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Genetic Differences among Populations of
Alaskan Sockeye Salmon

RicHARD L. WILMOT AND CARL V. BURGER

U.S. Fish and Wildlife Service, National Fishery Research Center
Building 204, Naval Station, Seattle, Washington 98115

Abstract

Biochemical genetic variation was found among populations of sockeye salmon Oncorhynchus
nerka in the Russian and Karluk river systems in Alaska. Significant differences in allele frequencies
oflactate dehydrogenase (Ldh-4), phosphoglucomutase (Pgm- I), and cis-aconitase (Aco) were found
between the early and late runs in both the Karluk and Russian rivers, and between fish from the
two rivers. The most common allele for Aco in the Russian River fish was lacking in fish from the
Karluk River. Gene frequencies were stable between years, except for 1 year in Karluk River fish.
Within the Karluk system, there were no significant genetic differences between groups of early-
run fish, or between groups of late-run fish. Average heterozygosities (H) fell within ranges re-
ported for other populations of sockeye salmon. Qur data suggest that the two runs of sockeye

salmon in each river system are now reproductively isolated as a result of natural events.

Received August 8, 1983

Biochemical genetic studies can be used to
separate and characterize stocks of salmonids
(Hodgins et al. 1969; Utter et al. 1974; Allendorf
and Utter 1979). Available technology permits
numerous populations to be screened for protein
polymorphism and breeding studies generally
show that isoenzyme variation is inherited in a
simple Mendelian fashion.

Increasing pressure from commercial fishing on
sockeye salmon Oncorhynchus nerka in Alaska
has produced an urgent need to adjust manage-
ment criteria to ensure that mixed stock fisheries
do not inadvertently harm specific populations
within larger runs of these fish. It is known, for
example, that both early and late runs of sockeye
salmon (late May to early July, and July to early
October) enter the Karluk River system (Fig. 1).
Early-run fish spawn in tributaries such as Mo-
raine and Canyon creeks and Upper Thumb Riv-
er, and late-run fish spawn in Lower Thumb Riv-
er, O’Malley River, Karluk Lake beaches, and
the main-stem Karluk River below the lake. The
total sockeye salmon run for the Karluk River
was estimated to be as high as 5 million fish in
the late 1800s (Rounsefell 1958), but had de-
clined to 0.2 to 0.7 million by the early 1970s
(Manthey et al. 1980). Because plantings of al-
evins were planned for this drainage, the first
objective of the present study was to determine
whether or not the Karluk River sockeye salmon
were genetically homogeneous.

Nelson (1980) showed that runs of sockeye
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salmon also occur early (mid-June to mid-July)
and late (August) in the Russian River system
(Fig. 1). Fish in the early run spawn above Upper
Russian Lake in the Upper Russian River, and
fish in the late run spawn in the main stem be-
tween Upper and Lower Russian lakes, and along
the beaches of the upper lake. Both runs must
migrate past Russian River Falls in the lower
main stem, although a few late-run fish (not in-
cluded in this investigation) spawn below the
falls. Other researchers (Grant et al. 1980) ex-
amined Russian River sockeye salmon electro-
phoretically. They reported results for two runs,
but based on their sampling times and locations,
they sampled only the late run. The second ob-
jective of this study was to determine whether
or not the early and late runs were genetically
distinct populations of sockeye salmon.

Methods

From the Karluk River system, samples of liv-
er and muscle tissue were obtained from fish
captured by the Alaska Department of Fish and
Game for artificial spawning during the peak of
the early and late runs into Thumb River. Sam-
ples of postspawners in Canyon Creek, Moraine
Creek, and O’Malley River came from fish seined
on the spawning grounds. Russian River samples
were taken from fish collected each July and Au-
gust ata wier at the outlet of Lower Russian Lake.
Early and late runs of sockeye salmon from the
Russian River, and from Upper Thumb (early

236
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FIGURE 1.— Locations of study areas in the Karluk River and Russian River systems, Alaska. Spawning areas of
early- and late-run sockeye salmon are marked E and L, respectively.

run) and Lower Thumb (late run) rivers of the
Karluk River system were sampled in four con-
secutive years (1978-1981). All samples were
placed on ice and sent to Anchorage for electro-
phoretic analyses.

