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ABSTRACT

The gene products of 31 protein-coding loci were examined electrophoretically in samples ofyellowfin sole
from the North Pacific Ocean and Bering Sea to assess genetic population structure. Four loci,Ada-2, Gpi-l,
Pep-2, andPgd, were polymorphic where the frequency of the most common allele was <0.95 and were used
to test for allele-frequency differences within and between stock areas defined by life history and tagging
data. A nested contingency-table analysis of allelic frequencies showed that there were no genetic sub
divisions either within the eastern Bering Sea or within the Gulf of Alaska. At the next higher nested level,
genetic heterogeneity was detected for the Japan-Bering Sea comparison at two loci and for the Japan
Bering Sea-GulfofAlaska comparison at four loci. Genetic distances between pairs ofsamples within each of
the genetic units averaged 0.0005 (±0.0003), but averaged 0.0049 (±0.0026) between samples from these
groups. The results of a gene-diversity analysis showed that 95.7% of the total genetic variation was con
tained on average within populations and that 3.6% was due to differences between Japanese, Bering Sea,
and Gulf of Alaska fish. The remaining 0.7% of the genetic diversity was due to differences between pop
ulations within these groups. The genetic differences between Bering Sea and Gulf ofAlaska fish are due pro
bably to genetic isolation and divergence caused by coastal glaciation in the Pleistocene Period.
Population genetic data offour additional flatfishes are summarized in the form ofa gene-diversity analysis

and compared with the genetic structure of yellowfin sole populations. There is generally very little genetic
differentiation among flatfish populations separated by < 1,000 km. The potential for mixing over this dis
tance is great because of adult migration and passive drift of pelagic eggs and larvae.

Yellowfin sale, Limanda aspera, can be found from
Vancouver Island in the eastern North Pacific Ocean
to Japan in the western North Pacific Ocean.
However, the greatest densities are found in the east
ern Bering Sea where it is one of the major demersal
fishery resources. In the late 1950's and early 1960's
it was the primary target of Japanese and Soviet
distant-water fisheries. During the period 1959-62,
total catches ranged from 185,000 to 554,000 metric
tons (t) annually (Wakabayashi et a1. 4) but have since
declined to range from 42,000 to 167,000 t. In 1975
the biomass of yellowfin sole was estimated to be
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23% (1,000,000 t) of all demersal fishes sampled by
trawl survey covering the continental shelf region of
the eastern Berin Sea (Pereyra et a1. 5).

Yellowfin sole migrate from wintering areas on the
outer continental shelf to shallow water of the inner
shelf in summer where they feed and spawn. There
are two major winter concentrations in the eastern
Bering Sea (Fadeev 1970; Wakabayashi6); the largest
is located in the vicinity of Unimak Island and the
second largest west of St. Paul Island. Other smaller
wintering concentrations have been recognized by
Fadeev (1970) and by Wakabayashi et a1. (footnote
4), but the results of tagging studies (Wakabayashi et
a!. footnote 4) indicate that these concentrations are
part of the Unimak Island group.

Tagging studies by Japan indicated that the west
St. Paul Island and Unimak Island groups tended to
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remain separate throughout the year (Wakabayashi
footnote 6). These tagging data, together with dis
tribution patterns and morphological differences
between populations of the two main wintering con
centrations, suggested that these groups may con
stitute independent northern and southern spawning
stocks. Other evidence supporting a two-stock con
cept was 1) apparent differences in growth rate and
length-weight relationships between samples from
the two areas (Wakabayashi footnote 6), 2) differ
ences in egg diameter between samples from north
and south of Nunivak Island, where independent
spawning areas for the two stocks might exist
(Kashikina 1965), and3) distribution patterns shown
by research vessel surveys in spring and late summer
(Chikuni 1971; Yamaguchi 1972), which indicated
independent concentrations of fish in northern and
southern stock areas.

However, results from other studies have not sup
ported a two-stock concept. Fadeev (1970) found no
significant differences in growth rates, length-weight
relationships, body proportions, and meristic charac
ters for samples from the two principal wintering
groups near Unimak Island and west of St. Paul
Island, and Wakabayashi (footnote 6) found no
significant differences in the relationship between
total body length and radius ofthe otolith for samples
from the two areas. Moreover, winter concentrations
ofsmall yellowfin sole have only been found in Bristol
Bay (Fadeev 1970), and tag recoveries since 1974
have shown more intermixing offish between the pro
posed northern and southern stock areas than had
earlier tagging data (Wakabayashi et a1. footnote
4).

