 2-mL \yj|d cod inshore: April 1995

hypodermic needle (21 gauge) inserted ventrally into the blood ves- 1isq e samples were taken from 100 wild cod collected between 24
sels that run in the haemal arches of the vertebrae between the anal flrénd 27 April 1995 in the Smith Sound region of Trinity Bay, New-

and the caudal peduncle. If the sample was destined entirely for ge-¢ndland (48.18°N, 53.80°W). These samples were used for genetic
netic analysis, it was preserved immediately in 5 mL of 95% ethanol ;¢ antifreeze protein analysis (Table 1). One half (50) of the cod
and stored. Alternatively, approximately one half was preserved in \yere tagged and released following blood sampling, and the remain-
ethanol, and the remainder, to be used for antifreeze analysis, wagjer were killed for aging and maturity inspections. These collections
|nje9ted dlrecyly into Vacutainers (Becton.chkln.sonTM). containing \yere made as part of a Department of Fisheries and Oceans (DFO)
sodium heparin, mixed gently, and held onice until centrifuged. Sam- research survey trip Shamook-239 using an otter trawl at a nominal
ples were centrifuged for 10 min at 408®, the blood plasmawas  genth of 152 m where the bottom temperature was nominally
removed, placed in 1.5-mL Eppendorf tubes, and stored until ana- _g ggec. These wild cod (35 females and 14 males in the sacrificed
lysed. Soft_muscle tissue taken from the posterior of the tongue andsubsample) ranged from 45 to 85 cm (median 56 cm) fork length and
preserved in alcohol was employed for DNA extraction when blood 5m 0.70 to 5.73 kg (median 1.54 kg) fresh mass representing ages
was unavailable. 5-9 years (median 6 years).

Plasma antifreeze levels in these cod were generally lower than
Blood plasma antifreeze and thermal hysteresis those in the farm-held cod (see below). Values of thermal hysteresis
Data on antifreeze activity within each plasma sample were obtainedranged from 0.065°C to 0.483°C, and the majority (72%) had val-
using the protocol described in Goddard et al. (1994). Briefly, the ues <0.2°C. Previous studies have shown that winter antifreeze levels
blood plasma freezing and melting points were determined by micro- in adult cod are positively correlated with the length of time spent in
scopic observation of the freezing and melting behavior of a single ice subzero water and that wild cod sampled in cold water in Trinity Bay
crystal within the plasma. The difference is termed thermal hysteresisin winter have moderate to high antifreeze levels in their plasma by
and is a direct measure of antifreeze activity (Kao et al. 1986). In the beginning of May (Goddard et al. 1994). Thus, the unusual anti-
previous studies of adult cod, antifreeze levels have been used infreeze data obtained in this study led us to suspect that cod in the April
conjunction with details of location and time of capture, to provide 1995 inshore group had been exposed to two different thermal envi-
evidence of overwintering behavior. Ruzzante et al. (8996ed ronments in the recent past: some cod had been resident in cold water
thermal hysteresis in individual plasma samples to infer the overwin- for several weeks or months, and some had only recently entered, or
tering behavior of the individual cod based on the comprehensive returned to, subzero water.
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Table 1. Summary statistics of wild (SH-239, SH-250) and farm-held (Gooseberry Cove rearing pen; FOG) cod samples collected in 1995 in
the inshore region of Trintiy Bay, Newfoundland, and used for genetic analysis using microsatellite loci and for comparison with similar
samples collected during 1992-1994 and analyzed elsewhere (see table 1, Ruzzante et)al. 1996

Nominal
water Thermal  Thermal
Sample Latitude Longitude Nominal temperature Fork-lengthFork-length hysteresis hysteresis
identifier Date Location (°N) (°W)  depth (m)at depth (°C) N range (cm) mean (cm) range (°C) mean (°C)
SH-239  April 1995 Smith Sound,
Trinity Bay 48.18 53.80 152 -1.0 100 45-85 57.4 0.065-0.483 0.169
SH-250 December 1995 Smith Sound,
Trinity Bay (48.13} (53.80) (45) (2.2) (50) (52-65) (56.9) — —
Set-8 48.07 53.73 46 0.2 17 52-65 57.2 — —
Set-10 48.19 53.87 44 3.3 33 52-64 56.7 — —
FOG Collected June
1992, farm
held until
April 1995 East Random
Head and
Gooseberry  48.05 53.34 5 — 30 48-71 64.8 0.167-0.576  0.350
Cove, Trinity
Bay 48.03 53.65

Note: The farm-held cod (FOG) were collected in June 1992 in the area of East Random Head and were moved to Gooseberry Cove were they were
pen-reared until April 1995, when they were sampled for this study.
aNumber in parentheses represents the average of set-8 and set-10.