Horizontal starch gel electrophoresis (Utter et

al. 1974) was used to analyze protein differences.
Four buffer systems were used (Table 1). Staining
procedures described by Harris and Hopkinson
(1976) were used, except that the amount of
MgCl; in the ACO stain (used only in 1981) was
doubled. Gels were made with 11% starch (Sigma

TABLE 1.—Enzymes screened for variation in this study, and the tissues and buffer systems used. (Enzyme
abbreviations are in parentheses; locus abbreviations are similar but italic with lower-case letters.)

Enzyme
commission
Enzyme number Tissue (locus) Buffer?

Cis-aconitase (ACO) 4.2.1.3 Muscle (1) 4
Alpha-glycerol phosphate dehydrogenase (AGP) 1.1.1.8 Muscle (1, 2) 2
Creatine kinase (CK) 2.7.3.2 Muscle (1, 2) 1
Glutamate pyruvate transaminase (GPT) 2.6.1.2 Muscle (1, 2) 3
Glutamate-oxalacetate transaminase (GOT) 2.6.1.1 Muscle (1, 2) 1
Lactate dehydrogenase (LDH) 1.1.1.27 Muscle (1, 2, 3, 4) 1

Liver (4 1
Malate dehydrogenase (MDH) 1.1.1.37 Muscle (1, 2, 3, 4) 2
Peptidase (PEP) GL 3.4.13.9 Muscle (1) 2
Phosphoglucoisomerase (PGI) 5.3.1.9 Muscle (1, 2, 3) 1
Phosphoglucomutase (PGM) 2.7.5.1 Muscle (1, 2) 1
6-Phosphogluconate dehydrogenase (6PG) 1.1.1.47 Muscle (1) 2
Phosphomannoisomerase (PMI) 5.3.1.8 Muscle (1) 3
Superoxide dismutase (SOD) 1.15.1.1 Liver (1) 1

2 Buffer 1: tris, citric acid gel buffer, pH 8.2; boric acid, lithium hydroxide tray buffer, pH 8.0 (Ridgeway et al. 1970),

Buffer 2: amine citrate, pH 6.5 (Clayton and Tretiak 1972);

Buffer 3: tris, boric acid, EDTA, pH 8.5 (Markert and Faulhaber 19635);

Buffer 4: tris, citric acid, pH 7.0 (Shaw and Prasad 1970).
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TABLE 2.—Allele frequencies of enzyme variants of sockeye salmon from the Russian River and Karluk River.
Asterisks (*) denote significant deviations from Hardy-Weinberg distributions (x? goodness of fit, P < 0.05).

Ldh-4 Pgm-1 Aco
Run and
location Year N 100 106 N 100 120 N 100 110
Russian River
Early run 1978 50 0.550 0.450 50 0.860 0.140
1979 94 0489 0.511 72 0917 0.083
1980 104 0490 0.510 77 0.922 0.078
1981 100 0.560 0.440 100 0.850 0.150 96 0.292* 0.708*
1978-1981 348 0.519 0.481 299 0.886 0.114 96 0.292 0.708
Late run 1978 50 0.730 0.270 50 0.850 0.150
1979 100 0.750 0.250 99 0.909 0.091
1980 103 0.709 0.291 - - -
1981 100 0.655 0.345 100 0.885* 0.115* 82 0.427 0.573
1978-1981 353 0.708 0.292 249 0.888 0.112 82 0.427 0.573
Karluk River
Early run
Upper Thumb 1978 60 0908 0.092 59 0.839* 0.161*
River 1979 110 0.900 0.100 110 0.736* 0.264*
1980 8 0913 0.087 32 0.875 0.125
1981 103 0.893 0.107 103 0.728 0.272 103 1.000
1978-1981 359 0903 0.097 304 0.768 0.232 103 1.000
Canyon Creek 1981 105 0.900 0.100 105 0.767 0.233 105 1.000
Moraine Creek 1981 96 0911 0.089 96 0.719 0.281 96 1.000
All early run 560 0.904 0.096 505 0.758 0.242 304 1.000
Late run
Lower Thumb 1978 60 0.833 0.167 59 0.720 0.280
River 1979 100 0.840 0.160 100 0.765 0.235
1980 75 0.940 0.060 75 0.813 0.197
1981 102 0.804 0.196 101 0.777 0.223 102 1.000
1978-1981 337 0.850 0.150 335 0.772 0.228 102 1.000
O’Malley River 1981 100 0.830 0.170 100 0.735 0.265 100 1.000
All late run 437 0.846 0.154 435 0.788 0.212 202 1.000