In the Gulf of Alaska, yellowfin sole are much less
abundant and have not been targeted by directed
fisheries. As a result much less is known about the
geographic distributions of morphological and life
history traits in this area.
In this paper, the geographic distributions of elec

trophoretically detectable protein variants was used
to describe the genetic stock structure of yellowfin
sole in the eastern Bering Sea and the Gulf of Alaska
Specifically, samples were collected in the inshore
spawning areas of the eastern Bering Sea to deter
mine whether the northern and southern stocks are
genetically distinct. In addition to these data, the
data from one sample ofJapanese yellowfin sole pro
vide an estimate of the amount ofocean-wide genetic
differentiation among populations. Finally, the
genetic population structure ofyellowfin sole is com
pared with the genetic structures of four species of
flatfish using the gene-diversity analysis as a sum
mary statistic.
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MATERIAL AND METHODS

Electrophoresis

Tissue samples or whole fish were collected at 12
locations in the southeastern Bering Sea, at 3
locations in the Gulf of Alaska, and at 1 location off
Hokkaido, Japan, and shipped frozen to Seattle,
Wash. (Table 1, Fig. 1). Samples were held at -25°C
up to 5 mo until laboratory analysis. The tissues
assayed for specific proteins using horizontal starch
gel electrophoresis were skeletal muscle, heart,
stomach muscle, vitreous fluid of eye, brain, liver,
spleen, kidney, gill, and gonad, but only skeletal mus
cle, heart, vitreous fluid, and liver were examined in
all of the samples. Extraction procedures and elec
trophoretic methods followed May et a1. (1979). Gels
consisted of 13% hydrolyzed potato starch (Electro
starch, Madison, Wis., lot 307; Sigma starch, lot
39c-0459)7. The locations of specific enzymes were
visualized in the gels using solutions described by
Harris and Hopkinson (1976). The peptidase stain
ing method A of Harris and Hopkinson (1976) was
used to detect zones of activity of a number of pep
tidases, except that O-dianisidine diHCI was used as
a dye coupler. Three peptides, leu-ala, leu-gly-gly,
and phe-pro were used as peptidase substrates.

Three buffer systems were used to achieve max
imum resolution of the protein bands on the gels: (I)
gel, TRIS 0.03 M, citric acid 0.005 M (pH 8.5), tray,
lithium hydroxide 0.06 M, boric acid 0.3 M (pH 8.1)
(Ridgway et a1. 1970); (m gel, 1:20 dilution of tray
solution, tray, citric acid 0.04 M adjusted to pH 6.1

'Reference to trade names does not imply endorsement by the
National Marine Fisheries Service. NOAA.

TABLE I.-Locations (see also Figure 1) and collection dates of
samples of yellowfin sole used for electrophoretic analysis.

Location Lat.N Long. Date

Western North Pacific Ocean
,. Hokkaido, Japan 42'40' 146'10'E Aug. 1981

Bering Sea
North stock area

2. Norton Sound 63'48' 164'14'W Aug. 1979
3. Nunivak I. 62'20' 167'28'W Aug. 1979
4. Nunivak I. 69'21 ' 167'66'W Aug. 1979
5. Nunivak I. 60'30' 168'OO'W Oct. 1976
6. St. Paull. 68'10' 170'40'W July 1977
7. St, Paull. 67'00' 171'lO'W Fab. 1978

South stock area
8. Kuskokwim Bay 69'00' 163'67'W July 1979
9. Bristol Bay 67'20' 160'24'W July 1979

10. Bristol Bay 67'69' 161'39'W July 1979
11. 8ering Shelf 56'50' 164'30'W Sept. 1975
12. Unimak I. 56'10' 164'40'W Sept. 1975
13. Strogonof PI. 56'66' 169'30'W Aug. 1977

Gulf of Alaska

14. Chirikof I. 56'21' 154'25'W' June 1980
, 5. Kodiak I. 67'61 ' 1S2°44'W July 1980
16. Kayak I. 59'52' 154'45'W July 1980
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FIGURE I.-Map of Bering Sea and Gulf ofAlaska showing locations (see Table I for numbered locations) of samples ofyellowfin sole used in
this study.

with N(3-aminopropyl)-morpholine (Clayton and
Tretiak 1972); (III) gel 1:4 dilution of tray solution,
tray, TRISO.18 M, boric acid 0.1 M, EDTAO.004 M
(pH 8.7) (Markert and Faulhaber 1965).

The system of locus and allelic nomenclature sug
gested by Allendorf and Utter (1979) was used
Locus homologies with other fish (Whitt et a1. 1975;
Fisher and Whitt 1978) were designated with letters
where they could be deduced from tissue dis
tributions (Table 2). The enzymes examined in this
study, their abbreviations, and Enzyme Commission
(E. C.) numbers are listed in Table 2.

Statistical Procedures

Departures from Castle-Hardy-Weinberg propor
tions in each of the samples were detected using the
log likelihood-ratio test for goodness offit (Sokal and
Rohlf 1969) with the degrees of freedom equal to the
number of phenotypes minus the number of alleles
for a codominant locus.