Wild cod inshore: December 1995 June 1994 are found in Ruzzante et al. (18936eir table 1) and are
Tissue samples for genetic analysis were drawn from a tobFo50 briefly summarized here. Four of the collections were from offshore
wild cod caught between 8 and 13 December 1995 in the Smith Sound(North Cape region of the northern Grand Bank) winter and early
region of Trinity Bay, Newfoundland (Table 1). Seventeen of these summer aggregations, and 10 were from winter and early summer
fish were collected during set-8 (48.07°N, 53.73°W) at a nominal aggregations found inshore in the immediate vicinity of the Random
depth of 46 m, where water temperature was 0.2°C. The remainingIsland region of Trinity Bay and elsewhere in Trinity Bay (Bellevue)
33 cod were collected during set-10 (48.19°N, 53.87°W) at a nominal and in Bonavista Bay. The offshore collections were from depths
depth of 44 m, and the water mass was warmer at 3.3°C. These col-between 400 and 1000 m, at temperatures of between 2.5 and 3.4°C;
lections were made as part of a DFO research survey trip Shamook-the average fork lengths ranged between 33 and 54 cm. Inshore col-
250 using hand jigs. These wild cod (37 females and 13 males) werelections of cod were made at depths between 140 and 200 m in the
generally the same size (and thus, presumably the same age) as thBouthwest Arm region of Trinity Bay and at depths of between 14 and
wild cod collected in April and ranged from 52 to 65 cm (median 150 m elsewhere inshore.

57 cm) fork length and from 1.28 to 2.49 kg (median 1.65 kg) fresh Average water temperatures at depth associated with collections

weight. in the Southwest Arm were consistently subzero ( —0.5 to —1.4°C)
while collections from other locations, depths, and dates were associ-
Farm-held cod: June 1992 — April 1995 ated with warmer water (0.6-5.5°C). The average lengths of cod in

A total of 31 farm-held cod from the Gooseberry Cove, Trinity Bay, these inshore collections inthe Random Island region ranged between
Newfoundland, holding pens were collected on 17 April 1995 for 38 and 62 cm, while those from Bellevue and Bonavista Bay ranged
genetic and blood antifreeze protein analysis (Table 1). These cod hacbetween 27 and 34 cm (juveniles). Those collected from Heart's Ease
been originally trapped in June and July of 1992 in the vicinity of East Ledge in July 1993 were from an aggregation that was known to be
Random Head, Trinity Bay, and had been transferred to a holding penspawning at that location (Wroblewski et al. 1996; Smedbol and
where they were fed, more or less ad libitum, until sampled as above Wroblewski 1996). Blood plasma thermal hysteresis was determined
in 1995. The farm-held cod collection (23 females and 8 males) were for 7 of the 10 inshore samples and were in general inversely related
on average 10 cm longer and 1 year older than the wild cod (above)to water temperatures (elevated thermal hysteresis at subzero tem-
and ranged from 48 to 71 cm (median 66 cm) fork length and from peratures and depressed or nonexistent thermal hysteresis at tempera-
1.75t0 5.20 kg (median 3.48 kg) whole fresh mass representing agedures >0°C).
6-9 years (median 7 years).

Thermal hysteresis values ranged from 0.167 to 0.576°C, and theData analysis
vast majority exceeded the value of 0.2°C. These values of antifreezeWe employed §u)? (Goldstein et al. 1995) and the more recBay,
activity reflect recent and prolonged exposure to subzero water tem-(Shriver et al. 1995) to estimate genetic distances. Estimates of popu-
peratures and are consistent with the thermal regime that the cod werdation structure were obtained usiRg; (Slatkin 1995), and for com-
exposed to while held in the pen. Further details on the farm-held cod, parative purposes, we also employedagstatistic following Weir

their growth, etc., are found in Wroblewski et al. (1996). and Cockerham (1984). Most of these measures were used in our
recent studies on Atlantic cod (Bentzen et al. 1996; Ruzzante et al.

