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Abstract. —Lake trout Salvelinus namaycush representing three year-classes (1988, 1989, and
1 990) of gametes collected from adults captured in Seneca Lake, New York, were examined for
allelic variation at 1 8 polymorphic loci and for mitochondrial DNA (mtDNA) haplotype variation;
mtDNA was digested with the four restriction endonucleases Ava I, BamH I, Hinfl, and Tag I.
Analysis of allelic frequencies among these three year-classes of the Seneca strain and a previously
analyzed collection (1983 year-class, also a wild egg taken from Seneca Lake) indicated temporal
heterogeneity (P < 0.01) at three loci: two for proline dipeptidase (PEPD-1,2*) and one for malic
enzyme (NADP+) (mMEP-1*). However, cluster analysis of genetic distances demonstrated that
all four Seneca Lake samples exhibited a much lower level of differentiation than observed among
other strains stocked into Lake Ontario. Mitochondria! DNA haplotype frequencies were not
significantly different among the 1988, 1989, and 1990 year-class samples, which supported the
conclusion of genetic similarity among Seneca strain samples. Allozyme differences among Seneca
collections did not significantly affect estimates by mixed-stock analysis (MSA) of parental strain
contributions to a mixture of wild fry from Lake Ontario. Based on these results, data from the
four year-classes could be pooled and used as Seneca strain baseline data for future MSA estimates.

Mixed-stock analysis (MSA), or genetic stock lytic technique used to determine the proportions
identification (GSI), has become a standard ana- of different stocks that contribute to fishery har-
____ vests of Pacific salmonids Oncorhynchus spp.

(Shaklee et al. 1990b; Utter and Ryman 1993).
M i - d o c k analysis has also been used to.

GPO Box 1 538, Hobart, Tasmania 7001 . Australia. mme the parental origins of fry of lake trout Sal-
2 Author to whom correspondence should be ad- velinus namaycush captured in Lake Ontario

dressed. (Marsden et al. 1989). In the Lake Ontario appli-
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cation of MSA, allozymes were used as genetic
characters to discriminate strains of lake trout
stocked into Lake Ontario that could have con-
tributed gametes to the wild fry. Examination of
these characters in a mixture of wild fry permitted
estimates of the reproductive contributions made
by each of the stocked strains. The purpose of both
the stocking and the stocking evaluations is to
facilitate rehabilitation of naturally reproducing
populations of lake trout in Lake Ontario.

A critical assumption of the baseline data used
in MSA is the temporal genetic stability of hatch-
ery strains stocked into Lake Ontario. Several year-
classes of any strain stocked into Lake Ontario
could contribute, by now, to a mixture of wild fry.
However, the baseline data used in the past MSA
study of lake trout fry from Lake Ontario came
from a single year-class, because it was logistically
difficult and expensive to obtain and analyze col-
lections from each year-class of potential contrib-
utor strains stocked 5-10 years previously (Krue-
ger et al. 1989). Different year-classes of a strain
were assumed to possess similar frequencies of the
genetic characters (allozymes) used to discriminate
strains.

Techniques for rapidly processing individuals
for mitochondrial DNA (mtDNA) analysis have
made practical the use of mtDNA haplotype fre-
quencies as an additional baseline data type in the
MSA of lake trout fry. However, because of the
strictly maternal inheritance of the mitochondrial
genome (Moritz et al. 1987), the effective popu-
lation size (Ay of the next generation of mito-
chondria is one-fourth that of biparentally inher-
ited nuclear genes (e.g., genes that encode
allozymes; Birky et al. 1983). Thus, frequencies of
mtDNA haplotypes are more susceptible to ran-
dom stochastic variation or genetic drift than al-
lelic frequencies in the same population (Carson
and Templeton 1984), and they should be more
prone to instability among year-classes of lake trout
stocked into Lake Ontario. Such temporal insta-
bility would weaken conclusions drawn from MSA
if mtDNA characters were used for baseline data.
Temporal variation of allelic and mtDNA hap-
lotypes has been examined in natural populations
of Drosophila mercatorum (DeSalle et al. 1987)
and bluegill Lepomis macrochirus (Chapman
1989). In both studies, allozyme allelic frequencies
were temporally stable, but mtDNA haplotype fre-
quencies fluctuated between sampling periods (2-
5 years). Small effective population sizes were sus-
pected as the cause of the observed instability of
mtDNA haplotypes. Small numbers of adults col-

lected from wild populations and used as a source
of gametes may also promote drift among tem-
porally spaced samples of fish propagated in hatch-
eries (Waples and Teel 1990). Thus, we had to
determine the magnitude of mtDNA haplotype
variation among year-classes of hatchery lake trout
before we could incorporate haplotype frequencies
into baseline data used for MSA of wild Lake On-
tario fry.