Stock structure was analyzed using a nested
contingency-table analysis where the total hetero
geneity among allelic frequencies at each locus was

partitioned into orthogonal, regional comparisons in
a manner analogous to ANOVA. The log likelihood
ratio test criterion, G, was used to test each com
parison with the degrees of freedom equal to the
number of alleles minus one, times the number of
areas or samples minus one. Only loci having variant
allele frequencies of 0.05 or greater were used in this
analysis to avoid low expected frequencies. Rare
alleles at these loci were pooled into the next least
frequent allelic class until the pooled class reached a
frequency of at least 0.05. The significance level of
each comparison was modified to account for the
increase in type I error, when multiple tests of the
same comparison are made (Cooper 1968). Com
parisons at each locus were considered significant if
G exceeded the value in a chi- square table associated
with a probability of 0.05/4 = 0.012, wheren was the
number of polymorphic loci. In this way the overall
probability of rejecting Ho by chance was 1 - (1 
0.05/4)4 ~O.05. Only data of samples taken in 1979,
1980, and 1981 were used in all of the statisical
analyses, because the six earlier samples were not all
taken from spawning areas and because not all of the
loci were examined in these samples. However, allelic
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Electrophoretic Variation

regions (R), stocks (8), and populations (P) such
that

TABLE 3.-Model ofpopulation subdivision in yellowfin
sole used for contingency-table and gene-diversity ana
lyses. Location codes correspond to numbers in Table 1
and Figure 1.

1 2 3489 10 14 15 16

234B910 141516

234 B910 141516

1 2 3 4 8 9 10 14 15 16

RESULTS

Total

Stocks

Regions

Populations

Nineteen protein systems were examined, and 31
zones of enzymatic activity appeared to represent
gene products of single locus, which could be reliably
scored for population data (Table 2). In the absence
of breeding data, the Mendelian nature of the elec
trophoretic variants may be inferred from the band
ing patterns. Four guidelines were useful in
formulating genetic models: 1) Banding patterns had
to be consistent with the subunit structures of
homologous proteins in related teleosts, 2) models
were formulated by considering gene expression in
other teleosts, 3) whenever the same locus was
expressed in two or more tissues, the banding pat
terns of the variants had to be consistent among
tissues, and 4) the frequencies of the phenotypes had
to fit Castle-Hardy-Weinberg proportions in most of
the spawning-area samples. This last criterion has
be.en criticized by Fairbairn and Roff (1980) because
of the low power of statistical tests to distinguish
among alternative hypotheses (e.g., random distribu
tion ofphenotypes) with samples sizes normally used
in population studies.

where Hi' is the average heterozygosity over samples,
Dps is the diversity due to differences between pop
ulations within stocks, DSR is the diversity due to dif
ferences between the north and south Bering Sea
stocks, andDRr is the diversity due to differences be
tween the western North Pacific Ocean, the Bering
Sea, and the eastern North Pacific Ocean. Genetic
differentiation relative to H r was estimated for each
subdivision. Thus, GSR = DsR/Hr was the proportion
of gene diversity due to subdivision into stocks within
regions. The model of population subdivision for
both the gene-diversity and the contingency-table
analyses is presented in Table 3.

TABLE 2.-Protein-coding loci surveyed in yellowfin sole. Multi-
ple loci are numbered beginning at the cathodic end of a gel. Let-
ter designations after locus abbreviations show homologies with
proteins in other teleosts. Tissue abbreviations: M = skeletal
muscle, H=heart, L=liver, E =vitreous fluid of eye, B=brain,
Sp = spleen, K = kidney, St = stomach muscle, Gi = gilL Go
= gonad

Protein locus Used
(Enzyme Commission abbrevt- for

number) alian study Buffer Tissue

Adenosine deaminase Ads'/ III 5p
(3.5.4.41 Ade-2 X III H. M

Adenylate kinase Ak X II M.Gi
(2.7.4.31

Alcohol dehydrogenase Adh X
(1.1·1.11

Creatine kinase Ck·/ (C) II H.51
(2.7.3.21 Ck·2 (A) X 111 M

Ck·3 (01 III Go
Ck·4 (BI X 111 B. E

General protein Gp X I M
Glucosephosphat8 isomerase Gp~/ X I M
(5.3.1.91 Gp~2 X I H. E. M

Glutamate dehydrogenase Gdh X III L
(1.4.1.31

Glyceraldehyde phosphate Gsp-1 X M. H. B
dehydrogenase Gsp-2 X E. H. B
(1.2.1.121

Glycerol&-3~phosphate G3p-/ X II L. M
dehydrogenase G3p-2 II M
(1.1.1.B) G3p-3 II L

Isocitrate dehydrogenase Idh-/ X II H. M
(1.1.1.421 Idh-2 X II L

lactate deydrogenase Ldh-/ (B) X I M. B
(1.1.1.271 Ldh-2 (A) X I M. H. B

Ldh-3 (EI X I E
Malate dehydrogenase Mdh·/ X II L
{1.1.1.371 Mdh·2 X II L. E. 51

Mdh·3 X II M
Malic enzyme Me-I X II M
(1.1.1.401 Me-2 II H. M.Go

Mannosephosphate Mpi X III M
isomerase (5.3.1.8)