Wild cod inshore and offshore as reported in Ruzzante et al. 1996, 1996). Significance values for all tests (i.e., homogeneity of
(1996a) allele frequency distributions, genetic distances, estimates of popula-

Details of the cod sample collections made between January 1992 andion structure) were determined by Monte Carlo simulations and the
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bootstrap method (minimum 1000 resampling trials per individual in the same month that showed low (<0.09RCs 31) thermal
comparison; Manly 1991). In all cases, bootstrapping was conductedhysteresis @2 = 0.373,P = 0.948; Dgy = —0.0507). Simi-
across individuals and populations by reshuffling alleles or genotypes larly, there was no significant difference between the subset of
at each locus separately. Bootstrapping each locus independently €ish collected in April 1995 that showed high thermal hyster-
ables comparison of estimates across loci. Bootstrapping across indi-eSiS (>0.20°CN = 29) and that subset of fish from the Decem-

viduals and populations enables the estimation of significance values . . .
for the test under consideration. We assume the five microsatellite ber 1995 collection from relatively cold water (0.2°C, set-8,

DNA loci examined in this study constitute a random sample of the N = 17; Table 1) using e|ther6(1)2 (0.897,P = 0.92) orDgy
genome. Estimates & andF<; combined over loci were calculated ~ (=0.024). We also found no evidence of population structure
by first averaging numerators and denominators across loci and thenin contrasts between those cod showing high antifreeze activ-
taking ratios, as suggested by Weir and Cockerham (1984) and Slat-ity (April 1995) and those sampled in relatively warm (3.3°C)
kin (1995). water in December (set-18,= 33; Table 1) nor between those
fish with low antifreeze activity (April 1999\ = 31) and cod
sampled in relatively cold water in December (seiNgs 17;

Results Table 1). We did find that cod with low antifreeze activity in

e . - April (N =31) differed significantly from cod sampled in rela-

Variability in microsatellite loci within and among 1995 tively warm water in DecembeN(= 33). The results of these
samples contrasts, coupled with the heterogeneity detected above when

The three sets of cod collected in 1995 vary in sample size by 5| fish in both samples (i.e., April and December 1995) were
up to a factor of three (Table 1). Consistent with this differ- gnsidered, suggest that some of these subsets, or perhaps all
ence, the largest sample (SH-239= 100) had the largest o them, may be constituted by cod of heterogeneous origin,
number of private alleles (Table 2). Despite the difference in 5 jssue we address later in the Discussion. It should be noted
sample size, however, the total number of alleles present in theih at sample sizes among these secondary comparisons are low,
smallest sample is only approximately 71% of those presentin theanq frequently unequal, making it unlikely for statistically sig-
largest sample (i.e., 84 vs. 119). As expected for microsatellite nificant genetic distances to be detected when true distances

loci, observed Ki,,) and expected heterozygositield () may be small (Ruzzante 1998).

were high and varied between 0.877 and 0.942 and 0.852 and T symmarize thus far, bottf)? and Dgy provided evi-

0.870, respectively. _ _ dence of weak differences between the two wild inshore sam-
Single-locus analysis for the combined dalte(180) in- ples collected in 1995, but these differences did not appear to

dicates that, again as expected, the three loci with the higheste correlated with antifreeze activity nor with water tempera-
number of alleles (i.e., Gmo4, Gmo120, and Gmo145) were yre at the depth of sampling. In the following analysis we
also the loci with the highest observed and expected heterozy-jgnore this potential heterogeneity and pool the two sets of
gosities (Table 3). There was no evidence for deficiency or jhshore data collected in 1995, hereafter referred to as IN-95,
excess of heterozygotes as measured bfHq,s—Hex)/Hexp  and proceed to compare them with data from the inshore and

over all loci d = 0.0107,P = 0.337; Table 3). . offshore samples collected between 1992 and 1994 and ana-
In the following sections wei) analyse the two wild cod  |yzed elsewhere (Ruzzante et al. 1896

samples collected inshore in 199%) compare them to in-

shore and offshore samples collected between 1992 and 1994 ; 0q ; _

and reported in Ruzzante et al. (1896and (ii) compare the Atll)W(illgrir:g;r(;?gr;gg%?cffasic\/)\:lédclgghore cod with 1992-1994
farm-held cod originally captured in 1992 with various subsets The IN-95 pool [N = 150) did not differ from the 19921994
of the 1995 wild inshore samples and with the group of off- cod collected inshore in cold water with high (>0.20°C) anti-

shore cod. freeze activity (inshore overwintering) )%= 1.26, P =
0.240; Dg,, = 0.0039,P = 0.270; Ryy= 0.028, P = 0.217;
(i) Comparison between wild cod samples collected Table 4, but seEgrresult). However, it did differ significantly
inshore in 1995 from the 1992-1994 cod collected offshore during winter with

