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Abstract

Microsatellites have proved to be useful for the detection of weak population structure in
marine fishes and other species characterized by large populations and high gene flow.
None the less, uncertainty remains about the net effects of the particular mutational pro-
perties of these markers, and the wide range of locus polymorphism they exhibit, on esti-
mates of differentiation. We examined the effect of varying microsatellite polymorphism
on the magnitude of observed differentiation in a population survey of walleye pollock,

 

Theragra chalcogramma

 

. Genetic differentiation at 14 microsatellite loci among six putative
populations from across the North Pacific Ocean and Bering Sea was weak but significant
on large geographical scales and conformed to an isolation-by-distance pattern. A negative
relationship was found between locus variability and the magnitude of estimated popula-
tion subdivision. Estimates of 

 

F

 

ST

 

 declined with locus polymorphism, resulting in dimin-
ished power to discriminate among samples, and we attribute this loss to the effects of size
homoplasy. This empirical result suggests that mutation rates of some microsatellite loci
are sufficiently high to limit resolution of weak genetic structure typical of many marine
fishes.
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Introduction

 

Observed levels of genetic differentiation are often very
low among populations of abundant and widespread
marine fish species. The apparent genetic homogeneity of
many marine species is thought commonly to be due to
two factors that minimize accumulation of genetic differ-
ences among populations: large effective population sizes
that limit genetic drift (DeWoody & Avise 2000) and life
history characteristics that favour dispersal (e.g. planktonic
eggs and larvae, juvenile and adult vagility) in continuous

dynamic oceanic environments (Ward 

 

et al

 

. 1994; Shaklee
& Bentzen 1998; Waples 1998). None the less, considerable
evidence has accumulated in recent years to show that
abundant marine fishes often exhibit weak but significant
population structuring at neutral loci. In particular,
nuclear microsatellite loci have proved to be informative
for resolving low levels of differentiation in a variety of
marine fishes (e.g. Bentzen 

 

et al

 

. 1996; Lundy 

 

et al

 

. 1999,
2000; Naciri 

 

et al

 

. 1999; Ruzzante 

 

et al

 

. 1999, 2000, 2001;
Shaw 

 

et al

 

. 1999; Nesbø 

 

et al

 

. 2000; Hutchinson 

 

et al

 

. 2001;
McPherson 

 

et al

 

. 2001; Wirth & Bernatchez 2001; Withler

 

et al

 

. 2001; Knutsen 

 

et al

 

. 2003).
Although studies such as these suggest a useful role for

microsatellites in analyses of population structure of spe-
cies characterized by large populations and high potential
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for gene flow, questions remain about the interpretation of
estimates of differentiation obtained with these markers.
For example, high mutation rates may have a significant
effect on the magnitude of population differentiation
detected at microsatellite loci. High levels of locus poly-
morphism that characterize microsatellites may lead to
increased statistical power (Goudet 

 

et al

 

. 1996; Hedrick
1999) but may also constrain estimates of differentiation,
because 

 

F

 

ST

 

 cannot exceed the homozygosity of the mark-
ers used to estimate it (Hedrick 1999). The practical sign-
ificance of the homozygosity limit on 

 

F

 

ST

 

 remains unclear
for marine organisms, because most 

 

F

 

ST

 

 estimates reported
for most marine fishes and invertebrates tend to fall well
below the theoretical maximum 

 

F

 

ST

 

 values for these hyper-
variable markers.

Perhaps a more important negative bias on estimates
of differentiation arises from the particular mutational
properties of microsatellite loci. Microsatellites generally
appear to evolve according to a stepwise mutational model
(SMM), where mutations result in the addition or deletion
of one to several repeat units (Weber & Wong 1993; Di
Rienzo 

 

et al

 

. 1994). More complex patterns of variation,
such as the presence of insertions/deletions in regions
flanking the repeat array (Zardoya 

 

et al

 

. 1996; Grimaldi &
Crouau-Roy 1997; Colson & Goldstein 1999), nucleotide
substitutions or indels within the arrays (Estoup 

 

et al

 

. 1995;
Garza & Fremier 1996; Angers & Bernatchez 1997; van
Oppen 

 

et al

 

. 2000), mutational bias related to array length
(Weetman 

 

et al

 

. 2002) and allele size constraints (Garza

 

et al

 

. 1995) indicate that mutational patterns at micro-
satellite loci may deviate significantly from a strict SMM,
adding unknown levels of bias to both frequency-based
(

 

F

 

ST

 

) and size-based (

 

R

 

ST

 

) estimators of population differ-
entiation. Size homoplasy is expected to be an inherent
characteristic of microsatellites and this may introduce a
downward bias in estimates of population differentiation
by making allelic distributions more similar than they would
be under an infinite alleles model (Estoup & Cornuet 1999).
Uncertainty about the effects of mutational processes on
the magnitude of differentiation is compounded by the
wide variability in levels of polymorphism among individ-
ual microsatellite loci. In a recent simulation study, Estoup

 

et al

 

. (2002) concluded that homoplasy is most prevalent
when populations are large and mutation rates are high,
conditions likely to characterize some microsatellite loci in
marine fish populations. The estimated slippage mutation
rate of some microsatellite loci increases exponentially
with the number of uninterrupted repeats (Brinkmann

 

et al

 

. 1998; Lai & Sun 2003). Thus, the highly polymorphic
loci often observed in marine fishes (DeWoody & Avise
2000) suggest that their mutation rates may be high. On the
other hand, Estoup 

 

et al

 

. (2002) also found that two other
conditions that are likely to apply to microsatellites in
marine fishes, increased locus polymorphism and high

levels of gene flow, tend to counteract the negative bias of
homoplasy on estimates of differentiation. The complexi-
ties associated with varying and incompletely understood
mutational rates and processes, presumed enormous
population sizes and potentially complex patterns of gene
flow suggest that the ability of simulations to realistically
capture the effects of varying microsatellite locus poly-
morphism on estimates of differentiation in many marine
organisms is limited, and that empirical studies are needed.
Here we examine the influence of widely varying levels of
microsatellite polymorphism on estimates of differentia-
tion in a marine fish characterized by very large popula-
tions and very weak genetic structure, the walleye pollock
(

 

Theragra chalcogramma

 

).
Walleye pollock are abundant and broadly distributed

across the coastal shelves and slopes in the northern Pacific
Ocean and Bering Sea and exhibit weak population struc-
turing typical of pelagic marine fishes. Pollock populations
are large; for example, estimated numbers of age 1–10 pol-
lock for 2002 in Shelikof Strait (Dorn 

 

et al

 

. 2002) and eastern
Bering Sea (Ianelli 

 

et al

 

. 2002) are 

 

∼

 

1.3 and 40 billion
individuals, respectively. Genetic heterogeneity at ocean
basin-scales in this species was first recognized in studies
of allozyme variation (Iwata 1973, 1975a, 1975b; Grant &
Utter 1980) and subsequent studies of mitochondrial DNA
(mtDNA) variation have found low or insignificant levels
of genetic differentiation within the Bering Sea and between
the Bering Sea and the Gulf of Alaska (Mulligan 

 

et al

 

. 1992;
Shields & Gust 1995; Kim 

 

et al

 

. 2000; Olsen 

 

et al

 

. 2002).
A recent study using several classes of genetic markers
(Olsen 

 

et al

 

. 2002) reported differentiation among Asian,
Bering Sea and North American populations and within
the Gulf of Alaska using allozyme and mtDNA restriction
fragment length polymorphism (RFLP) data, but three
moderately polymorphic microsatellite loci (mean = 20
alleles) used in their study did not detect structuring among
these samples.

Results from Olsen 

 

et al

 

. (2002) suggest that high locus
polymorphism can lead to lesser rather than greater sensi-
tivity in detecting differentiation, but the interpretation of
their results is complicated by the different types of mark-
ers involved (allozymes, mtDNA and microsatellites) and
associated differences in mutational mechanisms, effective
population size and degree of selective neutrality. The
current study evaluates the effects of varying locus poly-
morphism within a single marker class, microsatellites, on
estimates of population differentiation in walleye pollock.
We examined genetic differentiation among six popu-
lations of pollock from across the species range using 14
microsatellite loci developed by O’Reilly 

 

et al

 

. (2000). Three
populations were among those examined by Olsen 

 

et al

 

.
(2002) and included temporal replicates, thus allowing us
to evaluate the relative magnitude of spatial and temporal
variation, as well as the relative congruence of our results
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with those of Olsen 

 

et al

 

. (2002). The microsatellite loci sur-
veyed here varied widely in numbers of alleles (6–43) and
effective heterozygosities (0.68–0.96), permitting evalu-
ation of the influence of locus variability on observed levels
of differentiation across levels of polymorphism typical in
marine and anadromous fishes (DeWoody & Avise 2000).
Because all loci have been subjected to equivalent levels
of drift and migration, we might expect more polymorphic
loci to resolve weak population structure better, as they
sometimes appear to be more sensitive due to higher asym-
ptotic power in exact tests of differentiation (e.g. Estoup

 

et al

 

. 1998). However, Ferguson & Danzmann (1998) reported
increased probabilities of Type II error (failure to detect
significant allele frequency differences) in exact tests of
simulated data as the number of alleles increased, and that
a locus with two alleles generally outperformed more
polymorphic loci across a range of sample sizes (25–100)
and varying numbers of alleles at a locus (2–25). They sug-
gested that the tendency of microsatellites to have a greater
number of private alleles in populations, and not the total
number of alleles, may account for their superior perform-
ance over allozymes where empirical comparisons on
natural populations have been made. Other simulation
results (Kalinowski 2002a) showed that the standard error
of the 

 

F

 

ST

 

 estimator (

 

θ

 

; Weir & Cockerham 1984) decreased
with locus polymorphism, suggesting greater precision of
highly polymorphic loci in quantifying weak population
subdivison. In this study, there was a strong inverse rela-
tionship between locus polymorphism and the magnitude
of estimates of 

 

F

 

ST

 

. Our empirical results indicate that very

high mutation rates of some microsatellite loci may limit
the power to resolve low levels of genetic structure typical
of many large marine populations.