Peptidase Pep-1' III M
(3.4.11) Psp-2' X III M. H. B

Pep·3'2 X III M. K. H
Pep-43 X III M
Pep-52 ,3 X III M

Phosphoglucomutase Pgm·/ X I M
(2.7.5.3) Pgm·2 X I H. L

PhosphogJuconate dehydro- Pgd X II M. H. K.Go
genase (1.1 .1 .44)

Superoxide dismutase Sod X
(1.15.1.1)

Xanthine dehydrogenase Xdh X III
(1.2.3.2)

1 Substrate: Phenylalanyl-proline.
2 Substrate: leucy~glycyl-glycine.

3Substrate: Leucyl-alanine.

frequencies in the six earlier samples were compared
with allelic frequencies of the samples taken from the
same general areas in 1979 using the contingency
table analysis.

The standard genetic distance, D, (Nei 1972) and its
standard error (Nei and Roychoudhury 1974) were
calculated for each pair of samples which were
examined for a1131 loci. D is an estimate of the num
ber of codon differences in DNA between each pair of
samples.
Total gene diversity (Hr) of allelic frequencies,

pooled over samples, was partitioned into its com
ponents at three levels of population subdivision,
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Twenty-one invariant bands appeared on the gels
and each was interpreted to reflect the gene products
of a monomorphic locus. Although these loci pro
vided no information about differences among popu
lations, they were routinely scored to provide a basis
for computing average heterozygosities and genetic
distance, both of which require a large sample of ran
domly selected loci. The following proteins were con
trolled by one or more polymorphic loci.

Adenosine Deaminase (Ada)

Two loci with different tissue expressions were
observed. The last anodal locus, Ada-2, had a num
ber of single- and double-banded phenotypes which
reflected homozygotes and heterozygotes of seven
alleles (Fig. 2). Double-banded heterozygotes sug
gest that the subunit structure ofthis enzyme is mono
meric. Similar phenotypes have been observed in
Pacific herring (Grant 1981) and in North Atlantic
pHace, Pleuronectes platessa (Ward and Beardmore
1977).

Glucosephosphate Isomerase (Gpi)

The most common phenotype of Gpi had three
bands reflecting the gene products of two loci where
the central band represented the heterodimeric pro
duct between the two loci (Fig. 2). Several single- and
triple-banded phenotypes were observed at each
locus along with corresponding interlocus hetero
dimeric bands.

Isocitrate Dehydrogenase (Idh)

Two zone~ of activity having different tissue dis
tributions appeared to reflect the products oftwo loci
where heterodimeric bands between the loci did not
form (Fig. 2). The more anodic oocus, Idh-2, was
expressed predominantly in liverwas invariant. Idh-2
had a number of single- and triple-banded pheno
types reflecting the products of four alleles.

Malate Dehydrogenase (Mdh)

The following genetic model ofMdh is based on the
observation of several low-frequency variants (Fig.
2). The most common phenotype consisted of four
bands, the least anodic of which is designated as the
homodimeric band of Mdh-l. The products of this
locus do not form heterodimeric bands with the pro
ducts of otherMdh loci. An analogous locus appears
in salmonids (May et aL 1979) and in Pacific herring
(Grant 1981) and is considered to be mitochondriaL

The next anodic band of the common phenotype
reflects the products of a single locus, Mdh-2, having
single- and triple-banded variants. The third band of
the common phenotype represents a heterodimeric
band between Mdh-2 and Mdh-3. At Mdh-3 there
were triple- and broad-banded heterozygotes with
corresponding heterodimeric bands with Mdh-2.

Mannosephosphate Isomerase (Mpi)

One zone with rare two-banded heterozygotes was
observed for this monomeric enzyme.

Peptidase (Pep)

Three polypeptide substrates were used to detect
the products of five peptidase loci. Pep-2 was
segregating for five alleles that produced single
banded homozygotes and triple-banded hetero
zygotes (Fig. 2). The remaining peptidase loci ap
peared to be monomorphic.

Phosphoglucomutase (Pgm)

There appeared to be two loci with different tissue
expressions. The locus, which was predominantly
expressed in skeletal muscle tissue, had several dif
ferent single- and double-banded phenotypes
reflecting the products of seven alleles (Fig. 2). pgm
2, which was best visualized with extracts of heart
and liver tissues, was monomorphic.

Phosphogluconate Dehydrogenase (Pgd)

The products of Pgd were interpreted to be coded
by a single locus having five alleles. Heterozygotes
were triple- or broad-banded depending upon the
relative mobilities of the variant alleles (Fig. 2).