Comparison of the samples collected inshore in April and De- three of the four genetic measured(? = 2.096,P = 0.047;
cember 1995 indicated a marginal degree of genetic differenceDg,, = 0.0192, P = 0.021; andFg;= 0.0014,P = 0.0049;
between them when all individuals in both samples were con- Table 4). There was no statistical evidence with any of the four
sidered (§p)%>=4.17,P =0.07;Dgy, = 0.031,P = 0.044,N, = measures that the 1995 inshore pool differed from low
100,N, = 50; Table 4). (<0.09°C) antifreeze cod collected between 1992 and 1994
This result led us to consider the potential heterogeneity from warm inshore water in summer (Table 4).
within each of the April and December 1995 samples using  The estimates ford1)? andDgy, (but not those foRg and
information on antifreeze activity, as well as water temperature Fgy, see Discussion) were 2- to 5- and 10-fold larger, respec-
at the sampling depth. We first distinguished among individu- tively, in the comparison of IN-95 with offshore cod than they
als from the April 1995 collection according to whether they were for comparisons involving the different inshore pools
exhibited high (>0.20°C) or low (<0.09°C) thermal hysteresis (Table 4). Thus, despite the internal heterogeneity detected
(level of antifreeze activity) as detailed in Ruzzante et al. withinthe pool of cod collected inshore in Apriland December
(1996). We similarly distinguished among individuals from 1995, these cod, collectively, were different from offshore
the December 1995 collection on the basis of water tempera-overwintering cod and were indistinguishable from cod that
ture at sampling depth. There was no significant difference had been collected inshore at different times of the year be-
between the subset collected in April 1995 that showed high tween 1992 and 1994 and that showed either high or low anti-
thermal hysteresis (>0.20°®,= 29) and that subset collected freeze activity.
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Table 2. Degree of genetic variation (sample sikg(indiv.), mean sample size per locus, number of private alleles, total number
of alleles, mean number of alleles per locus, mean obseHggd énd expected,,) heterozygosity, and mean heterozygote
deficiency €l)) among three samples of northern c@h@us morhupat five microsatellite loci and collected from the inshore
regions of Trinity Bay, Newfoundland, in 1995: Shamook-239, April 1995 (SH-239); Shamook-250, December 1995 (SH-250);
and farm-held cod from the Gooseberry Cove rearing pen (FOG).

Mean sample No. of private  Total no. Mean no. of
Sample N (indiv.) size per locus alleles of alleles  alleles perlocus MeaH,,s MeanH,,, Meand
April 1995 100 97.4 23 119 23.8 0.877 0.870 0.0058
December 1995 50 49.4 9 98 19.6 0.862 0.852 0.0022
FOG 30 28.2 6 84 16.8 0.942 0.870 0.0877
(iii) Comparison of farm-held cod (captured in 1992) collected in July 1993 in the area of Heart's Ease Ledge, Trin-
with wild cod inshore ity Bay (N = 25), from an aggregation that was known to be

We now consider the farm-held col € 30) originally cap- ~ Spawning at the time §1)? = 4.47,P = 0.355;Dg,,, = 0.0259,
tured inshore in 1992 in relation to various subsets of wild cod P =0.252; Table 4, line 13).

collected inshore in 1995. Estimates of bofu)? and Dgy

indicate we cannot reject the hyptohesis that the farm-held codDiscussion

were drawn from the same population of inshore wild cod . . . _
showing high (>0.20°C) thermal hysteresis in April 1995 We have shown, on the basis of microsatellite DNA variation,

(N =29) nor from the same population of cod collected inshore that cod sampled inshore in April of 1995, and later in Decem-
in relatively cold (0.2°C) water in December 1998 £ 17), ber of 1995 n the area of Smnh Spun_d, western Trinity Bay,
even when the latter two subsets were combiéd 46) and ~ Were collectively genetically indistinguishable from cod popu-
the analysis was repeated (Table 4). The estimates of genetid2lions overwintering inshore in the same general area during
distance between the farm-held cod and wild cod collected 1992-1994 and were genetically distinguishable from cod
inshore in April 1995 and showing low thermal hysteresis PoPulations overwintering offshore along the edge of the con-
(<0.093°C,N = 31) were twofold larger than in the previous tintental shelf on the Grand Bank during 1992—-1994. These are
set .of com’parisons but they were not significaP(0.15). consistent with very similar results reported in Ruzzante et al.
The estimates of genetic distance between the farm-held cod199€) and, therefore, provide evidence of temporal stability
and the wild cod collected inshore in December 1995 in rela- N the genetic differences between inshore and offshore over-
tively warm water K = 33) were sixfold larger than in the first wintering cod populations in the region, at least at the scale of
set of comparisons and were significant or marginally so 2~5 Yéars. We have further shown that a group of farm-held
(Table 4). Thus, the farm-held cod were more different from cod, initially caught inshore in western Trinity Bay in the sum-
the low-antifreeze cod from April 1995 than they were from Mer of 1992 and subsequently pen reared for 3 years, were also
the high-antifreeze cod also from April 1995, and they were 'ePresentative of the inshore overwintering population from
significantly different from the cod collected in December Which they were presumably drawn originally.