Chemical Company, Saint Louis, Missouri). With
one exception (ACO), the enzyme systems sur-
veyed for variation (Table 1) were those iden-
tified in Alaskan sockeye salmon by Grant et al.
(1980). The system of enzyme nomenclature used
was suggested by Allendorf and Utter (1979).
The most common allele is scored as 100, and
the remaining alleles are given a number based
on the migration distance relative to the com-
mon allele. The decrease in average heterozy-
gosities resulting from population subdivision was
evaluated with Nei’s (1973, 1975) gene diversity
analysis. The gene diversity at a single locus with-
in each population is

h=1-ZX7,

where X; is the frequency of the ith allele. The
average gene diversity of a population (H) is the
average of h over all loci. The total gene diversity
over all populations (H;) is the unweighted mean
allele frequencies averaged over all populations.

The total gene diversity is
H; = Hs + Dg,

where Dy, is the gene diversity due to differences
between populations. The Dy, is further divided
to correspond to different levels of the population
structure. The various D values are divided by
H, to express their relative importances (relative
gene diversities) as percentages of the total gene
diversity. In our analysis, the 4co locus was not
used because we had data for it in only 1 year.

Results

Twenty-six enzyme systems were screened by
electrophoresis. Four displayed genetic variation
and 22 were monomorphic. The four systems
displaying variation were lactate dehydrogenase
(Ldh-4), phosphoglucomutase (Pgm-1), cis-
a-conitase (4co), and glutamate pyruvate trans-
aminase (Gpt-2). Results for Gpt-2 were incon-
sistent and not included in the analysis. Genotypic
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TABLE 3.— Log-likelihood ratio analysis of variation for Ldh-4 and Pgm-1 by year in Russian River and Karluk
River sockeye salmon (1978-1981) and between all Karluk River early- and late-run tributaries. Values with
asterisks indicate significant allele frequency differences of *P < 0.05 or **P < 0.01.

Ldh-4 Pgm-1 Total
Source of variation df G df G df G
Russian River
Early run 3 3.079 3 6.658 6 9.737
Late run 3 4.629 2a 2.285 5 6.914
Karluk River
Upper Thumb River
(early-run) 3 0.473 3 11.307* 6 11.780
Lower Thumb River
(late-run) 3 15.445%* 3 3.316 6 18.762**
All early-run tributaries 2 0.180 2 1.984 4 2.165
All late-run tributaries 1 0.471 1 1.124 2 1.595

2 Data missing for 1980.

frequencies of all groups of Karluk River and
Russian River fish were tested for departure from
Hardy—Weinberg proportions, and gene or allelic
frequencies were calculated from genotypic fre-
quencies (Table 2). Of the 19 x2 goodness-of-fit
tests, four were significant: Pgm-1 for Upper
Thumb River in 1978 and 1979 (P = 0.02 and
P =0.03), Pgm-1 for the Russian River late run
in 1981 (P = 0.01), and Aco for Russian River
early run in 1981 (P < 0.01).

Two loci have been discovered for ACO in
humans, Acos and Aco,, and seven alleles have
been identified for the Acog locus (Harris and
Hopkinson 1976). McGregor (1982) found two
loci, each with two allele variants, in white mus-
cle of pink salmon Oncorhynchus gorbuscha.
However, we detected only one locus in sockeye
salmon white muscle and liver tissue; it had the
typical monomeric banding pattern. Other vari-
ations that we could clearly identify were for
Ldh-4 and Pgm-1 (Tables 1 and 2). We found
variability in Gpt-2 but our results were too in-
consistent for reliable analysis.

The frequency of Pgm-1 for fish from Upper
Thumb Riverin 1981, and the frequency of Ldh-4
for fish from Lower Thumb River in 1980 (Table
2) were both significantly different from fre-
quencies of these alleles in other years (Table 3).
The total log-likelihood ratio analysis over both
loci (Sokal and Rohlf 1981) showed only fish
from Lower Thumb River to have significant
yearly differences (P < 0.01).