Population Structure

The proportion of polymorphic loci was similar to
that observed for other teleosts. The frequency of the
most common allele was 0.99 or less for 10 loci (32 %),
including 4 loci-Ada-2, Gpi-] , Gpi-2, and Pgd
which were polymorphic at the 0.95 frequency
criterion. The allelic frequencies of these 10
polymorphic loci are presented in Table 4. Acomplete
set of data was not available for samples collected
between 1975 and 1978, so these data were only used
to test for differences between these samples and
those collected in the same areas in the eastern Ber
ing Sea in 1979 and 1980. The remaining statistical
analyses were applied only to data collected in 1979,
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FIGURE 2.-Photographs and diagrammatic representations of electrophoretic gel banding patterns of yellowfin sole.
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TABLE 4.-Allelic frequencies of protein variants in samples of yellowfin sole of the North Pacific Ocean and Bering Sea. Sample numbers
correspond to location numbers in Table 1 and Figure 1.

Bering Sea Gulf of Alaska

locus Allele 3 4 6 8 10 11 12 13 14 15 16

189 35

0.014
1.000 0.966

0.112 0.157
0.006

189 35

0.022 0.071
0.008
0.848 0.772

0.040
0.040
0.080
0.020
0.820

1.000

25

1.000

25

1.000

1.000

25

25

0.980
0.020

25

25

1.000

25

0.809

0.023
0.011
0.157

0.949

1.000

0.051

1.000

89

0.994
0.006

69

0.959
0.041

86

89

1,000

89

89

'89

0.031
0.011
0.213

0.745

1.000

48

1.000

48

47

48

1.000

48

0.989
0.011

47

0.010

0.034
0.011
0.764 0.958

1.000 0.990

0.960

100

1.000

100

0.020
0.020

100

0.185 0.042
0.006

100 48

0.012

0.740

0.065

1.000

0.193

85

1,000

85

0.006
0.982

85

85

0.990

1.000

0.010

0.020

0.870

0.110

50

50

50

50

1.000

0.420

0.020

0.210

0.990
0.010

0.010
0.010
0.770

50

0.500
0.060

50

0.020
0.970
0.010

50

1.000

50

0.980
0.020

50

50

0.020
0.980

50

0.992

0.025
0.008
0.808

0.008
0.025

0.358
0.017
0.542
0.050

60

0.008

0.142
0.017

60

0.050
0.950

0.017
0.975
0.008

60
1.000

60

60

60

0.992
0.008

60

0.010
0.021
0.365

0.583
0.021

48

0.896

48

0.021
0.969
0.010

48

1.000

48

0.042
0.958

0.021

0.990

48

0.083

0.010
48

0.990
0.010

48

0.014

35

1.000

35

0.015
0.9711.000

189

189

1.000

98

0.015

0.082
0.Q15
0.796

1.000

0.107

96

0.005
0.980

96

1.000

98

44

0.182

44

0.023

0.011
0.955
0.034

44

1.000

44

1.000

0.977

44

0.057
0.943

0.375
0.Q11
0.534
0.034

44

0.023

44

0.796

0.048

0.770

0.030

0.180

0.990

0.050

0.560
0.020

50

0.370

0.990
0.010

49

1.000

0.010

50

0.010
0.990

50

50

50

50

1.000

0.025

0.208
0.017

60

0.017
0.975
0.006

60

0.750

1.000

0.575
0.067

60

0.325

0.033

0.025
0.950
0.025

60
1.000
0.008

60

60

0.992
0.008

60

0.609
0.087

69

0.007
0.053
0.027
0.733
0.007
0.160
0.013

75

0.027
0.967
0.006

75

0.246

0.007
0.051

75

0.974
0.013
0.013

75

1.000

75

0.986
0.014

69

1.000

80
90
93
95
97

100
107
N

-150
-100
- 50

100
250
300
650
N

95
100
104
N

60
• 80
100
115
N

100
200
N

60
100
105
120
125
N

100
105

N

Gp;-'

Mdh-3

Mdh-2

Mpi

Idh-7

Ad.·2

Gp;·2

Pep·2 92
100
102
109
116

N

0.132
0.772
0.007
0.073
0.Q15

74

0.148
0.708
0.008
0.092
0.008

60

0.160
0.720

0.090
0.010

50

0.114
0.761

0.114
0.Q11

44

0.125
0.792

0.073
0.010

48

0.178
0.712

0.093
0.017

59

0.120
0.800

0.080

50

0.073
0.635

0.292

48

0.062
0.640

0.267
0.Q11

69

0.080
0.660

0.260

25

Pgrn-'