1995 in warm water. In addition, the farm-held cod were sig- _ Virtually all of the genetic measures employed above led
nificantly different from the pool of offshore codg)? = 8.10 us to statistically reject the hypothesis of no genetic structure
P = 0.025; Dg,, = 0.054,P = 0.029; Table 4, line 10). How- between inshore and offshore overwintering cod. Differences

ever, interpretation of these results may be difficult because of P6tween the complex of wild inshore cod collected in 1995 and
the difference in sample size between these two groups (Ruz-nat offshore2 collected between 1992 and 1994 was detected
zante 1998). We therefore pooled the farm-held cod with the With the @)= andDs,, estimates of genetic distance, as well
group of wild cod collected inshore in 1995 and compared this &S With theFsy estimate of population structure (Table 4). Al-
group (hereafter IN-95 FOG; N = 180) against the offshore though th_ese results p_r0\_/|de evidence of temporal stab|llty in
cod (N = 140). The pool of inshore and farm-held cod differed the genetic structure within the northern cod complex overwin-
genetically from the offshore cod with all four measures used (€1ng inshore and offshore, they represent only a partial test
((3W)2= 2.32, P = 0.031: Dgy = 0.0188,P = 0.018; Rsy = of temporal stability as no wild cod samples from the northern
0.0016.P = 0"078'FS.T: 0’.OOS:\LN5 ) :'0.030’) and all e'stirSnTates Grand Bank region (i.e., offshore) were available in 1995. A
were of the same magnitude as (if not slightly larger than) more rigorous test of the temporal stability hypothesis would

when the farm-held cod were not included in the inshore pool "€duire the collection and processing of more or less contem-
(cf. Table 4, lines 4 and 11). poraneous offshore and inshore samples, the former now being

difficult to obtain. What is of particular interest in this study,
which is in contrast to the results reported in Ruzzante et al.

Comparison of farm-held cod with wild, inshore cod from (1996), is that the genetic differences detected here between
Bellevue and Hearts Ease Ledge inshore and offshore pools were not as clearly associated with
Estimates of genetic distance are relatively large and signifi- antifreeze activity (thermal hysteresis) among the cod sampled
cant for the comparison between the farm-held fidh=(30) inshore. Antifreeze appears in the plasma of adult cod as a
and fish collected more or less simultaneously in July 1992 in direct result of prolonged residence in subzero water. In pre-
the area of Bellevue, Trinity BayN= 26; )2 =17.62,P = vious studies, cod sampled in winter in Trinity Bay have had

0.004;Dg,=0.1240,P = 0.013; Table 4, line 12). In contrast, high antifreeze levels indicating long-term residence in subzero
no differences were found between the farm-held fish and fish (inshore) water (most likely the Trinity Bay area; Goddard
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Table 3. Single-locus statistics (sample sid&,number of allelesp; allele size range in base pairs; observed
and expected heterozygosity,ds Hex @and heterozygote defficiencyl)j for each of five microsattelite cod
loci among three sample sets of northern c8ddus morhupcollected from the inshore regions of Trinity
Bay, Newfoundland, in 1995.

Locus N n Size range Hobs Hexp d

Gmo2 179 19 104-148 0.782 0.779 0.0047
Gmo4 171 37 115-265 0.994 0.953 0.0437
Gmo120 177 31 152-222 0.983 0.944 0.0415
Gmo132 172 10 105-135 0.698 0.729 —-0.0427
Gmo145 176 42 147-207 0.955 0.928 0.0065
Mean over all loci 0.882 0.870 0.010R € 0.337)

