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‘Electrophoretic analysis of Asian even brood-year pink salmon stocks has shown regional
heterogeneity (Noll et al. in review). Hypothetical mixed fisheries were created using data from 24
variable loci from Noll et al. in review. The mixture was analyzed to test the accuracy and precision of
this baseline data for potential use in mixed fishery analyses. Thirteen stocks were separated into four
management regions: Japan, Sakhalin, eastern Kamchatka, and western Kamchatka. Simulations
were varied in sample size, number of loci, and percent regional contribution. The simulated mixtures
were analyzed using the Conditional Maximum Likelihood Estimate (MLE). The mean estimate,
standard deviation, and coefficient of variation were calculated for standardized comparison by both
stock and region. Computed MLEs showed that estimates for the Noll et al. baseline improved in
accuracy and precision with increased sample size and retention of important loci. When 24 loci and
a minimum of 200 samples in a mixture were used, the baseline was approximately 80% accurate in

its ability to distinguish regions from a mixture.
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INTRODUCTION

Pink salmon (Oncorhyncus gorbuscha) are
distributed around the North Pacific Rim from Japan
to northern California, extending into the
northernmost reaches of Asia and North America. It
is the most abundant salmon species in the North
Pacific Ocean (Heard 1991) as well as one of the most
abundantly harvested. The commercial importance of
this species to coastal countries of the North Pacific is
verified by a catch rate of approximately 300,000
metric tons annually. Annual odd-year catch rates are
typically larger, on the order of 350,000 metric tons,
compared to the average even year rate of 250,000
metric tons (Fishery Statistics, 1995). The value of

the fishery often causes conflict when neighboring
nations are unable to satisfactorily divide the catch.
The complexity of mixed fishery dispute increases
where transboundary rivers exist, or migration routes
pass through open waters of neighboring countries.
This study examines the feasibility of using the
even-year pink salmon genetic baseline (Noll et al. in
review) as a tool in assessing stock composition in
mixed-stock fisheries. Stock composition estimates
from smmulated samples of various mixtures can be
used to describe the potential utility of the baseline
for estimating the composition of real mixtures.
Because gene flow in pink salmon occurs only
between generations spawning biennially, significant
genetic divergence has occurred between the even-
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and odd-year lines (Salmenkova et al. 1981; Beacham
et al. 1985, 1988; Gagalchy 1986, Efremov 1991;
Makoyedov et al. 1993) and are separate entities for
genetic analyses and management purposes. The
scope of this paper will discuss only the even brood-
year line.

METHODS

Data were selected from the even-year pink
salmon baseline (Noll et al. in review) which included
thirteen 1990 collections: two stocks from river
systems on Hokkaido Island, Japan, four- from
southern Sakhalin Island, five from the western
Kamchatkan peninsula, and two from the eastern
Kamchatkan peninsula, Russia.

Mixtures were simulated from the baseline allele
frequencies using the program SIMULATR developed
at the Auke Bay Laboratory (Pella et al.1996). The
program generated series of random samples from the
baseline data using the bootstrap procedure, and
created mixture samples of specified size and expected
stock composition. SIMULATR computed the
conditional maximum likelthood estimate (MLE)
(Pella and Milner 1987) for each set of baseline and
mixture samples it generated. To begin the search for
an MLE, the 13 baseline stocks were assumed to
contribute equally to each mixture. The program
searched until at least 95% of the maximum of the
likelihood function was attained.

Sample Size

SIMULATR created mixture samples from 24
variable loci in the 36 loci baseline whereby each
region, (Japan, Sakhalin, West Kamchatka, and East
Kamchatka) was comprised of equal portions of the
stocks within that region. One thousand sets of
baseline and mixture samples were generated from
each region, with a mixture sample size of 50. The
simulation was repeated varying the mixture sample
size from 50 to 1000, for a total of fifteen mixture
series for each region. MLEs were computed for each
of the 60,000 sets of samples (15 mixtures X 4 regions
x 1000 bootstrap samples). The coefficient of
variation was calculated and plotted against the sample
size for standardized comparison to describe the effect
of sample size on the analysis (Marlowe and Busack
1995).

Important Loci

The five most distinguishing loci, GR-1%*, sAAT-
3*  PEP-BI*, PGDH* and PEP-D2* were
determined by gene diversity analysis (Noll et al. in
review). The earlier series of simulations was
modified and repeated with these five most distinct

loci omitted and the remaining 19 loci included. The
number of sets of baseline and mixture samples
generated per experimental combination was reduced
to 100 from 1000 in order to limit computation time.
Mixture sample size was limited to 200. MLEs,
confidence intervals, and coefficients of variation were
calculated to compare the 19- and 24-loci analyses.
Additional mixtures were created and MLEs computed
for a variety of combinations of loci to determine
which set of loci produced best accuracy and
precision.