The Seneca strain of lake trout, from Seneca
Lake, New York, was used to evaluate mtDNA
stability because of its apparent contribution to
natural reproduction in Lake Ontario. Mixed-stock
analysis of wild fry (1986 year-class) and data from
the 1988-1990 year-classes captured near Stony
Island, Lake Ontario, indicated that the Seneca
strain accounted for 70% or more of the parentage
(Marsden et al. 1989; Grewe 1991; Grewe et al.
1994). Stability of allelic frequencies in the Seneca
strain was demonstrated between two year-classes
propagated from a hatchery broodstock (Krueger
et al. 1989). No genetic comparison has been made
among year-classes derived directly from the Sen-
eca Lake population, which currently serves as the
source of hatchery broodstocks for Lake Ontario
stocking. Most year-classes of mature Seneca-strain
lake trout now in Lake Ontario (ages 8-15) were
propagated from gametes collected from adults
captured in Seneca Lake and not from recently
developed hatchery broodstocks. Examination of
the temporal stability of allozyme allelic and
mtDNA haplotype frequencies permits assess-
ment of the genetic variation that may have oc-
curred in past stocking.

The purpose of this study was to describe the
temporal variation in allozyme allelic and mtDNA
haplotype frequencies among year-classes of lake
trout derived from the population in Seneca Lake.
Similarity of both allelic and mtDNA haplotype
frequencies among year-classes would permit year-
class data to be pooled to represent the Seneca
Lake strain as baseline data for MSA.

Methods
Collections.—A collection of 80-90 individuals

was obtained from each of the 1988, 1989, and
1990 year-classes of lake trout propagated from
gametes collected from adults caught in Seneca
Lake (Table 1). Individuals of the 1988 and 1989
year-class were samples from a rearing pond that
contained progeny from all adults used for the
gamete collection for the year. The sample of the
1990 year-class was obtained from two raceways
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containing progeny from a subsamplc of adults
used for the entire gamete collection. Each year-
class represented gametes collected from 800-1,000
adults (typically 150-250 females) netted over 3
weeks from the third week of September through
the first week of October. Nets were set near Glc-
nora and Peach Orchard points on the eastern and
western sides, respectively, of Seneca Lake (M.
Baben/icn, New York State Department of En-
vironmental Conservation, personal communi-
cation). These gamete collections were made in an
identical manner as those in the 1970s and early
1980s that were used as the source of Seneca-strain
fish stocked into I^ake Ontario. Samples were fro-
/cn on dry ice or in liquid nitrogen at the hatchery
and stored at -80°C in the laboratory until ana-
ly/ed. Additional allo/yme data used in this study
came from the C'lcarwaler Lake. Jenny Lake, Kil-
lala Lake, Mamtou. Seneca Lake (three samples),
and Lake Superior hatchery-propagated strains and
from the Seneca wild strain (MN-CWL, GL-JL.
GL-KL. GL-LM, FL-SEN81, FL-SEN83, FL-
SEN84, GL-SUP, FL-SEN-W, respectively; data
and abbreviations are from Kruegcr et al. 1989).

Genetic analysis. — Allo/yme variation at 18
polymorphic loci was examined by horizontal
starch gel electrophoresis and histochemical stain-
ing (May et al. 1979; Krueger et al. 1989). Poly-
morphic loci were defined as loci that had al least
two alleles present at frequencies exceeding 0.05,
as described by Krueger et al. (1989). Abbrevia-
tions used for protein-coding loci and their alleles
follow the nomenclature presented by Shaklee et
al. (1990a). An exception was the proline dipep-
tidase locus (PEPD*). which was observed with a
stain containing phenyl-alanyl-proline substrate
(PEP-PAP* of Krueger etal. 1989). Allozyme data
that characterize Cleanvater, Jenny, Killala, Man-
itou, and Superior hatchery-propagated strains
were from Krueger et al. (1989).