In 1981, fish from three additional tributaries
in the Karluk River system were sampled for
analysis. The log-likelihood ratio analysis of all

the Karluk tributaries (Table 3) showed a0 sig-
nificant differences for Ldh-4, Pgm-1, or Aco be-
tween early-run fish in different tributaries (Up-
per Thumb River, Canyon Creek, and Moraine
Creek), or between late-run fish in different trib-
utaries (Lower Thumb River and O’Malley Riv-
er).

The log-likelihood ratio analysis of the two
river systems (Table 4) was derived by pooling
the four years of data for the Russian River early-
run fish and for the Russian River late-run fish.
The four years of data for Upper Thumb River
were pooled with Canyon Creek and Moraine
Creek, and the four years of data for Lower
Thumb River were pooled with O’Malley River.
The differences between Russian River early-run
fish and Russian River late-run fish were signif-
icant for Ldh-4 (P < 0.001) and Aco (P < 0.05),
and for the analysis over allloci (P < 0.001). The
Ldh-4 locus was significantly different between
the Karluk River early-run fish and late-run fish
(P < 0.001), and over all loci (P < 0.001). The
Acolocus was fixed for one allele in Karluk River
fish, but highly variable in fish from the Russian
River. The most common Aco allele (110) in fish
from the Russian River was lacking in fish from
the Karluk River (Table 2).

An F-ratio of variation between rivers to that
within rivers was significant (P < 0.05) indicat-
ing that the difference between rivers was much
greater than the differences within rivers (Table
4). The differences between fish from the two
river systems were significant (P < 0.001) for to-
tal samples and for early runs and late runs.

Average heterozygosities (H) were calculated
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TABLE 4.— Log-likelihood ratio analysis of variation at three loci and pooled over all loci for sockeye salmon
spawning in the Russian and Karluk rivers. Asterisks indicate significant allele-frequency differences at *P < 0.05

or *p < (0.001.

Source of variation df Ldh-4 Pgm-1 Aco G F
Between drainages 1 321.855% 75.537% 785.292%%*
Within drainages 2 68.842%** 0.063 6.466*
Russian River 1 53.525%** 0.004 6.466*
Karluk River 1 15.31 7%+ 0.059 0.000
Total 3 390.697%** 75.600%%* 791.758%+*
Between rivers 3 1,182.684*** 15.691 (3,6 dH*
Within rivers 6 75.371%**
Russian River 3 59.995%**
Karluk River 3 15.376%**
Total 9 1,258.055%**

as described by Nei (1977) for each river. The
H values were 0.047 for Russian River sockeye
salmon and 0.024 for Karluk River sockeye
salmon. Grant et al. (1980) reported values of
0.041 and 0.042 for Russian River fish. The gene
diversity analysis (Table 5) reveals that 91.77%
of the gene diversity is found within populations,
0.53% between years within populations, 0.10%
between populations, 1.47% between runs within
populations and 6.12% between drainages. Run
timing constituted the largest portion of the re-
maining diversity. The Pgm- 1 locus was the ma-
jor contributor to the diversity within popula-
tions and between years and populations, and
Ldh-4 was the major contributor between run
timing and rivers.

Standard genetic distance (Nei 1972; Nei and
Roychoudhyry 1974) was calculated between all
possible pairs of spawning areas. Values for ge-
netic distance ranged from zero for fish spawning
in Upper Thumb River and Moraine Creek and
in Lower Thumb River and O’Malley River, to
a high 0f0.298 + 0.232 (SE) between fish spawn-
ing in Moraine Creek and the Russian River ear-
ly-run fish. A dendrogram based on the unweight-
ed pair—group method of cluster analysis (Sneath

and Sokal 1973) displays the genetic relationship
between fish from all spawning areas (Fig. 2).

Discussion

Of the 26 loci screened by enzyme electro-
phoresis in sockeye salmon from the Russian and
Karluk rivers, three were usable for genetic sep-
aration. A fourth system, Gpt, displayed much
polymorphism, but our results were too incon-
sistent to enable us to use Gpt in the analysis.
Four of the x2 goodness-of-fit tests for Hardy—
Weinberg equilibrium conditions were signifi-
cant (P < 0.05). It is not possible to assign a
specific reason to these four cases of nonequilib-
rium, but at least one of the 19 tests could be
expected to deviate due to random chance.

A note of caution is in order concerning the
use of Aco in the analysis. No breeding studies
have been performed in sockeye salmon to con-
firm simple Mendelian inheritance. McGregor
(1982), who made a single mating of pink salmon
from southeastern Alaska, found that phenotypic
ratios of the progeny did not differ from the ex-
pected Mendelian model.