 

Materials and methods

 

Sample collection

 

Walleye pollock samples were obtained from locations
across most of the species distribution in the North Pacific
Ocean and Bering Sea (Table 1, Fig. 1). Except for age-1
juveniles collected from Puget Sound and a north central
Bering Sea sample of adult pollock taken during commercial
fishing operations, all samples were obtained from adult
spawning aggregates. Prince William Sound, Shelikof Strait
and Unimak Pass were sampled in both 1997 and 1998.
A second sample was also obtained from Unimak pass in
1997, from a site approximately 200 km east from the first
sample.

DNA was extracted by first incubating approximately
50 mg of ethanol-preserved tissue in 1 mL of distilled
water for 15–30 min. After aspirating off the water, 150 

 

µ

 

L
of digestion buffer (10 m

 

m

 

 Tris-HCl pH 8.3, 50 m

 

m

 

 KCl,
0.8% Tween 20, 100 

 

µ

 

g/mL proteinase K) was added and
samples were incubated at 65 

 

°

 

C for 3–4 h with intermittent
vortexing. DNA was purified using either Qiagen DNeasy
extraction protocols (Valencia, CA, USA), according to the
manufacturer’s recommendations, or by protein precipita-
tion methods. In the case of the latter, ammonium acetate
was added to a final concentration of 3.0 

 

m

 

, and the sample

Table 1 Sample collection information for walleye pollock
 

Sample (abbreviation) Year N. Latitude Longitude Life history stage Sample size

Funka Bay, Japan 1998 42.250 142.500 E Spawning 81
( Jpn98) Adults
North Central 1997 61.813 178.500 W Adults 71
Bering Sea (NCBS97)
Unimak, Alaska 1997 54.413 165.728 W Spawning 99
(Uni97A) Adults
Unimak, Alaska 1997 54.450 162.278 W Spawning 99
(Uni97B) Adults
Unimak, Alaska 1998 54.331 165.385 W Spawning 91
(Uni98) Adults
Shelikof Strait, Akaska 1997 57.988 154.212 W Spawning 99
(Shel97) Adults
Shelikof Strait, Akaska 1998 57.598 154.233 W Spawning 97
(Shel98) Adults
Prince William 1997 60.083 148.317 W Spawning 98
Sound, Alaska (PWS97) Adults
Prince William Sound, 1998 60.083 148.333 W Spawning 99
Alaska (PWS98) Adults
Puget Sound, 1998 48.12 122.770 W Juveniles 85
Washington (PS98)
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centrifuged at 12 000 

 

g

 

 for 5 min. The resulting supernatant
was removed to a new tube where total DNA was con-
centrated and the salts removed using standard ethanol
precipitation procedures.

 

Microsatellite analysis

 

Twelve tetranucleotide and two dinucleotide microsatellite
loci were individually amplified using the polymerase
chain reaction (PCR), as described in O’Reilly 

 

et al

 

. (2000).
Alleles were size-fractionated using polyacrylamide ele-
ctrophoresis and visualized using a Molecular Dynamics
FluorImager 575 (Amersham Biosciences, Piscataway, NJ),
a Hitachi FMBIOII (Hitachi America Ltd, NY, USA) or
an ABI 373 (Applied Biosystems, Foster City, CA, USA).
Known genotypes and size standards were run on each
platform to ensure scoring accuracy and consistency among
scoring platforms.

 

Statistical analyses

 

Single locus statistics and conformance to Hardy–Weinberg
equilibrium.

 

Single-locus estimates of heterozygosity and
number of alleles in each sample and over all samples were
made using 

 

genetix

 

 version 4.02 (Belkhir 2000) and 

 

fstat

 

version 2.9.3 (Goudet 2001). The effective number of alleles
(

 

n

 

e

 

) was calculated according to (Kimura & Crow 1964).
The analogue of Wright’s 

 

F

 

IS

 

, 

 

#

 

, was estimated in 

 

genepop

 

(version 3.3, Raymond & Rousset 1995). Locus conformance
to Hardy–Weinberg equilibrium (HWE) was assessed with
exact tests implemented in 

 

genepop

 

 with specified Markov
chain parameters of 5000 dememorization steps followed
by 500 batches of 2000 iterations per batch. Significance

levels for multiple comparisons of loci across samples
were adjusted using a sequential Bonferroni correction
(Rice 1989).

In cases where observed genotype frequencies deviated
significantly from HWE expectations, the program 

 

micro

 

-

 

checker

 

 (Shipley 2003) was used to infer the most prob-
able cause of the HWE departures. Null alleles (Pemberton

 

et al

 

. 1995) were inferred if an excess of homozygotes
occurred over most allele size classes, and upper allele
dropout (Wattier 

 

et al

 

. 1998) was indicated if the deviations
were more restricted to the smallest allele size classes.
Homozygous excess due to PCR ‘stutter’ was inferred if
there were deficiencies of individuals heterozygous for
alleles differing by one repeat unit. Allele and genotype
frequencies not conforming to HWE were adjusted accord-
ing to Brookfield (1996) to contrast with uncorrected data
in analyses of population differentiation.

 

Estimates of population structuring.

 

Exact tests of allele (genic)
and genotype (genotypic) distributions between pairs
of populations were conducted using 

 

genepop

 

. Tests of
the joint null hypothesis of no heterogeneity in allele or
genotype distributions between sample pairs at any locus
were made using Fisher’s combined method of summing

 

P

 

-values for exact tests and comparing the quantity 

 

Σ

 

 

 

−

 

 2 ln
to a 

 

χ

 

2

 

 distribution (28 d.f.) to assess statistical significance.
Estimates of 

 

F

 

ST

 

, 

 

ø

 

, following Weir & Cockerham (1984),
and the 

 

R

 

ST

 

 analogue statistic, 

 

ρ

 

ST

 

 (Rousset 1996), were
calculated between sample pairs using 

 

fstat

 

 and signific-
ance of those estimates was assessed using 2000 data
permutations. Similarly, log-likelihood 

 

G

 

-tests permuting
genotypes between sample pairs were made using 2000
data randomizations in 

 

fstat

 

. In all cases of multiple

Fig. 1 Sample locations for walleye pollock
collected in 1997 (open box), 1998 (solid box)
and in both years (solid diamond).
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simultaneous tests for genetic heterogeneity or structuring,
significance levels were adjusted with sequential Bonferroni
correction.

Temporal and regional comparisons of genetic heteroge-
neity between sampling years and among regions were
conducted using analyses of molecular variance (

 

amova

 

)
implemented in 

 

arlequin

 

 version 2.000 (Schneider 

 

et al

 

.
2000). Genetic isolation by distance (Slatkin 1993), testing
for independence between 

 

F

 

ST

 

 estimates and geographical
distances, was evaluated using a Mantel test available in

 

genepop

 

. Regression matrices of 

 

F

 

ST

 

/1 

 

−

 

 

 

F

 

ST

 

 values vs. the
log of distance between sample pairs, the latter estimated
as the shortest route along continental margins at depths
less than 200 m, were permuted 2000 times and significance
of the relationship was assessed by the Spearman rank
correlation coefficient.

 

Microsatellite polymorphism and fixation indices.

 

Because
sample sizes ranged considerably among loci, the rela-
tionships of locus polymorphism and 

 

F

 

IS

 

 with 

 

F

 

ST

 

 were
examined by incorporating allelic richness, an estimate of
the number of alleles that is independent of sample size,
with single locus 

 

#

 

 and ø values in a general linear model
(GLM) using systat version 10 (SPSS Inc., Chicago, IL, USA).
Estimates of allelic richness were made using fstat. The
number of alleles per locus for each sample was standard-
ized to the smallest number of single-locus genotypes
by sampling 53 pairs of alleles 1000 times, following El
Mousadik & Petit (1996).