Precision and Accuracy

Finally, 40 hypothetical mixtures were created in
which the percent contribution from each region was
varied. MLEs were computed for the series of
simulated mixtures using 24 loci, a mixture sample
size of 200, and 100 bootstrap samples. An
additional four series of mixtures (11 mixtures in each
series) were created for which the percent contribution
of each region varied from 0% to 100% in increments
of 10%. The mean, standard deviation, confidence
interval, and coefficient of variation were calculated
to describe the accuracy and precision of stock
composition estimation from the baseline.

RESULTS AND DISCUSSION

The simulations and maximum likelihood
estimates (MLEs) were used to examine the utility of
the Asian pink salmon baseline (Noll et al. in review)
for mixed-stock analyses and related applications.

Estimated composition of a mixture improved in
accuracy and precision with increased sample size
(Table 1), however, significant bias remained in that
all stocks were underestimated. The relationship
between the coefficient of variation and the mixture
sample size showed that a minimum sample size of
approximately 200 was necessary for a stock
composition estimate with an average standard error
of less than 20% (Fig. 1). Rate of change of
increased accuracy and precision diminished above
N=200. Estimates obtained from sample sizes less
than 200 were of questionable value because the
standard error exceeded the actual composition.

MLE’s of mixture samples composed of 100% of
each of four regions with stocks in equal portions
from that region, using 100 bootstrap samples, 24
loci, and a mixture sample size of 200, produced mean
estimates (with standard deviations) as follows:
Sakhalin - 86% (0.09), Japan - 68% (0.14), West
Kamchatka - 84% (0.06), and East Kamchatka - 80%
(0.08) (Table 2). True mixtures of multiple stocks
will generally yield a more accurate estimate because
the MLE was constrained between 0 and 100% and
therefore simulated mixtures with contributions
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Table 1. Sample size (N), Estimated Mean, Standard Deviation (8.D.), and Coefficient of Variation (C.V.) where each region

comprises 100% of the mixture, using 24 loci.

N Japan Sakhalin W, Kamchatka E. Kamchatka
Mean S.D. Cc.V. Mean S.D. C.V. Mean S.D. CcVv. Mean S.D. C.V.
50 589 226 .384 794 164 207 .800 128 .161 737 145 197
100 635 182 .286 842 130 155 824 097 417 .766 A11 144
150 667 153 .230 .859 100 117 .833 .087 108 778 .098 126
200 B72 143 213 .869 .095 109 838 072 .086 .789 .089 113
250 682 129 190 .880 .083 .094 837 072 .086 .786 .086 109
300 687 419 474 .886 .073 .083 841 .067 .080 790 .082 104
350 .689 118 A71 887 073 083 843 .065 077 791 .082 103
400 690 .108 A57 .890 072 .081 845 .061 072 793 .078 099
450 692 110 159 895 .067 075 842 063 074 790 079 100
500 694 106 153 801 .063 .069 .844 057 .068 792 .076 .096
600 .687 104 151 .803 057 .063 .849 .058 .069 793 .073 092
700 695 100 143 .906 .060 .066 850 054 .064 794 .070 .088
800 698 .098 140 807 .054 .060 .848 054 .063 .796 .070 .088
900 897 100 144 808 .054 .059 847 .055 .065 799 .068 .085
1000 698 .095 135 .808 .053 .058 .852 .051 .060 797 .067 .084

Fig. 1 Curve describing the relationship between sample size and the coefficient of variation. The curve represents a
mixture comprising a 100% contribution of the western Kamchatka region and 1000 bootstrap resamplings of the

baseline for 24 loci.
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Table 2. For the 19 loci analysis, sAAT-3*, GR-1*, PEP-B1*, PGDH, and PEP-D2* were eliminated; for the 18 loci analysis, an
additional discriminating locus was removed: FDHG* from Japan, TPI-4* from Sakhalin, GPI-A* from W. Kamchatka,
and mIDHP-1" from E. Kamchatka. Each region consists of 100% of the mixture; the sample size 200.