We are aware of only two other populations
of sockeye salmon for which Aco has been ana-

TABLE 5.— Distribution of detectable gene diversity among sockeye salmon from the Russian River and Karluk
River. Averages are based on 2 polymorphic and 22 monomorphic loci.

Absolute gene diversity

Relative gene diversity (%)

Within
Total populations Within Between Between Between Between
Locus (H)) (Hy) populations years populations timing rivers
Ldh-4 0.380 0.335 88.21 0.48 0.02 2.60 8.69
Pgm-1 0.295 0.284 96.38 0.59 0.21 0.01 2.81
Average 0.028 0.026 91.77 0.53 0.10 1.47 6.12
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FiGURE 2.—Dendrogram of standard genetic distances among early- and late-spawning sockeye salmon in the
Russian River and Karluk River systems. Early Karluk River spawning areas are Upper Thumb River, Moraine
Creek, and Canyon Creek; genetic distances between these are —0.00001 to —0.00007 (considered zero). Late
Karluk River spawning areas are Lower Thumb and O’Malley rivers (genetic distance, —0.00002, or zero).

lyzed. One occurs in the Gulkana River (part of
the Copper River system flowing into Prince Wil-
liam Sound), and the other in Hidden Lake, which
enters the Kenai River about 16 km below the
confluence of the Russian and Kenai rivers. Both
populations were identical to the Karluk River
fish and fixed for the 100 allele (Robert Davis,
Alaska Department of Fish and Game, personal
communication). The significant difference in the
frequency of the 100 allele for Aco between Rus-
sian River fish and the other populations of sock-
eye salmon (0.292 and 0.427 versus 1.0) was
unexpected —particularly so for the Russian and
Hidden Lake populations because they spawn in
the same drainage. The major environmental dif-
ference between the two systems is the presence
of a waterfall on the Lower Russian River that
presents a serious block to migration in high-
water years. The 110 allele of Aco possibly pro-
vides some selective advantage in order to main-
tain the observed difference from other sockeye
salmon populations.

Our gene frequency results compared to those
of Grant et al. (1980) for Ldh-4 in early-run Rus-
sian River fish were 0.519 versus 0.683, respec-
tively, and 0.708 versus 0.619 for late-run fish.
At the Pgm-1locus our results were 0.886 versus
0.800 for early-run fish, and 0.888 versus 0.919
for late-run fish.

The lack of any significant change in gene fre-
quencies from year to year in the Russian River
populations was expected. The annual differ-
ences shown for Pgm- I in the 1980 Upper Thumb

River population, and in Ldk-4 for the 1980
Lower Thumb River population are most likely
due to sampling error. Fish from Upper and
Lower Thumb rivers were collected at a single
time, rather than over the total period of the
spawning run.

Thompson and Bevan (1954) and Van Cleve
and Bevan (1973) concluded that the sockeye
salmon run in the Karluk River originally had a
single peak in early August that was destroyed
by an intense commercial fishery. They believed
that the annual run was made up of distinct ge-
netic races and that the midseason races were
most adversely affected by the fishery. Rounsefell
(1958) rejected the idea of separate races based
on a correlation between the number of fish of
the same brood year running at different seasons
and in different years. He concluded that timing
was a result of the age of the fish and not a result
of genetic differences between races.

Raleigh (1967) hatched eggs from Karluk fish
spawning in the tributaries, the outlet, and on
the lake beaches and released the young into a
central pool from which they could migrate up-
stream or downstream. Alevins from fish spawn-
ing in tributaries and on the beaches tended to
migrate downstream, whereas those from outlet
spawners migrated upstream. His study provides
evidence that there are at least two genetically
distinct populations in the Karluk system.

We found no significant genetic differences be-
tween early-run fish spawning in Upper Thumb
River, Canyon Creek, and Moraine Creek, or
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between late-run fish spawning in Lower Thumb
River and O’Malley River. This result indicates
sufficient straying and interbreeding among fish
using these spawning areas to prevent genetic
differentiation. Our results do show a significant
difference between the early-run fish and late-
run fish, indicating spatial or temporal separa-
tion. Although our information demonstrates that
two distinct populations now exist within the
Karluk system, it is not possible to determine if
only one run of sockeye salmon with a single
mid-season peak existed prior to the intense
commercial fishery. The only real evidence to
support a single peak in run timing is historic
data that show a single peak in the number of
cases of canned fish produced by canneries. It is
not known if all fish brought to these canneries
were Karluk River fish. OQur data and those of
Raleigh (1967) support the hypothesis of at least
two genetically distinct populations in the Kar-
luk system that are more likely to be of natural
origin than the result of overfishing on the center
portion of the run.