Results

Genetic variation and Hardy–Weinberg equilibrium

The 14 microsatellites varied widely in number of alleles
(6–43, mean = 20.9) and expected heterozygosities (0.68–
0.96, mean = 0.85) across populations (Table 2). The number
of individuals genotyped at each locus ranged from 53
to 99 (median 84.8) per sample. This was due, in part, to
variation in the number of individuals collected from
the different locations surveyed (Table 1) but may also
be related to tissue degradation prior to preservation in
some samples (e.g. NCBS97) that prevented successful PCR
amplification of both alleles in all individuals. Significant
departures from HWE were observed in 54 of 140 single
locus exact tests and all deviations except one were towards
heterozygote deficiencies (Table 2). Loci Tch6, Tch11, Tch14
and Tch19 showed significant heterozygote deficits in every
sample, while Tch8 and Tch15 exhibited deficits in four or
five samples. Loci Tch5, Tch10, Tch12, Tch13, Tch18, Tch20
and Tch22 were in agreement with HWE expectations in
eight or more of the 10 samples. Analyses of genotype and
allele frequencies confirmed excess homozygosity at one
or more alleles in loci characterized by significant positive

# values. Analyses of homozygote size classes with micro-
checker did not indicate the effects of upper allele dropout
that might result from degraded DNA template or stuttering
during PCR amplification as causes for the observed
heterozygote deficiencies. These results indicate that true
null alleles (i.e. alleles that failed to amplify because of base
substitutions or deletions in PCR priming sites flanking
microsatellite arrays) were the primary cause of departures
from HWE. An alternative explanation, population admix-
tures within samples (i.e. a Wahlund effect) seems unlikely
because all but two samples were collected from spawning
aggregations and the observed levels of spatial heterogeneity
would appear to be too small to account for the large FIS
values.

Genetic differentiation among populations

The joint null hypothesis of no heterogeneity between
sample pairs for any locus was rejected in 42 and 39 of
45 possible tests of genic differentiation using Fisher’s
combined method on uncorrected data, and data corrected
for null alleles, respectively. Similarly, data corrected for
null alleles resulted in fewer significant pairwise tests of
genotypic variation (17 of 45) compared with tests using
uncorrected data (39 of 45). Exact tests of genic (Table 3)
and genotypic (Table 4) variation between sample pairs
showed that significant heterogeneity was detected most
often between the Jpn98 sample and other locations.
Differentiation was also found in pairwise comparisons
between the north central Bering Sea and locations in the
Gulf of Alaska, between Shelikof Strait and Unimak, and
between Unimak and Puget Sound, although these rela-
tionships were not consistent across sampling years where
temporal collections had been made.

Multilocus estimates of FST (ø) and RST (1ST) for popula-
tion pairs were low but indicated significant population
structuring over broad spatial scales (Table 5). Correcting
the data for null alleles decreased the number of significant
pairwise estimates but concordant patterns of differenti-
ation were found with both estimators between the Jpn98
sample and other locations (excluding the central Bering
Sea). Pairwise values of 1ST were significantly higher
than ø (Wilcoxon paired-sample test, P < 0.001) but did
not result in a greater number of significant comparisons
among sample pairs (Table 5).

Temporal samples were grouped across years for
Shelikof Strait (Shel97 and Shel98), Unimak Pass (Uni97A,
Uni97B and Uni98) and Prince William Sound (PWS97 and
PWS98) to compare interannual heterogeneity within
and among sample locations. There was no evidence of
significant regional heterogeneity among these proximate
groups of samples but a small and significant temporal
component within sampling locations was detected by
amova (Table 6), a result concordant with pairwise tests of



1804
P

. T
. O

’R
E

IL
L

Y
 E

T
 A

L
.

©
 2004 Blackw

ell Publishing Ltd, M
olecular Ecology, 13, 1799–1814

Table 2 Summary statistics for 14 microsatellite loci in 10 walleye pollock samples. Sample abbreviations are as in Table 1; other abbreviations are as follows: number of individuals (N),
number of alleles observed per locus (NA), number of alleles per locus standardized to the smallest sample size, N = 53 individuals (Ns); allelic range in bp (R), expected (HE) and observed
(HO) heterozygosities, analogue of Wright’s FIS (# ), effective number of alleles (ne), and single-locus estimates of FST (ø) over all samples. Italic # values indicate significant genotypic
deviation from expected Hardy–Weinberg proportions (P< 0.05) after sequential Bonferroni correction for multiple (k = 10) tests
 

Location

Locus (repeat type) 

Tch3
(di)

Tch5
(tetra)

Tch6
(tetra)

Tch8
(tetra)

Tch10
(tetra)

Tch11
(tetra)

Tch12
(tetra)

Tch13
(di)

Tch14
(tetra)

Tch15
(di)

Tch18
(di)

Tch19
(tetra)

Tch20
(tetra)

Tch22
(tetra)

Mean 
all loci

Jpn98 N 67 81 76 70 80 80 80 76 79 80 80 78 71 80 77
NA 19 24 43 31 20 19 10 8 26 12 16 19 39 9 21.1
NS 18.14 20.95 30.19 29.67 16.93 17.71 7.78 6.04 21.92 11.13 14.54 18.25 28.25 8.17 17.83
R 226–290 212–296 97–349 128–296 127–239 125–213 118–158 76–106 100–248 77–103 71–107 70–146 116–336 76–112
HE 0.83 0.93 0.96 0.95 0.79 0.92 0.83 0.68 0.94 0.68 0.86 0.93 0.96 0.72 0.86
HO 0.72 0.90 0.83 0.93 0.70 0.76 0.79 0.75 0.65 0.54 0.81 0.71 0.99 0.66 0.77
# 0.14 0.03 0.14 0.03 0.12 0.17 0.05 −0.11 0.31 0.21 0.06 0.24 −0.02 0.08
ne 6 14.5 25.8 21.5 4.8 12 5.8 3.1 16.4 3.2 7.1 14.3 27.2 3.6 11.8

NCBS97 N 53 60 54 65 63 64 64 70 61 59 60 63 57 68 61.5
NA 21 25 32 35 15 18 8 7 20 13 13 18 32 7 18.9
NS 19.25 19.79 31.39 31.16 19.30 20.38 7.66 5.86 21.66 12.96 15.97 18.59 34.30 5.93 18.87
R 230–282 176–300 117–341 104–292 143–227 125–193 118–146 76–88 108–224 77–109 67–101 82–143 124–348 80–112
HE 0.78 0.94 0.95 0.96 0.78 0.91 0.78 0.65 0.94 0.66 0.77 0.93 0.96 0.69 0.84
HO 0.76 0.88 0.74 0.91 0.68 0.69 0.73 0.77 0.62 0.54 0.67 0.60 0.98 0.57 0.73
# 0.03 0.06 0.22 0.05 0.12 0.24 0.06 −0.19 0.34 0.18 0.14 0.35 −0.02 0.17
ne 4.5 15.3 20.5 22.2 4.5 10.6 4.6 2.9 15.8 2.9 4.4 14.3 24.6 3.2 10.7

Uni97A N 60 85 56 56 98 96 99 99 89 99 99 99 60 99 85.3
NA 19 22 31 30 21 20 8 7 24 14 17 20 29 10 19.4
NS 17.39 22.85 36.70 37.77 18.32 16.02 8.42 6.48 23.51 9.54 14.21 18.51 28.85 7.36 18.99
R 230–282 188–280 117–313 136–304 139–243 121–197 122–162 74–86 124–236 77–111 67–109 74–158 116–316 80–152
HE 0.77 0.94 0.94 0.96 0.79 0.92 0.78 0.68 0.94 0.62 0.78 0.93 0.96 0.69 0.84
HO 0.65 0.87 0.70 0.89 0.71 0.76 0.78 0.75 0.73 0.45 0.70 0.70 0.95 0.62 0.73
# 0.16 0.08 0.26 0.07 0.10 0.17 0.00 −0.10 0.22 0.26 0.11 0.25 0.01 0.11
ne 4.4 17.2 17.1 23.8 4.8 12.4 4.6 3.1 16.1 2.6 4.5 14.6 24.4 3.3 10.9

Uni97B N 58 86 54 79 91 91 89 91 83 91 91 89 55 89 81.2
NA 18 25 37 42 23 18 9 7 27 11 16 20 29 9 20.8
NS 21.00 24.02 31.83 32.28 14.16 17.10 7.83 6.70 19.67 12.58 12.62 17.48 31.35 6.55 18.23
R 232–284 184–292 97–353 128–352 143–251 129–209 122–154 76–90 116–240 77–101 71–109 78–154 144–296 76–108
HE 0.82 0.94 0.96 0.97 0.82 0.90 0.75 0.68 0.93 0.66 0.77 0.93 0.96 0.68 0.84
HO 0.78 0.92 0.76 0.89 0.85 0.68 0.74 0.79 0.71 0.53 0.78 0.80 0.91 0.67 0.77
# 0.06 0.02 0.21 0.09 −0.03 0.24 0.01 −0.17 0.24 0.20 −0.02 0.15 0.06 0.01
ne 5.6 5.5 26.6 32.4 5.5 9.6 4 3.1 14.9 2.9 4.3 15.2 28.4 3.1 12.2
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Uni98 N 90 78 96 74 88 93 95 96 98 98 85 94 97 85 86.2
NA 20 24 38 37 25 18 8 7 24 15 14 24 33 8 21.1
NS 18.25 20.54 32.79 34.65 17.67 18.42 9.27 6.28 22.33 11.57 12.55 17.95 32.02 8.56 18.77
R 226–288 200–304 117–341 132–352 139–307 121–193 122–150 76–90 96–240 75–111 77–105 78–170 120–320 80–112
HE 0.83 0.94 0.95 0.96 0.75 0.92 0.76 0.69 0.93 0.63 0.79 0.94 0.96 0.70 0.84
HO 0.62 0.99 0.74 0.91 0.73 0.77 0.78 0.69 0.78 0.40 0.75 0.69 0.89 0.58 0.74
# 0.25 −0.05 0.22 0.06 0.03 0.22 −0.03 0.00 0.17 0.02 0.04 0.26 0.07 0.18
ne 5.7 16.4 20.2 27.9 4 12.2 4.1 3.2 14.3 2.7 4.7 16.2 23.5 3.4 11.3