et al. 1994). In the present study antifreeze levels in cod sam-the different contrasts of the 1992—1994 inshore and offshore
pled inshore in winter were remarkably heterogeneous sug-pools using this measure are reported here in a footnote to
gesting exposure to thermal regimes with temperatures >0°CTable 4. Again, thé®g,, estimate for the comparison between
(antifreeze low or absent) and <0°C (antifreeze high). The ab-the 1995 inshore pool and offshore cod (Table 4, line 4) is of
sence of a tight correlation between antifreeze level and ge-a similar magnitude to that between the inshore and offshore
netic difference in this study may thus reflect movement of cod 1992-1994 pools (i.e., 0.0192 vs. 0.0175, respectively). The
among thermal regimes inshore. Alternatively, this absence of Ry and Fgr estimates for the 1992-1994 inshore—offshore
a correlation may be a result of the relatively small sample contrast without discrimination of the inshore fish according
sizes for the different categories of antifreeze levels used into antifreeze activity were not reported in Ruzzante et al.
the present study relative to the previous study. Whatever the(1996a). We calculated these estimatesRyg = 0.0013 and
reason, the results clearly indicate that, regardless of antifreeze=¢ = 0.0007, which are similar to (in the case R§;), or
levels, cod sampled inshore in April and December 1995 were smaller than (in the case Bf) the respective values reported
genetically distinguishable from offshore cod populations and in this study (i.e.Rsy= 0.0012 andFgr = 0.0014; Table 4).
were genetically indistinguishable from inshore cod popula- We conclude that not only did the structure detected earlier
tions collected between 1992 and 1994. (Ruzzante et al. 1929 between inshore overwintering cod
The subset of farm-held cod collected in 1992 was statisti- from Trinity Bay and offshore overwintering cod from the
cally most likely to have been drawn from an inshore overwin- Grand Bank remain in existence, but the magnitude of the
tering population:if they were statistically indistinguishable genetic distance between these groups, however measured, has
from wild inshore cod with high antifreeze activity collected remained virtually identical.
in April 1995; (i) they were likewise indistinguishable from The issue of temporal stability in genetic structure has pre-
cod collected in relatively cold water in December 1995; and viously been considered for a number of marine species using
(iii) although they were indistinguishable from cod with low a variety of genetic techniques and, not surpringly, conclusions
antifreeze activity collected in April 1995 (Table 4, line 8), vary with the species under consideration. For example, using
they were different (with &u)? and marginally so wittDg; mitochondrial DNA haplotype frequencies, Brown et al.
Table 4, line 9) from cod collected in relatively warm water in  (1996) recently demonstrated that, for American shEdga
December 1995. These findings suggest that the April and sapidissiima, there is relatively little temporal variation com-
December 1995 inshore cod that appeared to have a preferencpared with the existing geographically based variation among
for warmer overwintering environments may be genetically populations from different river drainages spanning the dis-
farther removed from the more homogeneous (farm-held) in- tributional range of the species. On the other hand, allozyme
shore cod than those April and December 1995 cod collectedgenotypic frequencies in Pacific salmon populations can differ
inshore in cold water with high antifreeze levels. Furthermore, markedly over time, in part because of the unique life-history
either by themselves, or grouped with the wild cod collected features of salmonids, and single “snapshot samples” are un-
inshore in 1995, the farm-held cod were genetically different likely to adequately define stocks (Waples 1990; Waples and
from offshore cod (Table 4, lines 10 and 11). Teel 1990). Therefore, pooling of periodic samples to average
Our results indicate that the genetic differences detectedout any temporal changes in allele frequencies has been sug-
earlier (Ruzzante et al. 198p6between cod that overwinter gested for analyses of mixed-stock fisheries in these species
inshore in the area of western Trinity Bay and cod that over- (Waples1990; Waples and Teel 1990; see also Brown et al.
winter offshore in the area of the Grand Bank are temporally 1996). Significant temporal genetic variation has also been
stable, at least at the scale of 2—3 years. However, it is alsofound among populations of queen con&trémbus giggsin
important to ask whether the magnitude of the differences re- Florida Keys (Campton et al. 1992). For some species, the
mained more or less constant over the period 1992-1995. Adegree of temporal variation in allele frequencies has been
comparison of thedu)? estimate for the inshore 1995 pool shown to differ among life-history stages. For example, using
versus offshore pool in the present study (Table 4, line 4) with allozymes, Kordos and Burton (1993) compared the temporal
that in our earlier study (Table 4, line 1; Ruzzante etal. B996 variation in allelic frequencies among larvae, juveniles, and
shows that the genetic distance between inshore and offshoredults of the blue crabQallinectes sapidys They detected
pools remained virtually unchanged (i.e., 2.10 vs. 2.17 respec-seasonal variation in larval allelic frequencies, with summer
tively). Ruzzante et al. (199 did not useDg,, but values for samples being more variable than winter samples, which
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Table 4. Estimates, wittP values given in parentheses, &f§?, Dy, Rst, andFgr.

Sample comparison N, N, (3p)? Dgw* Rsr Fsr

(1) Apr.-95 vs. Dec.-95 100 50 4.17 (0.070) 0.0310 (0.044)

(2) IN-95 vs. IN92-94-HI-AF 150 123 1.26 (0.240) 0.0039 (0.270) 0.028 (0.217) 0.0030 (0.059)
(3) IN-95 vs. IN92-94-LO-AF 150 58 0.28 (0.933)  -0.01127 (NA)  0.035(0.229) 0.0006 (0.279)
(4) IN-95 vs. OFFSHORE 150 140 2.10 (0.047)*  0.0192 (0.021) 0.0012(0.250) 0.0014 (0.049)
(5) FOG vs. Apr.—95-HI-AF 30 29 3.58 (0.418) 0.017 (0.262)

(6) FOG vs. Dec.-95-COLD 30 17 2.48 (0.650)  —0.018 (NA)