Catch and escapement data for Russian River
sockeye salmon have been available only since
1963 (Nelson 1980). There is no information to
suggest whether or not this run was ever other
than bimodal. The early run is composed of pre-
dominately 6-year-old fish (68%) versus S-year-
olds in the late run (66%) (Nelson 1980). The
genetic differences between the early and late runs
in the Russian River are striking, especially for
Aco. As in the Karluk River, early-run fish spawn
in a small stream above a lake.

Our estimate of average heterozygosity (H) for
the Russian River fish (0.047) is similar to values
found by Grant et al. (1980). Our estimates do
not include Gpt, and have added Aco. The H
value for the Karluk fish (0.024), however, is
lower than their range of values for Cook Inlet
sockeye salmon (0.036 to 0.053), and signifi-
cantly below values for Alaskan populations of
pink salmon, which ranged from 0.071 to 0.103
(McGregor 1982).

Results of the gene diversity analysis are sim-
ilar to those of other studies in that the largest
component of diversity is found within popu-
lations. Ryman’s (1983) analysis of data from
Grant et al. (1980) for Cook Inlet sockeye salmon
showed that 95.8% of the diversity was found
within populations and the remaining 4.2% was
about equally distributed among years, locations,
and drainages. Our results displayed a substan-

tially higher amount of diversity between the
Russian and Karluk rivers (6.12%) than Ryman
(1983) found between rivers in Cook Inlet (2.5%).
As with Ryman’s (1983) analysis, Ldh-4 was the
largest contributor to the diversity between rivers
and was also the largest factor in run timing.
Ryman (1983) found the phosphoglucoisomer-
ase locus (Pmi) to be the greatest contributor to
diversity within populations whereas we found
Pmi to be monomorphic in the Russian and Kar-
luk rivers. Our results show Pgm-1 was respon-
sible for the largest amount of diversity within
populations.

The degree of genetic distance between spawn-
ing areas of the Russian and Karluk rivers dis-
played in the dendrogram (Fig. 2) fits well with
the likelihood ratio analysis. Early-spawning fish
from Karluk form a nearly homogeneous group
as do Karluk late-spawning fish.

As judged by comparisons with sockeye salm-
on spawning in other areas in Alaska, the Russian
River fish are unique. In their estimates of the
percentage of fish from three major spawning
areas of Cook Inlet caught in the commercial
fishery, Grant et al. (1980) had difficulty in cor-
rectly separating Kenai River fish (predominate-
ly Russian River fish) from sockeye salmon des-
tined for other spawning areas. The uniqueness
of the frequency for Aco in Russian River sock-
eye salmon should facilitate use of enzyme elec-
trophoresis for distinguishing these fish.

Acknowledgments

Loren White and David Nelson, Alaska De-
partment of Fish and Game, assisted in obtaining
fish samples. Anthony Gharrett of the University
of Alaska, Juneau, provided helpful advice with
statistical procedures and computer programs.
We thank John McIntyre and Paul Eschmeyer
(United States Fish and Wildlife Service) for crit-
ically reviewing this manuscript, and personnel
of the Kodiak National Wildlife Refuge for lo-
gistical support.

References

ALLENDORF, F. W., AND F. M. UTTER. 1979. Popu-
lation genetics of fish. Pages 407-454 in W. S.
Hoar, D. S. Randall, and J. R. Brett, editors. Fish
physiology, volume 8. Academic Press, New York,
NY, USA.

CLAYTON, J. W., AND D. N, TRETIAK. 1972. Amine-
citrate buffers for pH control in starch gel electro-
phoresis. Journal of the Fisheries Research Board
of Canada 29:1169-1172.