Shel97 N 93 73 97 77 83 90 79 57 92 89 88 76 94 94 84.4
NA 22 21 35 34 23 23 8 6 25 15 19 20 42 7 21.4
NS 17.56 21.51 37.68 28.54 16.99 17.87 9.32 6.76 23.22 11.02 14.52 18.11 35.06 7.88 19.00
R 230–286 188–280 117–313 124–296 127–247 121–217 122–150 76–86 96–248 77–139 75–139 70–158 104–328 80–108
HE 0.86 0.93 0.96 0.96 0.83 0.92 0.78 0.69 0.94 0.75 0.85 0.92 0.97 0.64 0.86
HO 0.83 0.93 0.81 0.83 0.70 0.76 0.77 0.68 0.75 0.51 0.74 0.68 0.96 0.52 0.75
# 0.03 0.00 0.15 0.14 0.16 0.18 0.02 0.01 0.20 0.33 0.13 0.26 0.03 0.18
ne 6.9 15.2 24.8 25.3 6 12.9 4.6 3.2 16.1 4 6.8 12 28.6 2.8 12.1

Shel98 N 89 81 87 92 84 93 94 91 91 91 94 86 83 97 89.5
NA 23 23 43 34 22 21 9 6 30 14 15 20 40 6 21.8
NS 20.60 20.67 35.36 29.69 17.81 17.92 8.50 7.72 21.79 9.99 15.62 18.75 34.48 5.66 18.90
R 226–292 192–288 117–345 140–352 147–303 109–229 122–154 76–86 92–280 75–103 77–107 74–150 116–324 80–104
HE 0.83 0.94 0.97 0.96 0.75 0.92 0.78 0.70 0.94 0.78 0.80 0.93 0.97 0.68 0.85
HO 0.79 0.94 0.79 0.88 0.71 0.79 0.71 0.67 0.76 0.68 0.73 0.77 0.96 0.68 0.78
# 0.06 0.01 0.18 0.08 0.04 0.15 0.09 0.04 0.19 0.12 0.08 0.18 0.00 −0.01
ne 6 17.9 29 25.4 3.9 12.9 4.6 3.3 16.4 4.4 4.9 14.2 29.8 3.1 12.6

PWS97 N 87 96 75 91 78 97 94 85 93 80 81 86 86 91 87.1
NA 22 22 38 41 20 20 10 7 24 12 14 19 37 10 21
NS 19.29 21.45 37.22 30.39 18.67 19.25 8.72 5.94 25.48 12.47 13.22 18.93 35.08 5.51 19.40
R 216–288 196–284 73–313 120–320 143–231 117–197 122–158 76–88 116–236 77–101 75–107 82–174 124–300 80–116
HE 0.82 0.94 0.96 0.95 0.82 0.91 0.77 0.72 0.95 0.74 0.80 0.93 0.96 0.72 0.86
HO 0.75 0.95 0.76 0.91 0.76 0.71 0.76 0.77 0.82 0.55 0.73 0.71 0.95 0.68 0.77
# 0.09 −0.01 0.21 0.05 0.08 0.16 0.02 −0.07 0.14 0.25 0.09 0.24 0.01 0.05
ne 5.6 16.8 28 21.9 5.5 11.2 4.3 3.5 18.1 3.8 5.1 13.7 27.2 3.5 12

Location

Locus (repeat type) 

Tch3
(di)

Tch5
(tetra)

Tch6
(tetra)

Tch8
(tetra)

Tch10
(tetra)

Tch11
(tetra)

Tch12
(tetra)

Tch13
(di)

Tch14
(tetra)

Tch15
(di)

Tch18
(di)

Tch19
(tetra)

Tch20
(tetra)

Tch22
(tetra)

Mean 
all loci

Table 2. Continued
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PWS98 N 70 84 93 90 89 88 89 88 88 88 90 86 91 89 87.4
NA 21 25 42 37 27 21 10 9 30 13 14 21 40 8 22.7
NS 18.05 22.85 37.59 31.45 22.91 18.43 8.50 7.85 25.88 11.83 12.90 19.32 34.48 7.16 19.94
R 226–284 188–280 113–337 120–296 139–303 125–209 118–154 70–90 116–264 75–125 77–125 70–170 116–352 80–112
HE 0.78 0.93 0.96 0.96 0.83 0.92 0.79 0.67 0.94 0.72 0.82 0.93 0.96 0.75 0.85
HO 0.70 0.92 0.63 0.90 0.76 0.72 0.78 0.77 0.68 0.51 0.79 0.77 0.91 0.72 0.75
# 0.11 0.02 0.34 0.06 0.09 0.22 0.01 −0.15 0.28 0.29 0.03 0.18 0.05 0.05
ne 4.6 14.8 24.8 25.3 6 11.7 4.7 3 17.7 3.5 5.4 14.2 25.9 4 11.8

PS98 N 67 79 68 68 81 75 83 77 77 79 80 79 60 80 75.2
NA 22 22 38 32 20 19 9 9 24 11 18 20 36 6 20.4
NS 17.50 22.62 31.53 33.48 20.72 15.68 7.90 6.46 21.61 12.42 12.31 21.13 28.17 6.87 18.46
R 230–286 192–288 117–321 132–312 143–227 129–205 122–154 74–94 124–264 81–101 77–115 82–170 112–308 84–112
HE 0.83 0.93 0.97 0.95 0.80 0.92 0.80 0.62 0.93 0.72 0.84 0.92 0.96 0.72 0.85
HO 0.66 0.90 0.75 0.93 0.78 0.73 0.80 0.66 0.68 0.61 0.75 0.61 1.00 0.68 0.75
# 0.21 0.04 0.23 0.03 0.03 0.20 0.00 −0.07 0.27 0.15 0.10 0.34 −0.04 0.06
ne 5.7 14.6 29.5 21.1 5.1 12.5 4.9 2.6 13.4 3.5 6 12.6 25.6 3.5 11.5

Mean N 73.4 80.3 75.6 76.2 83.5 80.3 86.6 83 85.1 79.4 84.8 83.6 75.4 87.2 81.5
all NA 20.5 23.3 37.7 35.3 21.5 17.9 8.9 7.3 25.4 13 15.6 20.1 35.7 8 20.9
pops NS 19.21 22.27 35.68 33.10 18.99 18.17 8.51 6.64 23.71 11.94 14.00 19.12 32.94 6.88 19.37

R 216–292 176–304 73–349 104–352 127–307 109–229 118–162 70–106 92–280 75–139 67–139 70–174 104–352 76–152
HE 0.82 0.94 0.96 0.96 0.80 0.92 0.79 0.68 0.94 0.71 0.81 0.93 0.96 0.71 0.85
HO 0.73 0.92 0.75 0.90 0.74 0.74 0.76 0.73 0.72 0.56 0.75 0.71 0.94 0.63 0.75
ne 5.5 14.8 24.6 24.7 5 10.6 4.6 2.9 14.4 3.4 5.3 14.1 26.5 3.4 11.6
ø −0.000 0.002 0.002 0.002 0.002 0.002 0.006 0.006 0.002 0.009 0.006 0.003 0.000 0.011 0.004

Location

Locus (repeat type) 

Tch3
(di)

Tch5
(tetra)

Tch6
(tetra)

Tch8
(tetra)

Tch10
(tetra)

Tch11
(tetra)

Tch12
(tetra)

Tch13
(di)

Tch14
(tetra)

Tch15
(di)

Tch18
(di)

Tch19
(tetra)

Tch20
(tetra)

Tch22
(tetra)

Mean 
all loci

Table 2. Continued
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genic differentiation between years for Shel and PWS
samples (Table 3) but not with results from genotypic tests.
Mantel regression tests showed a significant (P = 0.003)
pattern of isolation by distance across the entire geo-

graphical range (Fig. 2). Test results remained statistically
significant when excluding either of the two most distant
samples (Jpn98 or PS98) but not when excluding both
(P = 0.10).