Japan Sakhalin W. Kam E. Kam
#loci Mean S.D. CV. Mean S.D. CV Mean S.D. CWV Mean  S.D. C.V.
24 879 143 21 858 .098 114 .839 .065 077 .802 .080 089
19 532 192 361 .800 A4 176 659 161 244 657 159 242
18 474 .200 422 763 153 201 548 152 277 627 126 .203
approaching these limits deviate from the actual mixtures. Misallocation occurs because stocks are

contribution (Fig. 2). Pella and Milner (1987) noted
abundant stocks will be underestimated, and rare
stocks, overestimated.

Simulated mixtures of 100% composition of each
region produced an overall average maximum
likelihood estimate of 80%, with 10% standard
deviation, whereas the chum salmon (O. keta) baseline
(Seeb et al. 1995; Wilmot et al. 1995), and chinook
salmon (0. tshawytscha) baseline (Marshall et al.
1990; Marlow and Busack 1990) yield estimates of
95% and greater for similar pure (100%) regional

Fig. 2 Estimated versus true proportions of each region.

bars are one standard deviation around the mean.

genetically similar.

In mixtures comprised of all four regions,
contributions for Sakhalin were overestimated,
whereas they were underestimated for Japan, East
Kamchatka, and, to a much lesser extent, West
Kamchatka. Most of the misallocation went to
Sakhalin (Fig. 3), most likely because its populations
are the most similar genetically to eastern Kamchatka
and Japan (Noll et al. in review). The Japanese region
had the largest bias between the actual and the
estimated contribution, indicating a lack of
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Fig.3 Expected versus observed mean estimates with one standard deviation around the mean for simulated mixtures,

using 100 bootstrap resamplings and 24 loci.
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differentiating genetic markers. This is confirmed by
Noll et al. (In review). The two Japanese populations,
Tokushibetsu (northern Hokkaido) and Kushiro
(southeastern Hokkaido), are separated by the Kuril
Islands and flow into different seas: the Tokushibetsu
into the Sea of Okhotsk, and Kushiro into the North
Pacific Ocean. They differ genetically (Noll et al., in
review.), and need to be considered as separate
regions for mixed-stock analysis. While the goal to
determine the regional or country of origin of
mixtures may be to resolve mixed fishery disputes,
Sakhalin Island, Russia and Tokushibetsu, Japan, are
genetically one region (Noll et al. in review), making
separation difficult with current information.

An increased number of loci might demonstrate
greater genetic heterogeneity among regions. The
earliest protein studies of Asian pink salmon resolved
only 5-6 loci (Zhivotovsky et al. 1989) and indicated
that no heterogeneity existed among regions. With
data from new loci, heterogeneity among populations
has been detected (Noll et al. in review). Gene
diversity analysis for 24 loci (Noll et al. in review)
show the five loci with the highest level of regional
heterogeneity are AAT-3* ~ GR-1*,  PEPB-1%*,
PGDH*, and PEPD-2%, When these five loci were
eliminated from the analyses, precision and accuracy
decreased substantially for every region. For
example, the coefficient of variation for western
Kamchatka increased from 7.7% with 24 loci, to
24.4% with 19 loci (Table 3). In addition, FDHG*
was important in determining the accuracy of the
estimate for Japan, TPI-4* for Sakhalin, IDHP-1* for
eastern Kamchatka, GPI-A* and, to a lesser extent
TPI-4% and IDHP-1*, for western Kamchatka. The
omission of six important loci increased the coefficient
of variation from 21.1% with 24 loci to 42.2% with
18 loci for Japan (Table 2). Loss of discriminating
loci degraded accuracy and precision of composition
estimation.

The degradation of proteins in tissue samples of
poor quality can result in loss of important loci for
composition estimation. Because several loci showing
significant regional heterogeneity are expressed in
highly labile proteins, sample quality is critical for
genetic stock separation. Data for the baseline (Noll
et al. in review) included 36 loci out of a potential 69
loci for pink salmon.

CONCLUSIONS

Each genetic baseline must be evaluated
individually for reliability for mixed stock fishery
analysis. Conclusions in this manuscript can only be
applied to the Noll et al. (in review) baseline.

Precision and accuracy of regional composition
improved substantially for mixture sample sizes of
about 200. Mixture samples less than 200 were

unsatisfactory because the standard error of the
estimates exceeded known contributions.

Maximum likelihood estimates of the Noll et al.
(in review) genetic baseline data produced a mean
estimate of 80% +10%, with a mixture sample size of
200. Precision may not be accurate enough to
estimate regional contributions to mixed stock
fisheries. However, it may be the most accurate and
cost effective method currently available. Improved
sample quality might produce additional distinct loci
and improve accuracy and precision of stock
contribution estimates.
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