(7) FOG vs. Apr.-95-HI-AF Dec-95-COLD 30 46 2.95 (0.440) 0.0092 (0.311)

(8) FOG vs. Apr.-95-LO-AF 30 30 5.13 (0.258) 0.0397 (0.155)

(9) FOG vs. Dec.-95-WARM 30 33 12.25(0.010) 0.0656 (0.076)

(10) FOG vs. OFFSHORE 30 140 8.10 (0.025) 0.054 (0.029)

(11) IN-95+ FOG vs. OFFSHORE 180 140 2.32(0.031) 0.0188 (0.018) 0.0016 (0.078) 0.0015 (0.030)
(12) FOG vs. Bellevue 30 26 17.62(0.004) 0.1240 (<0.013)

(13) FOG vs. HEL 30 25 4.47 (0.355) 0.0259 (0.252)

Note: Comparisons between samplé,(N,) collected in inshore areas nearby Trinity Bay, Newfoundland, in April and December 1995, and
samples collected offshore and inshore between 1992 and 1994 and reported in Ruzzante et &.ob98érisons of the magnitude of estimates
across pairwise contrasts are valid only across contrasts with roughly equivalent sample sizes (see Ruzzante 1998). Apr.-95-HI-AF and
Apr.-95-LO-AF, subsets from April 1995 with high and low antifreeze, respectively; Dec.-95-COLD and Dec.-95-WARM, subsets from
December 1995 from relatively cold and relatively warm water, respectively; IN-95, April 1995 and December 1995 samples pooled;
IN92-94-HI-AF and IN92—-94-LO-AF, subsets from the inshore collections from 1992 to 1994 (reported in Ruzzante eta)) 6h@96ng high
and low antifreeze levels respectively; FOG, farm-held cod from the Gooseberry Cove rearing pen; HEL, cod from Hearts Ease Ledge reported in
Ruzzante et al. (192, as were Bellevue cod.

*Dgy estimates between inshore and offshore 1992—-1994 pools were not reported in Ruzzante ezl 3Q@timatesk values) for
comparisons between those pools are as follows: IN92-94 vs. OFFSHORE: 0R32D50(6); IN92—94-HI-AF vs. OFFSHORE: 0.024R £
0.015); IN92—94-LO-AF vs. OFFSHORE: —0.0003 (NA); IN92—-94-HI-AF vs. IN92—-94-LO-AF: —0.0073 (NA).

**A very similar result (i.e., 2.17) was reported in Ruzzante et al. (996

showed relative homogeneity in allele frequencies. The that are normally found offshore are no longer found there
authors attributed these changes to seasonal differences ifShelton et al. 1996) and may be remaining inshore (see Brat-
population sources (Kordos and Burton 1993). tey 1996; Lilly 1996; Rose 1996; Taggart 1996). These large
Despite the evidence for the temporal stability we have pro- aggregations apppear to be in addition to what are normally
vided and the nature of variation that might be expected basedinshore overwintering and reproducing populations (see re-
on other studies, some inconsistencies among our results review in Lilly 1996). Nevertheless, despite the internal hetero-
quire explanation. For example, on the one hand there weregeneity within the inshore pool of cod we analyzed, this pool
clear genetic affinities and differences between the farm-held remains genetically different from what were known to be off-
cod and the various subsets of wild inshore cod (e.g., high vs.shore cod, at least up until 1994.
low antifreeze activity, etc.), while on the other hand there was  The above discussion raises an intriguing question that re-
evidence of genetic heterogeneity within the pool of wild cod mains unanswered. We ask, to what extent can different in-
collected inshore in 1995, which was neither clearly associatedshore cod aggregations or samples from different, though
with antifreeze activity nor with water temperature at sampling neighbouring, regions inshore be considered as genetically ho-
depth. Despite this heterogeneity, when the 1995 inshore codmogeneous, especially in relation to offshore overwintering
were considered as a group they were different from offshore cod populations. For example, the farm-held cod were similar
cod. We interpret these results to suggest that the subset ofo cod from a large spawning aggregation collected 1 year
farm-held cod was comprised of fish that were genetically later, in July 1993, in the area of East Random Head but were
more homogeneous than any of the subsets of wild cod col-different from cod collected at the same time, in June 1992, in
lected in 1995. This suggestion is supported by the fact that,the area of Bellevue. Note, however, that this last group
while the farm-held cod were genetically different from cod (Bellevue) was comprised entirely of juveniles (length
sampled more or less simultaneously in June of 1992 in the27.1+ 3.9 cm (meart SD),N = 26; see Ruzzante et al. 1996
Bellevue area of Trinity Bay (but see below), they were ge- Table 1). Thus, the possibility that they may have originated
netically indistinguishable from spawning cod sampled in July offshore, may have drifted inshore as eggs or larvae (Davidson
1993 in the immediate vicinity (Hearts Ease Ledge) of their and DeYoung 1995), and are too young to be moving back to
original capture (see Wroblewski et al. 1996). Considered col- the offshore spawning grounds cannot be discounted. Such a
lectively, these observations and results lead us to concludescenario is supported by the fact that the juvenile cod sampled
that the pool of inshore cod is comprised of weakly heteroge- in Bellevue (\ =26) appear genetically indistinguishable from
neous subsets of inshore cod, which as a group, are distinguishthe pool of offshore cod collected between 1992 and 1884 (
able from offshore cod. Alternatively, the weak heterogeneity 140, @u)? = 3.81,P = 0.197;Dgy,, = 0.0008). Whatever the
detected within the inshore samples collected in 1995 may beorigin of the juvenile cod sampled in Bellevue, the various
a result of what appears to be a very recent (1995 and 1996comparisons within the group of cod collected inshore in April
following the collapse of northern cod) anomaly in the normal and December 1995 suggest that cod from different inshore
pattern of cod migration, whereby large aggregations of cod aggregations or from neighbouring inshore regions may be
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genetically heterogeneous and may thus be reproductively iso- cod eggs and larvae on the Newfoundland shelf. Fish. Oceanogr.