Table 3 Probability values for Fisher’s combined test of genic (allelic) differentiation at 14 microsatellite loci using data that were
uncorrected (above diagonal) and corrected (below diagonal) for the presence of null alleles. Bold P values are significant after sequential
Bonferroni correction for 45 multiple tests. Sample abbreviations are as in Table 1
 

 

Table 4  Probability values for Fisher’s combined test of genotypic differentiation at 14 microsatellite loci using data that were uncorrected
(above diagonal) and corrected (below diagonal) for the presence of null alleles. Bold P values are significant after sequential Bonferroni
correction for 45 multiple tests. Sample abbreviations are as in Table 1
 

 

Table 5 Multilocus estimates of FST, ø, (above diagonal) and RST, 1ST, (below diagonal) between sample pairs from 14 microsatellite loci.
Values in bold or denoted by asterisks are significantly greater than zero for data that were uncorrected or corrected for the presence of null
alleles, respectively, after sequential Bonferroni adjustment for 45 simultaneous tests. Sample abbreviations are as in Table 1
 

Jpn98 NCBS97 Uni97A Uni97B Uni98 Shel97 Shel98 PWS97 PWS98 PS98

Jpn98 — <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
NCBS97 <0.001 — 0.023 0.005 <0.001 <0.001 <0.001 <0.001 0.001 <0.001
Uni97A <0.001 0.122 — 0.002 <0.001 <0.001 <0.001 <0.001 0.001 <0.001
Uni97B <0.001 0.011 0.007 — <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Uni98 <0.001 <0.001 0.001 <0.001 — <0.001 0.042 0.002 <0.001 <0.001
Shel97 <0.001 <0.001 <0.001 <0.001 <0.001 — <0.001 <0.001 <0.001 <0.001
Shel98 <0.001 <0.001 <0.001 <0.001 0.061 <0.001 — 0.274 <0.001 <0.001
PWS97 <0.001 <0.001 <0.001 <0.001 0.003 <0.001 0.345 — 0.002 <0.001
PWS98 <0.001 0.005 0.001 <0.001 <0.001 <0.001 <0.001 0.007 — 0.001
PS98 <0.001 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.022 —

Jpn98 NCBS97 Uni97A Uni97B Uni98 Shel97 Shel98 PWS97 PWS98 PS98

Jpn98 — <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
NCBS97 0.002 — 0.345 0.067 0.007 0.001 <0.001 <0.001 0.019 0.031
Uni97A <0.001 0.675 — 0.050 0.014 <0.001 0.001 0.004 0.008 0.003
Uni97B <0.001 0.127 0.146 — 0.001 <0.001 <0.001 0.001 0.003 <0.001
Uni98 0.006 0.011 0.050 0.006 — <0.001 0.230 0.057 0.003 <0.001
Shel97 <0.001 0.018 0.002 <0.001 <0.001 — <0.001 <0.001 0.002 0.002
Shel98 <0.001 <0.001 0.003 <0.001 0.263 0.007 — 0.501 0.001 0.001
PWS97 <0.001 0.001 0.029 0.012 0.089 0.015 0.750 — 0.015 0.001
PWS98 0.009 0.083 0.053 0.021 0.009 0.256 0.047 0.060 — 0.118
PS98 <0.001 0.211 0.045 0.001 0.035 0.127 0.007 0.010 0.562 —

Jpn98 NCBS97 Uni97A Uni97B Uni98 Shel97 Shel98 PWS97 PWS98 PS98

Jpn98 — 0.006 0.007* 0.007* 0.006* 0.008* 0.005* 0.005 0.004* 0.005*
NCBS97 0.011 — 0.000 0.002 0.003 0.006 0.006* 0.004 0.003 0.004
Uni97A 0.011 −0.001 — 0.001 0.003 0.005 0.003 0.004 0.002 0.005
Uni97B 0.020* 0.020 0.020 — 0.003 0.004 0.003 0.002 0.002 0.004
Uni98 0.010 0.005 0.007 0.031 — 0.005 0.000 0.002 0.003 0.005*
Shel97 0.015* 0.001 0.004 0.022 0.006 — 0.003 0.002 0.003 0.004
Shel98 0.025* 0.028* 0.003 0.028* 0.006 0.001 — 0.000 −0.001 0.004
PWS97 0.014* 0.005 0.004 0.013 0.016 0.002 0.009 — −0.001 0.003
PWS98 0.011 −0.001 −0.003 0.031* −0.001 0.005 0.003 0.010 — 0.002
PS98 0.014* −0.003 −0.002 0.029* 0.004 0.001 0.002 0.006 −0.003 —
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Relationship between locus polymorphism and detection of 
differences among populations

Estimates of population differentiation (ø) were inversely
correlated with microsatellite polymorphism. GLM results
showed that allelic richness, but not FIS, had a significant
effect in diminishing single-locus estimates of FST among
all populations (Fig. 3, Table 7). Estimates of FST also declined

with increasing expected heterozygosity (P = 0.003, Fig. 4).
The observed range of ø is well below the theoretical
maximum values that θ could attain, suggesting that
other factors (e.g. nonequilibrium migration-drift condi-
tions, mutational homoplasy), and not constraints related
to locus homozygosity, are the principal causes for low
estimates of population structuring. The precision of ø
values appeared to improve with locus polymorphism.
Excluding one anomalous value of 41.0, coefficients of
variation for ø declined significantly from approximately
2.4–0.3 as a function of allelic richness (anova F = 14.20,
P = 0.003). The number of significant pairwise log-likelihood
G-tests of population differences tended to decline with
increasing locus polymorphism (Fig. 5), although the
correlation was not statistically significant. Similarly, the
numbers of significant ø and 1ST test results between sample
pairs also tended to decrease with increasing microsatellite
polymorphism, but again the correlations were not statist-
ically significant (data not shown).

Discussion

This study yielded results on two distinct topics. First,
it provided a description of the pattern and degree of
population structuring across the entire range of walleye

Table 6 Analysis of molecular variance (amova) results from
pooled samples collected in 1997 and 1998 at three locations
(Shelikof Strait, Unimak Pass and Prince William Sound)
 

Source of variation Sum of squares % variation

Among locations 19.589 0.09
Between years within locations 34.868 0.55**
Within samples 3541.299 99.36**
Total 3595.756

**P < 0.001.

Fig. 2 Genetic isolation by distance in walleye pollock inferred
from multilocus estimates of FST vs. geographical distance.

Fig. 3 Single-locus estimates of FST (+ 95% CI) vs. allelic richness
for 14 microsatellite loci in 10 samples.

Table 7 Results from generalized linear model (GLM) regression
analysis comparing the effects of allelic richness and FIS upon
estimates of FST
 

Effect Coefficient SE t P

Constant 0.005 0.001 4.865 <0.001
Allelic richness −0.000 0.000 −2.558 0.012
FIS −0.005 0.008 −0.604 0.547
Allelic richness × FIS 0.000 <0.001 0.249 0.800

Fig. 4 Single-locus estimates of FST  vs. expected heterozygosity
for 14 microsatellite loci in 10 samples.
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pollock based on a substantial panel of microsatellite
markers. Second, it provided evidence that estimates of
population differentiation and the probability of detecting
genetic differences among populations both diminish when
allelic richness and locus heterozygosity are high. We con-
sider these major results in turn below.

Walleye pollock population structure

We observed weak, but significant genetic structuring
among pollock populations. Population structure followed
an isolation-by-distance pattern, but even on transoceanic
spatial scales, pairwise estimates of FST were less than
0.008 (Fig. 2). These levels of differentiation are similar in
magnitude to those reported for other marine fish species
with potentially high gene flow (e.g. Elliot & Ward 1992;
Gold et al. 1994; Bentzen et al. 1996; Borsa et al. 1997;
Ruzzante et al. 1999, 2000, 2001; Shaw et al. 1999; Lundy
et al. 2000; Nesbø et al. 2000; De Innocentiis et al. 2001;
McPherson et al. 2001; Wirth & Bernatchez 2001; Withler
et al. 2001; Knutsen et al. 2003). Our results corroborate
previous findings of significant differentiation between
populations in the Western Pacific Ocean and those in the
Bering Sea and Gulf of Alaska using allozyme and mtDNA
data (Iwata 1975a, b; Grant & Utter 1980; Shields & Gust
1995; Olsen et al. 2002). Some evidence for population
structuring at closer geographical scales, as reported for
allozymes (Grant & Utter 1980) and allozymes combined
with mtDNA (Olsen et al. 2002), is suggested by the
microsatellite data (e.g. between Unimak and Shelikof in
exact genotypic tests), although the data are not consistent
across sampling years and were not a significant source of
variation in the amova.

Departures from HWE expectations in half the loci used
in this study appear to be due to the presence of null alleles,

resulting possibly from high levels of sequence hetero-
geneity in regions flanking microsatellite arrays. Findings
of increased numbers of alleles observed in marine fishes
relative to freshwater fishes have been attributed to increased
effective populations sizes in the former, and reduced loss
of variation due to drift (Dewoody & Avise 2000). This
same mechanism may account for increased sequence
heterogeneity in populations of pollock surveyed here and
suggest that null alleles may be common in large marine
populations. We emphasize that data should be examined
carefully and, when possible, corrected for the presence of
null alleles prior to estimating weak levels of divergence
expected among samples, as several pairwise tests between
samples were no longer significant after correction. The
variable numbers of individuals successfully genotyped in
this study (53–99) may also have contributed to some loss
of power in discriminating among samples, although that
effect appears to be minimal. For example, the Jpn98 sam-
ple averaged 77 genotyped individuals across all loci, the
third lowest mean in the study, but yielded the highest
number of significant pairwise exact tests of differentiation
or estimates of population structuring. Ruzzante (1998)
showed that samples of 50 or greater are sufficient to
produce relatively precise estimates of FST with highly vari-
able microsatellites and simulation results (Kalinowski
2002b) indicate that the precision of estimates of θ for large
populations (N = 5000) is not affected adversely by sample
sizes in the range of 60–100 individuals. Hence, the vari-
ation in numbers of individuals genotyped per locus is
unlikely to have biased our results, although the potential
effects of sample size could be greater in marine species
with higher levels of locus polymorphism.