Mitochondrial DNA was extracted from white
muscle tissue by a modified hexadecyllrimelhyl-
ammonium bromide (CTAB) protocol (Grewe el
al. 1993). Samples were digested with the restric-
tion en/ymes Aval, /fci/wH I, ////ifl, and Taql.
Restriction fragments were separated and visual-
i/ed with the methods described by Grewe et al.
(1993). Mitochondrial haplotypcs were designated
according to restriction profiles described by Grewe
et al. (1993). Haplotypc designations were limited
to profiles resolved with fragments that were larger
than 400 base pairs.

Statistical procedures.— Allelic counts at five
isoloci(s/L4r-/.2* F//-/.2*. A/D//-£7.2*. PEPD-

TABLE I.—Year-class and origin of lake trout used in
this study. All fish were raised from gametes produced
by Seneca Lake adults captured during the New York
Stale Department of Environmental Conservation's an-
nual egg take.

Sam-
Year- pic
class size Abbreviation

Hatchery from which
sample was obtained

1983 80 FL-Sen-W83

1988 80 SenW88

1989 90 SenW89

1990 90 ScnW90

Bath State Fish Hatchery.
Bath, New York (from
Krueger etal. 1989)

Allegheny National Fish
Hatchery. Warren,
Pennsylvania, Mar 1988

Bath State Fish Hatchery.
Dec 1989

Bath State Fish Hatchery.
Feb 1990

1,2*. and PGM-3.4*\ enzymes coded by these and
other loci are listed in Table 2) were combined for
each isolocus pair because assignment of allelic
variation to a specific isolocus was impossible lo
delermine from eleclrophoretic banding patterns
(i.e., each isolocus had an allele count of four per
individual for a tolal counl of 4n). Waples (1989)
provided a method to lesl whether observed sta-
tistical differences of temporally spaced samples
resulted from genelic drift and sampling error or
from olher causes. However, because of our"lwo-
liered" sampling design (examined progeny rep-
resented a sample of adults that, in turn, repre-
sented the adull population of Seneca Lake), we
could noi use that method to analyze the data (R.
S. Waples, National Marine Fisheries Service, per-
sonal communication). Thus, the heterogeneity of
allelic and haplotype frequencies among year-
classes was tested by contingency table analysis
and the G-statistic (Sokal and Rohlf 1981). A sig-
nificance level of P ^ 0.05 was used to reject ihe
null hypothesis of genetic homogeneity of allele
and haplotype frequencies among year-classes for
individual locus tests. The critical values used were
adjusted to account for the increase in type I error
when multiple tesls of ihe same hypothesis were
made (see Cooper 1968).

Genelic dislances (Nei 1972) were calculated
over 18 polymorphic loci and subjected to the
unweighted pair-group method cluster analysis
(Sneath and Sokal 1973). A microcomputer pro-
gram designed by B. May and C. C. Krueger and
writlen in "C" by W. Eng, Cornell Universily, was
used lo analyze data (unsupported versions of
"Genes in Populations" are available from Bernie
May, upon request).
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TABLE 2.—Allozyme allelic frequencies at the 18 loci examined among year-classes of the Seneca Lake strain of
lake trout. Double asterisks on G-statistics denote P < 0.01**; for values without asterisks, P > 0.05. See Table 1
for explanation of sample abbreviations. Values for the 1983 year-class sample were obtained from Krueger et al.
(1989); MUP-1* of Krueger et al. (1989) has been renamed ACP-1* as per Morizot and Schmidt (1990) to reflect
the nomenclature of Shaklee et al. (1990a).

Allelic frequencies and sample sizes (#)
for Seneca-strain year-class:

Locus*

sAA T-l.2*

ACP-1*

FH-1.2*

G3PDH-1*

GPI-Bl*

LDH-B1*

MDH-BL2*

mMEP-2*

PEPD-1,2*

PGK-1*

PGM-2*

PGM-3.4*

sSOD-1*

Allele

•85
•100

•-100
•-140

•100
•90

•100
•35

•100
•200

•100
•78

•100
•144

•100
•115

•100
•179
•138

•-100

•100
•150

•100
•94

•100

FL-Sen-W83

0.34
0.66

# = 160
0.98
0.02

#=80
0.88
0.12

# = 160
0.93
0.07

#=80
1.00
0.00

#=80
1.00
0.00

#=80
1. 00
0.00

#=80
0.93
0.07

#=80
0.08
0.89
0.03

#» 160
1.00

# = 80
0.99
0.01

#=80
0.61
0.39

#= 160
1.00

#=80

SenW88

0.28
0.72

#= 154

0.98
0.02

# = 78
0.88
0.12

#= 154
0.93
0.07

# = 7 8
0.99
0.01

# = 7 8
1.00
0.00

#=80
1.00
0.00

# = 7 9
0.96
0.04

#=78
0.10
0.88
0.02

#= 160
1.00

#=78
0.98
0.02

#=78
0.51
0.49

# = 160
1.00

#=78

ScnW89

0.30
0.70

#- 178
0.98
0.02

# = 90
0.89
0.11

#= 174
0.93
0.07

# = 90
1.00
0.00

# = 90
1.00
0.00

#= 90
0.99
0.01

#=90
0.96
0.04

#=90
0.11
0.82
0.07

#= 174
1.00

# = 90
1.00
0.00

#=90
0.66
0.34

#= 176
1.00

#=90

SenW90

0.32
0.68

#= 176
0.99
0.01

# = 90
0.88
0.12

#= 180
0.95
0.05

# = 90
1.00
0.00

#=90
0.99
0.01

#=89
0.99
0.01

#=89
0.87
0.17

#=89
0.10
0.89
0.01

#= 172
1.00

#-90
1.00
0.00

# = 90
0.57
0.43

#= 180
1.00

#=90

Total
G

2.82

1.08

0.66

1.10

2.94

2.66

4.15

19.07**

30.48**

0.00

7.17

8.68

0.00

df

3

3

3

3

3

3

3

3

6

3

3

•Enzymes (with their international numbers: IUBNC 1984) coded by these loci are:
sAAT-1.2*: aspartate aminotransfcrase (2.6.1.1)
ACP-1*: acid phosphatase (3.1.3.2)
F//-/.2": fumarate hydratase (4.2.1.2)
G3PDH- !•: glycerol-3-phosphate dehydrogenase (1.1.1.8)
GPI-B1*: glucose-6-phosphate isomerase (5.3.1.9)
LDH-B1 •: L-lactate dehydrogenase (1.1.1.27)

MDH-B1.2*: malate dehydrogenase (1.1.1.37)
mMEP-2*: malic enzyme (1.1.1.40)
PEPD-1.2*: proline dipeptidase (3.4.13.9)
PGK-1*: phosphoglyceratc kinase (2.7.2.3)
PGM-2*\ PGM-3.4*: phosphoglucomutase (5.4.2.2)
sSOD-1 •: superoxide dismutase (1.15.1.1)

Mixed-slack analysis.— The mixed-stock anal-
ysis procedure described by Marsden et al. (1989),
as modified by Grewe et al. (1994), was used to
calculate estimates of parental strain contributions

that would result from using the four baseline files
created with each of the four year-class samples
of the Seneca strain. Baseline data sets were es-
tablished with each Seneca data file that included
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CWL
JEN

MAN
KIL

SUP
FL-SEN63
FL-SEN84
FL-SEN81
SEN-W89
SENW88

FL-SEN-W83
SENW90

0.000 0.010 0.020 0.030
Relative Genetic Distance

0.040

FIGURE 1.—Dendrogram of Nei's genetic distance among several year-classes of lake trout originating in Seneca
Lake and other areas of the Great Lakes. Relative genetic distances were calculated for the 18 polymorphic loci
described by Krueger et al. (1989). Abbreviations: CWL * Clearwater, JEN = Jenny, KIL = Killala, MAN =
Manitou, and SUP - Superior strains of Krueger et al. (1989); FL-SEN81 = 1981 Seneca Lake broodstock, FL-
SEN83 « 19S3 offspring from the 1978 Seneca Lake broodslock, and FL-SEN84 = 1984 offspring from the 1978
Seneca Lake broodstock; FL-SEN-W83, SENW88, SENW89, and SENW90 are, respectively, the 1983, 1988, 1989,
and 1990 progeny of wild Seneca Lake parents.

interstrain crosses between the Clearwater, Jenny,
Killala, Manitou, Seneca, and Superior strains.
These baseline files were created with the methods
and programs described by Grewe et al. (1994) to
test the effect of using the individual Seneca strain
year-classes as the source of Seneca strain allelic
data. Mitochondria! DNA data used for the 1983
year-class were the pooled data from the 1988,
1989, and 1990 year-classes. The 1989 year-class
of wild fry collected from Lake Ontario was chosen
as the test mixture for this analysis.