Pgd

H%

80
83
85

100
106
110
112
N

85
95

100
105
115
N

0.014

0.021
0.917
0.034
0.014

73

0.013

0.987

75

0.055

0.008

0.950
0.008
0.025
0.009

60

0.025

0.967

0.008
60

0.056

0.010
0.960

0.030

50

0.040

0.960

50

0.050

0.966
0.Q11
0.023

44

0.114

0.863

0.023
44

0.060

0.005
0.964

0.026

98

0.056

0.908

0.036
98

0.006
0.964

0.024

189

0.014

0.969

0.017
189

0.971

0.014

35

0.029

0.957

0.014
35

0.010
0.021
0.948

0.021

48

0.063

0.917

0.021
48

0.049

0.Q17
0.958

0.025

60

0.067
0.008
0.900

0.025
60

0.058

0.030
0.940

0.030

50

0.030

0.950

0.020
50

0.053

0.010

0.030
0.940

0.020

50

0.070

0.920

0.010
50

0.012 0.Q18

0.039
0.947 0.976

0.012 0.006

85 100

0.010 0.037

0.990 0.944

0.Q19
85 100

0.958

0.042

48

0.196

0.804

46

0.044

0.994

0.006

69

0.191

0,603
0.006

89

0.043

1.000

25

0.292

0.708

24

0.041

.1 Deviation from Castle-Hardy-Weinberg proportions. P < 0.01,

1980, and 1981. One significant(P< 0.05) departure
from Castle-Hardy-Weinberg proportions was
detected for Gpi-] in sample number 15 collected in
the Gulf of Alaska.

Contingency-Table Analysis

The results of the nested contingency-table

analysis are presented in Table 5. Within the eastern
Bering Sea, the allelic frequencies of Gpi-] and Pgd
for samples collected from 1975 to 1978 were not
significantly different from samples collected in
1979 from the same stock areas. Likewise, no signifi
cant allele-frequency differences were detected for
Ada-2, Gpi-] ,Pep-2, andpgd for either the within- or
between-Bering Sea stock comparisons. Similarly,
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TABLE 5.-Contingency-table analysis of allelic frequencies of yellowfin sole of the North Pacific
Ocean and eastern Bering sea. Parentheses indicate non-orthogonal tests not included in the
totals.

Ad.·2 Gpi·' Pep·2 Pgd Sum

Source of variation df G df G df G df G df G

Total 18 '73.63 9 '79.21 18 '70.61 9 '94.00 54 '317.45
Among Bering Sea. 4 '60.29 2 '68.89 4 '63.74 2 '81.62 12 '274.54

Gulf of Alaska, Japan
(Between Japan and

Bering Sea) (2 '10.36) (1 2.74) (2 0.49) (1 26.32)
Between Bering Sea

stocks 0.45 2.74 1.08 0.43 6 4.70
Within Northern

stock 4 2.66 2 0.60 4 2.41 2 7.68 12 13.75
(Between years) (1 3.73) (1 0.43)
Within Southern

stock 4 2.87 2 5.95 4 3.19 2 2.02 12 14.03
(Between years) (1 0.09) (1 3.98)

Among Gulf of Alaska

stocks 4 7.36 1.03 4 0.19 2.25 12 10.83

'P<O.Ol.
'0.05 ~ P::::: 0.01.

none of the among-sample comparisons for the Gulf
of Alaska were significant. At the next nested level,
the allelic frequencies ofAda-2 and Pgd were signifi
cantly different (P<0.05) between the pooled Bering
Sea samples and the sample from Japan. The three-way
comparison between the pooled frequencies of the
Bering Sea, the Gulf of Alaska, and Japan was signifi
cant (P<0.01) for each of the four polymorphic loci.

Genetic Distance

Among the Bering Sea and Japanese samples, D
ranged from 0.0002 to 0.0012 and averaged 0.0005
with an average standard error of 0.0003 (Table 6).
Similarly, for the Gulf of Alaska samples D ranged
from 0.0002 to 0.0008 and averaged 0.0005 with an
average standard error of 0.0003. However, the D's
between the samples from these two areas were much
greater than those within each region; they ranged
from 0.0029 to 0.0086, averaged 0.0049, and had an
average standard error of 0.0026.

Gene-Diversity Analysis

The results of the gene-diversity analysis are present-

ed in Table 7. The average within-population diver
sity (heterozygosity) ranged from 0.041 to 0.056 and
averaged 0.051. This represented 95.7% ofthe total
gene diversity. Of the remaining gene diversity, 3.6%
was due to regional differences between the Gulf of
Alaska, the Bering Sea, and the Japanese samples.
The proportion of the total gene diversity due to dif
ferences among populations within each stock was
0.6% and that due to differences between the north
and south-stock areas in the Bering Sea was 0.1 %.

DISCUSSION

The results of this study show that there is little
genetic structuring of yellowfin sole populations
within the eastern Bering Sea or within the Gulf of
Alaska. Although tagging studies in the eastern Ber
ing Sea reported by Wakabayashi et aL (footnote 4)
demonstrated that fish from the northern and
southern stock areas largely remained separated
during their annual inshore-offshore migration, there
appears to be sufficient migration between these
areas to prevent genetic differentiation. A similar
degree of migration between areas in the Gulf of
Alaska can be inferred from the lack of allele-

TABLE G.-Standard genetic distance (below diagonal) and standard errors (above diagonal) between
samples of yellowfin sole based on 31 protein-coding loci. Location numbers correspond to those in
Table 1 and Figure 1.