We did not find significant heterogeneity among sam-
ples collected within the Gulf of Alaska or between these
and samples from the Unimak area. Similarly, Olsen et al.
(2002) also did not detect genetic structure within or between
these two regions using three microsatellite loci (Tch10,
Tch12 and Tch22) that were also used in this study. How-
ever, they did report significant differentiation between
pollock from the Unimak area in the Bering Sea and two
locations (Shelikof Strait and Prince William Sound) in the
Gulf of Alaska based upon allozyme data. They also found
genetic heterogeneity within the Gulf of Alaska (between
Shelikof Strait and Prince William Sound) with both alloz-
yme and mtDNA. Similar discordance between allozyme
and microsatellite-based estimates of FST observed in other
marine fishes has been attributed, at least in part, to the
effects of selection acting on allozyme loci (Lemaire et al.
2000; De Innocentiis et al. 2001). The reasons for somewhat
discordant estimates of genetic structure in walleye pol-
lock among different marker classes are unclear. The most
informative allozyme locus in their study, SOD-2*, may be
influenced by selection (Olsen et al. 2002) but this would
not explain significant differentiation among Gulf of

Fig. 5 Number of significant log-likelihood G-tests as a function
of allelic richness in pairwise comparisons between samples.



1810 P .  T .  O ’ R E I L L Y  E T  A L .

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1799–1814

Alaska populations found at the MPI* allozyme locus and
from mtDNA RFLP data.

The temporal heterogeneity between years in Unimak,
Shelikof Strait, and Prince William Sound samples detected
using amova was very weak but significant (Table 7).
Comparisons between sampling years using Fisher’s exact
test showed that only a single locus in this study produced
a significant test statistic supporting temporal differentia-
tion, and the informative locus was different at all three
locations. Olsen et al. (2002) also reported weak temporal
heterogeneity in allozyme (but not mtDNA) variation in
the same Prince William Sound samples we analysed but
the evidence from both studies was equivocal. Temporal
variation has been detected in the related European hake,
Merluccius merluccius (Lundy et al. 2000) and may arise
from life history characteristics common to many marine
invertebrates and fishes. Pollock spawn at predictable
times but the extent of natal or spawning site fidelity is
unknown (Bailey et al. 1999) and movement of adults or
juveniles could contribute to temporal instability. Gene
flow may also occur through planktonic drift of eggs and
larvae, potentially resulting in source and sink populations
mediated by prevailing current patterns (Bailey et al. 1997,
1999). Finally, pollock are highly fecund and spawn in
dynamic and patchy oceanic environments where recruit-
ment may be strongly affected by variable reproductive
success among a limited number of spawners (Hedgecock
1994). We could not evaluate the importance of variation in
reproductive success in contributing to the results because
the fish analysed in this study were not aged, but our
observations of temporal heterogeneity within spawning
sites are consistent with recent reports of very low ratios
(10−3−10−5) of genetic effective size to census size (Hauser
et al. 2002; Turner et al. 2002) and the highly variable recruit-
ment dynamics of pollock may contribute to significant
temporal fluctuations in gene frequencies.

The weak isolation-by-distance pattern exhibited by
walleye pollock is consistent with a stepping-stone mode
of gene flow occurring along continental margins and
contemporary levels of genetic structuring appear to have
arisen in recent evolutionary time. Most of the sampling
areas were thought to have been colonized following
Pleistocene glaciation 15 000–18 000 years bp, when ice
cover reached the outer edges of the continental shelf in
the Gulf of Alaska (Mann & Peteet 1994) and sea levels
were reduced by 85–100 m in current spawning areas in
the Bering Sea and northern Japan (CLIMAP 1976). Census
estimates of populations in this study (excluding Prince
William Sound and Puget Sound) range from hundreds
of millions to billions of individuals (e.g. ∼1.7 × 109 in the
eastern Bering Sea from 1979 to 2001, Ianelli et al. 2002). The
Puget Sound population probably arrived c. 6000–7000
years ago based upon scale deposition patterns in sedi-
ments from nearby Saanich Inlet (Tunnicliff et al. 2001)

and, until recently, exceeded seven million individuals
(Gustafson et al. 2000). Given these large census estimates,
the amount of time since colonization may have been
insufficient for a significant approach towards migration-
drift equilibrium to occur and may explain, in part, the low
magnitude of genetic structure revealed by microsatellites.
Nonequilibrium conditions are also indicated from an
analysis of several previous mtDNA studies (W. S. Grant,
personal communication) that shows a star phylogeny
characteristic of young populations that had experienced a
bottleneck followed by more recent expansion (Ingman
et al. 2000). In large populations of recent origin, detectable
levels of differentiation at neutral loci may be realized only
at the largest geographical scales.

The effect of locus polymorphism on the detection of 
differentiation

We found a significant negative correlation between
estimates of FST and two measures of locus polymorphism,
allelic richness and expected heterozygosity (Figs 3 and 4).
The inverse relationship between FST and locus poly-
morphism occurred even though the largest single-locus
estimates of FST, obtained with the least polymorphic
loci, were only ∼ 1/3 of the maximum FST (0.034) that could
theoretically be reached by the most polymorphic loci used
in this study for a set of six populations. This result, and the
fact that the numbers of significant test results in pairwise
tests of population differences also tended to decrease with
allelic richness (Fig. 5) suggests that it was the particular
mutational properties of the microsatellites, and not merely
the effect of locus polymorphism per se, that led to reduced
detection of genetic differences among populations.

Our results thus provide empirical evidence that the
detection of low levels of neutral genetic divergence in
large populations may be limited by the mutational
characteristics of highly polymorphic microsatellites. This
observation is qualitatively similar to those reported in
recent studies, where less polymorphic allozymes (Lemaire
et al. 2000; De Innocentiis et al. 2001; Freville et al. 2001;
Olsen et al. 2004) and moderately polymorphic microsatel-
lites (mean sample heterozygosity, HS, = 0.33–0.57; Olsen
et al. 2004) provided substantially greater estimates of FST
than highly polymorphic microsatellites.

The inverse relationship between locus polymorphism
and FST appears to be a consequence of size homoplasy
resulting from the stepwise mutational mode of micro-
satellites. If there are constraints on allelic size variation
(Garza et al. 1995) an increase in mutation rate, µ, is
expected to bring an increase in the number of homoplasious
alleles and to reduce estimates of genetic differentiation
between individuals from different populations more
strongly than differences between individuals in the same
population, thus making different populations appear
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more similar (Hellberg et al. 2002). Simulation studies
(Estoup et al. 2002; Kalinowski 2002b) have shown that
very high mutation rates (e.g. > 10−3) characteristic of
many microsatellite loci are likely to produce a significant
downward bias in estimates of FST. However, high muta-
tion rates can also result in greater locus polymorphism
thereby offsetting, to some degree, the negative effects
of homoplasy in detecting shallow genetic divergence
(Estoup et al. 2002). Our results appeared to show the
combined effects of increased amounts of homoplasy and
polymorphism on estimates of differentiation with increas-
ing µ. Coefficients of variation for estimates of θ decreased
with allelic richness, an empirical result consistent with
simulations using increasing numbers of independent
alleles (Kalinowski 2002a). Thus, the precision of the esti-
mates appeared to increase due to greater polymorphism
while homoplasy may be responsible for the decline in
their magnitude.

The effects of homoplasy on reducing estimates of
population differentiation are most pronounced when
effective population sizes are large, mutation rates are high
and there are strong constraints on allelic ranges (Estoup et al.
2002). The first two conditions are likely to be common in
large marine fish populations for loci exhibiting high
heterozygosities. The potential effect of constraining allele
sizes is less clear. In this study, two loci had 40 or more alleles.
Our data suggest that even the highest levels of polymorph-
ism reported for marine fishes (up to ∼60 alleles) may
constitute sufficient allelic constraint when presumed effect-
ive population sizes are large, µ is likely to be high, and
population structuring is weak. Such cases may warrant
increased sample sizes and the use of microsatellites with
moderate levels of polymorphism if size homoplasy is
suspected.

The complex processes generating homoplasious and
nonhomoplasious variation in microsatellites may deviate
substantially from the mutational models assumed when
using conventional indices of population subdivision. Theor-
etical (Rousset 1996) and simulation (Estoup et al. 2002;
Kalinowski 2002b) studies indicate that the choice of muta-
tional model has less effect upon estimates of differenti-
ation than the mutation rate, although these effects may
become more problematic in weakly structured popula-
tions. Slatkin (1995) introduced the FST analogue statistic,
RST, to account for the underlying stepwise mutational
model (SMM) of evolution in microsatellites. Under this
model, the expected value of RST is independent of the
mutation rate and always greater than the expected value
of FST. Pairwise 1ST estimates in this study averaged 52%
higher than ø (Table 5), suggesting that some fraction of the
genetic ‘signal’ lost through homoplasy for the frequency-
based estimator ø had been captured by 1ST when compar-
ing allelic size distributions. The greater overall magnitude
of 1ST estimates compared to ø did not result in a greater

number of significant comparisons between sample pairs,
perhaps because of the high variance associated with esti-
mating the latter parameter (Slatkin 1995; Balloux et al.
2000) and the low overall level of genetic differentiation
among the samples.

Discrepancies between 1ST and ø values also suggest that
mutation has had a more significant effect than migration
in determining population structure over long distances.
Balloux & Goudet’s (2002) simulation study using a finite
island model of gene flow showed that the expected values
of these two estimators became more similar as migration
rates increased. The isolation-by-distance pattern in pollock
appears to indicate that gene flow occurs most probably
in a stepping-stone pattern between adjacent population
components, and thus the relative strength of migration
will vary in response to distance. Levels of population sub-
division estimated by 1ST and ø are generally similar and
not significant at small to moderate geographical distances
(Table 5) where the migration rate (m) is likely to be greater
relative to µ. The significant pairwise 1ST values found
between the Jpn98 sample and the most distant locations in
the eastern Bering Sea and northeastern Pacific are uniformly
higher than corresponding estimates of θ, suggesting the
relatively greater influence of µ on the degree of popula-
tion differentiation at large geographical scales.