lated, or at least partially so. 4(1): 33-51. _ _
Bentzen et al (1996’ p 2719) Suggested that “t may be GOddard, SV, WrobleWSk|, JS, Taggart, CT, Howse, KA, Ba”ey,

wise to seriously reconsider the current (and historical) man- ~ W-L.. Ko, M.-H., and Fletcher, G.L. 1994. Overwintering of adult

agement scheme for northern cod, which presumes one stock northern Atlantic cod@adus morhupin cold inshore waters as

distributed throughout the inshore and offshore regions evidenced by plasma antifreeze glycoprotein levels. Can. J. Fish.

: . Aquat. Sci51(12): 2834-2842.

stretching from Hamilton Bank”to the Grand Bank through gggstein, D.B., Ruiz-Linares, A., Cavalli-Sforza, L.L., and Feldman,

NAFO divisions 2J, 3K, and 3L." That suggestion was based  \.w. 1995. Genetic absolute dating based on microsatellites and

primarily on a north—south population structure of offshore  the origin of modern humans. Proc. Natl. Acad. Sci. U. Q2.

northern cod. Our results here further suggest areconsideration 6723-6727.

based on what appears to be an inshore—offshore (east—-westjlalliday, R.G., and Pinhorn, A.T. 1990. The delimitation of fishing

structure. The nature of such reconsideration is entirely con- areas in the Northwest Atlantic. J. Northwest Atl. Fish. Sci.

sistent with Templeman (1962, p. 108) who envisioned that: 10 1-51.

“Very likely in the future enough differences will be found to ~ Ka0. M-H., Fletcher, G.L., Wang, N.C., and Hew, C.L. 1986. The

indicate a number of north—south and inshore—offshore sub- re'?t'.?;.sh'p b‘?tw‘?.e?] rr(n:olemjlazrwgghg?gdsaégufreeze polypeptide

. . . acuvity in marine tisn. Can. J. £Z0 3 —. .

StOC!(S of th's Labrador-Newfoundland stock Wh'(.:h either do,,Kordos, L.M., and Burton, R.S. 1993. Genetic differentiation of

not intermingle g_reatly or S'T:parate out at Certgm Seasons. Texas Gulf Coast populations of the blue c€ddlinectes sapidus

From a geographic perspective, the concept of inshore statis- 4y, Biol. 117 227-233.

tical and management units independent of offshore units atyjjly, .R. 1996. Observations on cod in the inshore environment of

least in Division 3L is not new (Halliday and Pinhorn 1990, eastern Newfoundland. NAFO SCR Doc. No. 96/59 N2735.

Figs. 10 and 11, pp. 16 and 17) and might be useful in any Manly, B.F.J. 1991. Randomization and Monte Carlo methods in bi-

management reconsideration, especially given that it is not ology. Chapman & Hall, New York.

clear from where “rebuilding” of the northern cod stock com- Myers, R.A., Barrowman, N.J., and Hutchings, J.A. 1997. Inshore

plex might stem: inshore, offshore, or both. The feasibility of ~ exploitation of Newfoundland Atlantic coédadus morhupsince

such a management approach is equally unclear. 1948 as estimated from mark—recapture data. Can. J. Fish. Aquat.
Sci.54 (Suppl. 1): 224-235.
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longer term study. NAFO SCR Doc. No. 96/57 N2733.
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