1 0.0002 0.0004 0.0006 0.0007 0.0004 0.0008 0.0021 0.0021 0.0035
2 0.0004 0.0002 0.0004 0.0006 0.0001 0.0003 0.0020 0.0023 0.0037
3 0.0006 0.0002 0.0002 0.0004 0.0001 0.0001 0.0018 0.0022 0.0036
4 0.0011 0.0007 0.0008 0.0003 0.0002 0.0002 0.0017 0.0024 0.0033
8 0.0012 0.0010 0.0007 0.0008 0.0002 0.0006 0.0016 0.0021 0.0030
9 0.0008 0.0004 0.0003 0.0003 0.0004 0.0002 0.0016 0.0023 0.0033

10 0.0010 0.0005 0.0005 0.0005 0.0008 0.0005 0.0026 0.0033 0.0048
14 0.0041 0.0040 0.0037 0.0032 0.0029 0.0032 0.0051 0.0002 0.0005
15 0.0044 0.0048 0.0044 0.0040 0.0035 0.0039 0.0060 0.0002 0.0004
16 0.0068 0.0071 0.0069 0.0059 0.0054 0.0060 0.0067 0.0006 0.0006

1 2 3 4 8 9 10 14 15 16
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TABLE 7.-Gene-diversity analysis of yellowfin sole of the North
Pacific Ocean and Bering Sea.

Hp DpS D SR DRT H T
Between

Mean within populations Between
population within Bering Sea Between

diversity stocks stocks regions Total
(BE) IBE) IBE) (BE) IBE)

Average absolute gene diversity

0.0507 0.0003 0.00005 0.0019 0.0530
10.0223) 10.0001) (0.00001) (0.0009) (0.0233)

Average relative gene diversity

0,9575 0.0057 0.0009 0.0359 1,0000
10,00651 10.0013) (0.0003) 10.0049)

frequency differences among the samples from that
region. In addition to adult migration, the passive
transport of pelagic eggs and larvae may also con
tribute to gene flow between stocks within these
two regions.

In contrast to the genetic homogeneity within these
regions, significant allele-frequency differences were
detected for the four polymorphic loci between the
Bering Sea and the Gulf of Alaska. This genetic sub
division across the Alaska Peninsula was also re
flected in the genetic distances between samples and
in the gene-diversity analysis.

The reason for the observed genetic structure of
yellowfin sole populations cannot be due to isolation
by distance, because the greatest genetic differences
were detected between nearby populations and not
between more distantly separated populations. The
two major genetic groups most likely reflect past
periods of isolation and genetic divergence caused by
coastal glaciation during the Pleistocene. The first of
four major glacial periods in Alaska began about 2
million yr ago and the last major period of glaciation
ended only 11,000 yr ago (Ericson and WoUin 1964;
Pewe and Roger 1972). During most of these periods
glacial ice covered the coastline of the Alaska Penin
sula and central Alaska. Since yellowfin sole are
rarely found at depths> 100 m (Hart 1973) and since

juveniles use shallow bays and estuaries as nursery
areas, populations would be greatly influenced by
coastal glaciation. There are similar genetic sub
divisions across the Alaska Peninsula or across the
Bering Sea for Pacific herring, Clupea pallasi (Grant
in press); walleye pollock, Theragra chalcogramma
(Iwata 1975; Grant and Utter 1980); and Pacific cod,
Gadus macrocephalus (Grant et al8

).

How similar is the genetic population structure of
yellowfin sole to that of other flatfishes? Two statis
tics can be used to make this comparison, genetic dis
tance and relative gene diversities. The former
statistic cannot be used for most of the available flat
fish data because only a few loci were examined in
these studies. The gene-diversity analysis is more
appropriate in cases where only a few loci have been
examined because the analysis can be computed for
each locus. Nonetheless, the best estimates of pop
ulation structure are averages over loci because ran
dom effects can produce different results for
different loci, even though each locus experiences the
same population events. Caution must be used when
comparing the results of these analyses between
species because the results depend, in part, on the
geographic extent of the study and, hence, on the
number of genetic subdivisions included in the data.
A summary of all ofthe available biochemical data for
five species offlatfishes is presented in Table 8 in the
form of a gene-diversity analysis.

Thirteen loci (2 polymorphic loci) were examined in
Greenland halibut, Reinhardtius hippoglossoides,
collected from four coastal areas of eastern Canada
and from the Bering Sea (Fairbairn 1981a). If only
the Canadian samples are considered, 99.93% ofthe
gene variation was contained within populations, and

'Grant, W. S., C. 1. Zhang, and T. Kobayashi. 1982. Biochemical
genetics of Gadus: II Population structure of Pacific cod (Ga~us

macrocephalus). Processed rep., 27 p. Northwe~t and Alaska FIsh
eries Center, National Marine Fisheries ServICe, NOAA, 2725
Montlake Blvd. East, Seattle, WA 98112.