In summary, these empirical results corroborate most
theoretical and simulation studies that indicate reduced
likelihood of highly polymorphic microsatellites, relative
to less variable loci, to detect population differences in
weakly structured marine species. Furthermore, we sug-
gest that this difference is due to homoplasy, and not locus
polymorphism per se. The high levels of polymorphism
shown by microsatellite loci make them a promising
marker class for detecting low levels of population struc-
turing in marine fishes yet also imply limitations on their
resolving power and warrant caution in their use to infer
other population parameters such as migration. Single-
locus comparisons across a range of locus heterozygosities
using additional marker classes (e.g. Freville et al. 2001),
binning of alleles to reduce allelic variation (e.g. Buonaccorsi
et al. 2001; Olsen et al. 2004) and the use of alternative estim-
ators of FST should be used to assess the degree of mutation
bias introduced by microsatellites.

Acknowledgements

We thank the hydroacoustics and FOCI biologists at the Alaska
Fisheries Science Center, the Gene Conservation Laboratory of the
Alaska Department of Fish and Game, the crew of the F/V Arctic
Storm and A. Nishimura and T. Yanagimoto for providing sam-
ples. I. Spies provided considerable laboratory effort to the project.
We also thank L. Bernatchez and several anonymous reviewers for
helpful editorial comments that led to substantial improvements
to the manuscript. This research was funded by Washington Sea
Grant no. 61–9242 and the National Marine. Fisheries Service and



1812 P .  T .  O ’ R E I L L Y  E T  A L .

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1799–1814

is contribution FOCI-0478 to NOAA’s Fisheries-Oceanography
Coordinated Investigations.

References
Angers B, Bernatchez L (1997) Complex evolution of a salmonid

microsatellite locus and its consequences in inferring allelic
divergence from size information. Molecular Biology and Evolu-
tion, 3, 230–238.

Bailey KM, Quinn TJII, Bentzen P, Grant WS (1999) Population
structure and dynamics of walleye pollock, Theragra chalcogramma.
Advances in Marine Biology, 37, 180–255.

Bailey KM, Stabeno PJ, Powers DA (1997) The role of larval reten-
tion and transport features in mortality and potential gene flow
of walleye pollock. Journal of Fish Biology, 51 (Suppl. A), 135–154.

Balloux F, Brunner H, Lugon-Moulin N, Hausser J, Goudet J (2000)
Microsatellites can be misleading: an empirical and simulation
study. Evolution, 54, 1414–1422.

Balloux F, Goudet F (2002) Statistical properties of population
differentiation estimators under stepwise mutation in a finite
island model. Molecular Ecology, 11, 771–783.

Belkhir K (2000) GENETIX, Logiciel Sous Windows Pour la Génétique
Des Populations. Laboratoire Génome et Populations, CNRS
UPR 9060, Université de Montpellier II, Montpellier, France.

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

Borsa P, Blanquer A, Berrebi P (1997) Genetic structure of the
flounders Platichthys flesus and P. stellatus at different geographic
scales. Marine Biology, 129, 233–246.

Brinkmann B, Klintschar M, Neuhuber F, Huhne J, Rolf B (1998)
Mutation rate in human microsatellites: influence of the struc-
ture and length of the tandem repeat. American Journal of Human
Genetics, 62, 1408–1415.

Brookfield JFY (1996) A simple new method for estimating null
allele frequency from heterozygote deficiency. Molecular
Ecology, 5, 453–455.

Buonaccorsi VP, McDowell JR, Greaves JE (2001) Reconciling
patterns of inter-ocean molecular variance from four classes of
molecular markers in blue marlin (Makaira nigricans). Molecular
Ecology, 10, 1179–1196.

CLIMAP (1976) The surface of Ice-Age Earth. Science, 191, 1131–
1137.

Colson I, Goldstein DB (1999) Evidence for complex mutations at
microsatellite loci in Drosophila. Genetics, 152, 617–627.

De Innocentiis S, Sola L, Cataudella S, Bentzen P (2001) Allozyme
and microsatellite loci provided discordant estimates of
population differentiation in the endangered dusky grouper
(Epinephelus marginatus) within the Mediterranean Sea. Molecu-
lar Ecology, 10, 2163–2175.

DeWoody JA, Avise JC (2000) Microsatellite variation in marine,
freshwater, and anadromous fishes compared with other animals.
Journal of Fish Biology, 56, 461–473.

Di Rienzo A, Peterson AC, Garza JC, Valdes AM, Slatkin M,
Freimer NB (1994) Mutational processes of simple-sequence
repeat loci in human populations. Proceedings of the National
Academy of Sciences USA, 91, 3166–3170.

Dorn M, Barbeaux S, Guttormsen M et al. (2002) Assessment of
Walleye Pollock in the Gulf of Alaska. North Pacific Fishery
Management Council, Anchorage, AK.

El Mousadik A, Petit RJ (1996) High level of genetic differentiation
for allelic richness among populations of the argan tree [Argania
spinosa (L.) Skeels] endemic to Morocco. Theoretical and Applied
Genetics, 92, 832–839.

Elliott NG, Ward RD (1992) Enzyme variation in orange roughy,
Hoplostethus atlanticus (Teleostei: Trachichthyidae), from South-
ern Australia and New Zealand waters. Australian Journal of
Marine and Freshwater Research, 43, 1561–1571.

Estoup A, Cornuet J-M (1999) Microsatellite evolution: inferences
from population data. In: Microsatellites: Evolution and Applications
(eds Goldstein DB Schlötterer C), pp. 49–64. Oxford University
Press, Oxford.

Estoup A, Garnery L, Solignac M, Cornuet J-M (1995) Microsatellite
variation in honey bee (Apis mellifera L.) populations: hierarchical
genetic structure and test of the infinite allele and stepwise
mutation models. Genetics, 140, 679–695.

Estoup A, Jarne P, Cornuet J-M (2002) Homoplasy and mutation
model at microsatellite loci and their consequences for popula-
tion genetics analysis. Molecular Ecology, 11, 1591–1604.

Estoup A, Rousset F, Michalakis Y, Cornuet J-M, Adriamanga M,
Guyomard R (1998) Comparative analysis of microsatellite and
allozyme markers: a case study investigating microgeographic
differentiation in brown trout. Molecular Ecology, 7, 339–353.

Ferguson MM, Danzmann RG (1998) Role of genetic markers in
fisheries and aquaculture: useful tools or stamp collecting?
Canadian Journal of Fisheries and Aquatic Sciences, 55, 1553–1563.

Freville H, Justy F, Olivieri I (2001) Comparative allozyme and
microsatellite population structure in a narrow endemic plant
species, Centaurea corymbosa Pourret (Asteraceae). Molecular
Ecology, 10, 879–889.

Garza JC, Fremier NB (1996) Homoplasy for size at microsatellite
loci in humans and chimpanzees. Genome Research, 6, 211–217.

Garza JC, Slatkin M, Freimer NB (1995) Microsatellite allele
frequencies in humans and chimpanzees, with implications for
constraints on allele size. Molecular Biology and Evolution, 12,
594–603.

Gold JR, Richardson LR, Furman C, Sun F (1994) Mitochondrial
DNA diversity and population structure in marine fish species
from the Gulf of Mexico. Canadian Journal of Fisheries and Aquatic
Sciences, 51 (Suppl. 1), 205–214.

Goudet J (2001) FSTAT, a Program to Estimate and Test Gene Diversities
and Fixation Indices, Version 2.9.3. Available from: http://
www.unil.ch/izea/softwares/fstat.html.

Goudet J, Raymond M, de Meeus T, Rousset F (1996) Testing
differentiation in diploid populations. Genetics, 144, 1933–1940.

Grant WS, Utter FM (1980) Biochemical genetic variation in wall-
eye pollock, Theragra chalcogramma: population structure in the
southeastern Bering Sea and the Gulf of Alaska. Canadian Journal
of Fisheries and Aquatic Sciences, 37, 1093–1100.

Grimaldi M-C, Crouau-Roy B (1997) Microsatellite allelic homo-
plasy due to variable flanking sequences. Journal of Molecular
Evolution, 44, 336–340.

Gustafson RG, Lenarz WH, McCain BB et al. (2000) Status Review
of Pacific Hake, Pacific Cod, and Walleye Pollock from Puget Sound,
Washington. 44, 275 pp. NOAA Technical Memorandum NMFS-
NWFSC, NOAA, Seattle.

Hauser L, Adcock GJ, Smith PJ, Bernal Ramirez JH, Carvalho GR
(2002) Loss of microsatellite diversity and low effective popu-
lation size in an overexploited population of New Zealand
snapper (Pagrus auratus). Proceedings of the National Academy of
Sciences USA, 99, 11742–11747.



P O L Y M O R P H I S M  A N D  E S T I M A T E S  O F  D I F F E R E N T I A T I O N 1813

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1799–1814

Hedgecock D (1994) Does variance in reproductive success limit
effective population sizes of marine organisms? In: Genetics and
Evolution of Aquatic Organisms (ed. Beaumont AR), pp. 122–134.
Chapman & Hall, London.

Hedrick PW (1999) Highly variable loci and their interpretation in
evolution and conservation. Evolution, 53, 313–318.