Downloaded by [USGS Libraries Program] at 16:53 06 May 2013

GENETIC DISTINCTION OF SOCKEYE SALMON RUNS 243

GRANT, W. S., G. B. MiLNER, P. KRASNOWSKI, AND F.
M. Utter. 1980. Use of biochemical genetic
variants for identification of sockeye salmon (On-
corhynchus nerka) stocks in Cook Inlet, Alaska.
Canadian Journal of Fisheries and Aquatic Sci-
ences 37:1236-1247.

Harris, H., AND D. A. HopkinsoN. 1976. Handbook
of enzyme electrophoresis in human genetics, 2nd
edition. North-Holland, Amsterdam, Nether-
lands.

Hobains, H. O., W. E. AMEs, AND F. M. UTTER. 1969.
Variants of lactate dehydrogenase isozymes in sera
of sockeye salmon (Oncorhynchus nerka). Journal
of the Fisheries Research Board of Canada 26:15-
19.

MANTHEY, K., L. MALLOY, AND L. WRIGHT. 1980.
Kodiak management area, 1980 finfish annual re-
port. Alaska Department of Fish and Game, Ju-
neau, AK, USA.

MARKERT, C. L., AND 1. FAULHABER. 1965. Lactate
dehydrogenase isozyme patterns of fish. Journal
of Experimental Zoology 159:319-332,

MCcGREGOR, A.J. 1982. A biochemical genetic anal-
ysis of pink salmon (Oncorhynchus gorbuscha) from
selected streams in northern southeast Alaska.
Master’s thesis. University of Alaska, Juneau, AK,
USA.

NEei, M. 1972. Genetic distance between populations.
American Naturalist 106:283-292.

NE;, M. 1973. Analysis of gene diversity in subdi-
vided populations. Proceedings of the National
Academy of Sciences 70:3321-3323.

NEe;, M. 1975. Molecular population genetics and
evolution. North-Holland, Amsterdam, Nether-
lands.

Nen, M. 1977. F-statistics and analysis of gene di-
versity in subdivided populations. Annals of Hu-
man Genetics 41:225-233.

NEe1, M., AND A. K. RoOYCHOUDHYRY. 1974. Sampling
variances of heterozygosity and genetic distance.
Genetics 76:379-390.

NEeLsoN, D. C. 1980. Russian River sockeye salmon

study. Pages 1-47 in Annual Report of Progress,
Alaska Department of Fish and Game, 1979-1980.
Anadromous Fish Studies Project F-9-12, 2(AFS-
44-6), Juneau, AK, USA.

RaLEGH, R. F. 1967. Genetic control in lakeward
migrations of sockeye salmon (Oncorhynchus ner-
ka) fry. Journal of the Fisheries Research Board
of Canada 24:2613-2622.

RIDGEWAY, G. J., S. W. SHERBURNE, AND R. D. LEwis.
1970. Polymorphism in the esterases of Atlantic
herring. Transactions of the American Fisheries
Society 99:147-151.

ROUNSEFELL, G. A. 1958. Factors causing decline in
sockeye salmon of Karluk River, Alaska. United
States Fish and Wildlife Service Fishery Bulletin
58:83-169.

RyMmanN, N. 1983, Patterns of distribution of bio-
chemical genetic variation in salmonids: differ-
ences between species. Aquaculture 33:1-21.

SHaw, C. R, AND R. Prasap. 1970. Starch gel elec-
trophoresis of enzymes: a compilation of recipes.
Biochemical Genetics 4:297-320.

SNEATH, P. H., AND R. R. SokaL. 1973. Numerical
taxonomy. W. H. Freeman, San Francisco, CA,
USA.

Sokar, R. R, aAND F. J. RoHLF. 1981. Biometry. W.
H. Freeman, San Francisco, CA, USA.

Taompson, W. F., anD D. E. Bevan. 1954. A pro-
posal for experimental regulation of the Karluk
fishery. University of Washington, Fishery Re-
search Institute Circular 71, Seattle, WA, USA.

UTTER, F. M., H. O. HODGINS, AND F. W. ALLENDORF.
1974, Biochemical genetic studies of fishes: po-
tentialities and limitations. Pages 213-237 in D,
Malins, editor. Biochemical and biophysical per-
spectives in marine biology, volume 1. Academic
Press, San Francisco, CA, USA.

VaN CLEVE, R, anD D. E. BEvan. 1973. Evaluation
of causes for the decline of the Karluk sockeye
runs and recommendations for rehabilitation.
United States Fish and Wildlife Service Fishery
Bulletin 71:627-649.