TABLE S.-Summary of relative gene diversities in five species of flatfishes.

No. of Geographic
poly- range of Within

morphic samples popl,.llation
loci (km) diversity

1.000 0.9993
I+Bering Sea) 0.930B

1.500 0.9923

1,000 0.9959

Species

A~lantic Ocean
Greenland halibut. Rein
hardtius hlppoglos5u5

Witch, Glyptocephalus
cynoglos5u5

Plaice. Pleuronect6s
pl8tessa

Pacific Ocesn
Pacific halibut. Hippo
glossus stenolepjs
Vel/owfin sale. LimBndB
aspers

17
1

10

6,200
2.000

6.200

0,9871
0,9962

0.9597

Between
populations

within
areas

0.0011

0.0039

0.0057

Between Between
areas rBgians
within within Between

regions ssas seas References

0.0001 0.0006 Fairbairn (19B1a)
0.0001 0.0004 0.06B7

0.0066 0.0001 Fiarbairn (19B1 b)

0.0013 0.0018 Ward and Beardmore (1977):
Purdom et al. (1976)

0.0040 0.ooB9 Gront et al. (in prooo):
0.0009 Tsuyuki at at (1969)

0.0009 0.0359 This paper
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0.07% was due to differences between the Gulf of St
Lawrence and the shelf populations, and to popula
tion differences on the continental shelf. No signifi
cant allele-frequency differences were detected
among these samples. When the BeringSea sample is
included in the analysis, 6.9% of the gene diversity
was due to subspecific differences between the two
areas.

Also in eastern Canada, the gene products of 15 loci
(2 polymorphic loci) were examined in samples of
witch flounder, Glyptocephalus cynoglossus, (Fair
bairn 1981b). The gene-diversity analysis of these
data also shows low levels of genetic differentiation
among witch flounder populations; 99.2% of the total
gene diversity was contained on average within pop
ulations and 0.8% was due to all population differ
ences combined. In spite of the low level of genetic
differentiation among populations, significant allele
frequency differences were detected between some
of the areas. Tag-and-recovery and distribution data
show that adults tend to be sedentary and that pop
ulations tend to be separated by weak barriers to
migration such as the cold shallow waters of the
Grand Bank (Bowering 1976; Bowering and Misra
1982). However, the potential gene flow at the egg
and larval stages is great (Evseenko and Nevinsky9)
and no doubt counters genetic divergence of the par
tially isolated adult populations.
For plaice, Pleuronectes platessa, in the eastern

North Atlantic Ocean, there are data for the five loci
in common in the studies of Ward and Beardmore
(1977) and Purdom et a1. (1976). Allele-frequency
differences were not detected either within the Irish
Sea, within the North Sea, or between these seas for
these loci. The results of the diversity analysis re
flected this degree ofhomogeneity; 99.6% of the total
gene diversity was contained within populations and
only 0.4% was due to differences between popu
lations.

Grant et a1. (in press) examined the gene products of
17 polymorphic loci in three widely separated samples
of Pacific halibut, Hippoglossus stenolepis, in the
North Pacific Ocean and Bering Sea. The gene
diversity analysis showed that 98.7% of the gene
diversity was contained within populations, that
0.4% was due to differences between the Bering Sea
and the Gulf of Alaska, and that 0.9% was due to
trans-Pacific Ocean differences. Tsuyuki et a1.
(1969) examined genetic variation at one locus in
samples from 10 locations in the Bering Sea and in

9Evseenko, S. A., and M. M. Nevinsky. 1973. Breeding and
development of witch flounder (Glyptocephalus cynoglossus) in the
Northwest Atlantic Ocean. lnt. Comm. Northwest Atl. Fish. Res.

. Doc. 73/49, Ser. No. 2990, 23 p.
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the eastern North Pacific Ocean. The gene-diversity
analysis of these results estimated the within
population diversity to be 99.6%, that due to dif
ferences between regions to be 0.09%, and that due
to differences among populations within regions to
be 0.04%. This high degree of genetic homogeneity
which was detected in both studies reflects the long
distance migrations that Pacific halibut are known to
make. For instance, tagging studies have demon
strated migrations of at least 3,200 km (Skud
1977).

The results of these studies show that there is very
little genetic differentiation among populations of
flatfishes located over areas of about 1,000 km. For
Pacific halibut, areas of genetic homogeneity appear
to be even larger because of its ability to migrate long
distances. These areas of genetic homogeneity prob
ably cannot be considered randomly mating pop
ulations in the strict sense, because it is unlikely, for
example, that fish located on one edge of a genetic
unit have an equal chance of mating with fish on the
other side of the genetic unit. Rather, these units
reflect long-term processes that influence population
size and migration over several generations. The divi
sion ofyellowfin sole into two genetic groups by coast
al glaciation in the Pleistocene is an excellent
example of the importance of interpreting present
day allele-frequency distributions in terms of past
population events.
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