Hellberg ME, Burton RS, Neigel JE, Palumbi SR (2002) Genetic
assessment of continuity among marine populations. Bulletin of
Marine Science, 70, 273–290.

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

Ianelli JN, Barbeaux S, Honkalehto T, Walters G, Williamson N
(2002) Eastern Bering Sea Walleye Pollock Stock Assessment. North
Pacific Fishery Management Council, Anchorage, AK.

Ingman M, Kaessmann H, Pääbo S, Gyllensten U (2000) Mitochon-
drial genome variation and the origin of modern humans.
Nature, 408, 708–713.

Iwata M (1973) Genetic polymorphism of tetrazolium oxidase in
walleye pollock. Japanese Journal of Genetics, 48, 147–149.

Iwata M (1975a) Genetic identification of walleye pollock (Theragra
chalcogramma) populations on the basis of tetrazolium oxidase
polymorphism. Comparative Biochemistry and Physiology, 50B,
197–201.

Iwata M (1975b) Population identification of walleye pollock,
Theragra chalcogramma (Pallas), in the vicinity of Japan. Memoirs
of the Faculty of Fisheries, Hokkaido University, 22, 93–258.

Kalinowski ST (2002a) How many alleles per locus should be used
to estimate genetic distances? Heredity, 88, 62–65.

Kalinowski ST (2002b) Evolutionary and statistical properties of
four genetic distances. Molecular Ecology, 11, 1263–1273.

Kim S-S, Moon D-Y, Yang W-S (2000) Mitchondrial DNA analysis
for stock identification of walleye pollock, Theragra chalcogramma,
from the North Pacific Ocean. Bulletin of the National Fisheries
Research Development Institute of Korea, 58, 22–27.

Kimura M, Crow JF (1964) The number of alleles that can be main-
tained in a finite population. Genetics, 49, 725–738.

Knutsen H, Jorde PE, André C, Stenseth NC (2003) Fine-scaled
geographical population structuring in a highly mobile marine
species: the Atlantic cod. Molecular Ecology, 12, 385–394.

Lai Y, Sun F (2003) The relationship between microsatellite
slippage mutation rate and the number of repeat units. Molecular
Biology and Evolution, 20, 2123–2131.

Lemaire C, Allegrucci G, Naciri M, Bahri-Sfar L, Kara H,
Bonhomme F (2000) Do discrepancies between microsatellite
and allozyme variation reveal differential selection between sea
and lagoon in the sea bas (Dicentrachus labrax)? Molecular Ecology,
9, 457–467.

Lundy CJ, Moran P, Rico C, Milner RS, Hewitt GM (1999) Macro-
geographical population differentiation in oceanic environments:
a case study of European hake (Merluccius merluccius), a
commercially important fish. Molecular Ecology, 8, 1889–1898.

Lundy CJ, Rico C, Hewitt GM (2000) Temporal and spatial genetic
variation in spawning grounds of European hake (Merluccius
merluccius) in the Bay of Fundy. Molecular Ecology, 9, 2067–2079.

Mann DH, Peteet DM (1994) Extent and timing of the last glacial
maximum in Southwestern Alaska. Quarternary Research, 42,
136–148.

McPherson AA, Stephenson RL, O’Reilly PT, Jones MW, Taggart CT
(2001) Genetic diversity of coastal Northwest Atlantic herring

populations: implications for management. Journal of Fish Biology,
59 (Suppl. A), 356–370.

Mulligan TJ, Chapman RW, Brown BL (1992) Mitochondrial DNA
analysis of walleye pollock, Theragra chalcogramma, from the
Eastern Bering Sea and Shelikof Strait, Gulf of Alaska. Canadian
Journal of Fisheries and Aquatic Sciences, 49, 319–326.

Naciri M, Lemaire C, Borsa P, Bonhomme F (1999) Genetic study
of the Atlantic/Mediterranean transition in sea bass (Dicentra-
rchus labrax). Journal of Heredity, 90, 591–596.

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

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

Olsen JB, Habicht C, Reynolds J, Seeb JE (2004) Moderate and
highly polymorphic microsatellites provide discordant estimates
of population divergence in sockeye salmon (Oncorhynchus
nerka). Environmental Biology of Fishes, 69, 261–273.

Olsen JB, Merkouris SE, Seeb JE (2002) An examination of spatial
and temporal genetic variation in walleye pollock (Theragra
chalcogramma) using allozyme, mitochondrial DNA, and micro-
satellite data. Fishery Bulletin US, 100, 752–764.

van Oppen MJH, Rico C, Turner GF, Hewitt GM (2000) Extensive
homoplasy, nonstepwise mutations, and shared ancestral poly-
morphism at a complex microsatellite locus in Lake Malawi
cichlids. Molecular Biology and Evolution, 17, 489–498.

Pemberton JM, Slate J, Bancroft DR, Barrett JA (1995) Non-
amplifying alleles at microsatellite loci: a caution for parentage
and population studies. Molecular Ecology, 4, 249–252.

Raymond M, Rousset F (1995) genepop version 3.: population
genetics software for exact tests and ecumenicism. Journal of
Heredity, 86, 248–249.

Rice WR (1989) Analyzing tables of statistical data. Evolution, 43,
223–225.

Rousset F (1996) Equilibrium values of measures of population
subdivision for stepwise mutational processes. Genetics, 142,
1357–1362.

Ruzzante DE (1998) A comparison of several measures of genetic
distance and population structure with microsatellite data: bias
and sampling variance. Canadian Journal of Fisheries and Aquatic
Sciences, 55, 1–14.

Ruzzante DE, Taggart CT, Cook D (1999) A review of the evidence
for genetic structure of cod (Gadus morhua) populations in
the NW Atlantic and population affinities of larval cod off
Newfoundland and the Gulf of St. Lawrence. Fisheries Research,
43, 79–97.

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

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

Schneider S, Roessli D, Excoffier L (2000) ARLEQUIN, Version 2.000:
a Software for Population Genetics Analysis. Genetics and Biometry
Laboratory. University of Geneva, Geneva, Switzerland.



1814 P .  T .  O ’ R E I L L Y  E T  A L .

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1799–1814

Shaklee JB, Bentzen P (1998) Genetic identification of stocks of
marine fish and shellfish. Bulletin of Marine Science, 62, 589–621.

Shaw PW, Turan C, Wright JM, O’Connell M, Carvalho GR (1999)
Microsatellite DNA analysis of population structure in Atlantic
herring (Clupea harengus), with direct comparison to allozyme
and mtDNA RFLP analyses. Heredity, 83, 490–499.

Shields GF, Gust JR (1995) Lack of geographic structure in
mitochondrial DNA sequences of Bering Sea walleye pollock,
Theragra chalcogramma. Molecular Marine Biology and Biotechnology,
4, 69–82.

Shipley P (2003) Micro-Checker, Version 2.2.1. University of Hull,
Hull, UK. Available from: http://www.microchecker.hull.ac.uk/.

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

Slatkin M (1995) A measure of population subdivision based upon
microsatellite allele frequencies. Genetics, 139, 457–462.

Tunnicliffe V, O’Connell JM, McQuoid MR (2001) A Holocene
record of marine fish remains from the northeastern Pacific.
Marine Geology, 174, 197–210.

Turner TF, Wares JP, Gold JR (2002) Genetic effective size is three
orders of magnitude smaller than adult census size in an
abundant, estuarine-dependent marine fish (Sciaenops ocellatus).
Genetics, 162, 1329–1339.

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

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

Wattier R, Engel CR, Saumitou-Laprade P, Valero M (1998) Short
allele dominance as a source of heterozygote deficiency at
microsatellite loci: experimental evidence at the dinucleotide
locus Gv1CT in Gracilaria gracilis (Rhodophyta). Molecular Ecology,
7, 1569–1573.

Weber JL, Wong C (1993) Mutation of human short tandem
repeats. Human Molecular Genetics, 2, 1123–1128.

Weetman D, Hauser L, Carvalho GR (2002) Reconstruction of
microsatellite mutation history reveals a strong and consistent
deletion bias in invasive clonal snails, Potamopyrgus antipodarum.
Genetics, 162, 813–822.

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

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

Withler RE, Beacham TD, Schulze AD, Richards LJ, Miller KM
(2001) Co-existing populations of Pacific Ocean perch, Sebastes
alutus, in Queen Charlotte Sound, British Columbia. Marine
Biology, 139, 1–12.

Zardoya R, Vollmer DM, Craddock C, Streelman JT, Karl S, Meyer
A (1996) Evolutionary conservation of microsatellite flanking
regions and their use in resolving the phylogeny of cichlid fishes
(Pisces: Perciformes). Proceedings of the Royal Society of London B,
263, 1589–1598.

The research described in this manuscript was conducted while
Patrick O’Reilly was a postdoctoral fellow at the University of
Washington. He is now a Research Scientist at the Department
of Fisheries and Oceans (DFO) in Halifax, NS, where he conducts
research on the conservation genetics of Atlantic salmon. Paul
Bentzen holds the DFO Chair in Fisheries Resource Conservation
Genetics at Dalhousie University. Michael Canino and Kevin
Bailey are Research Fisheries Biologists for the National Marine
Fisheries Service at the Alaska Fisheries Research Center in Seattle.
Their respective research interests are population structuring in
marine fishes and recruitment dynamics of walleye pollock and
flatfishes.