Results
Allozyme Variation

Significant allelic frequency differences were de-
tected among the 1983,1988, 1989, and 1990 year-
classes of lake trout propagated from Seneca Lake,
based on a total (/-statistic summed over all loci
(G = 89.2, df = 36, P < 0.01; Table 2). Individual
locus tests indicated that only PEPD-1,2* and
mMEP-2* exhibited differences among year-class-
es (P < 0.01). These three loci accounted for more
than 55% of the total G-value summed over all
loci among the four year-classes. Differences ob-
served foTPEPD-1.2*(G = 30.5, df = 6, P < 0.01)
were primarily a result of the high frequency of
allele *138 and low frequency of allele */79 in the

1989 year-class sample (Table 2). No significant
differences were observed among the 1983, 1988,
and 1990 year-classes at PEPD-1.2* (Table 2). The
significant (7-value observed for mMEP-2* was
primarily a result of the relatively low frequency
of the *100 allele for the 1990 year-class relative
to the other samples (G = 30.5, df = 3, P < 0.01;
Table 2). No significant differences occurred among
the 1983, 1988, and 1989 year-classes at mMEP-
2*

Cluster analysis of relative genetic distances be-
tween the four Seneca Lake year-classes, Seneca
hatchery broodstocks, and the Clearwater, Jenny,
Killala, Manitou, and Superior-strain collections
(data from Krueger et al. 1989) placed all Seneca
fish in a group with a maximum observed genetic
distance of 0.002 (Figure 1). Genetic distance of
the next closest group of samples to the Seneca
samples was 0.008. The maximum genetic dis-
tance (0.030) was between Clearwater Lake and
all other strains.

Mitochondria! DNA Haplotype Variation
Three mtDNA haplotypes were observed in each

of the 1988, 1989, and 1990 Seneca Lake year-
classes (Table 3). Frequencies of these haplotypes
were not significantly different among the three
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TABLE 3.—Numbers and frequencies of mtDNA hap-
lotypes among three year-classes of lake trout propagated
from gametes collected from wild Seneca Lake adults.
Values in parentheses are 95% confidence intervals (CI)
of the proportion estimates. Four-letter haplotype des-
ignations AAAA, AADD, and BBAA correspond to frag-
ment patterns observed for Ava I, BamH I, ////if I, and
Tag I restriction enzymes as described by Grewe et al.
(1993).

Year-class _
and statistic

Haplotype designation
AAAA AADD BBAA

Total
sam-
ple
size

1988
N 17 10 48 75
Frequency 0.227 0.133 0.640
95% CI (0.13-0.32) (0.06-0.21) (0.53-0.75)

1989
N 24 18 48 90
Frequency 0.267 0.200 0.533
95% CI (0.18-O.36) (0.12-0.28) (0.43-0.64)

1990
N 35 16 38 89
Frequency 0.393 0.180 0.427
95% CI (0.29-0.50) (0.10-0.26) (0.32-0.53)

year-classes (G
Table 3).

8.8, df = 4, 0.10 > P > 0.05;

Mixed-Stock Analysis
Similar parental strain estimates were obtained

with each of the four baseline files for MS A of the
1989 wild fry collected from Stony Island (Table
4). Each analysis indicated that the Seneca strain
contributed the majority of gametes to the fry mix-
ture (62-74%). The Killala and Superior strains
were estimated to have contributed gametes to the
fry mixture at proportions that ranged from 12 to
24% (Table 4).

Discussion
Genetic Variability among Year-Classes

The heterogeneity of allelic frequencies detected
among the 1983, 1988, 1989, and 1990 year-class-
es of Seneca Lake samples may have been an ar-
tifact due to sampling error (i.e., type I error), or
it could represent real differences among year-
classes. One rejection of the null hypothesis (ho-
mogeneity of frequencies) out of the 13 individual-
locus (/-tests could be explained in part by random
sampling error at the alpha level of 0.05. The sig-
nificant G-value for mMEP-2* in the 1990 year-
class may have been due to random sampling error
of adults from Seneca Lake, but examination of
the hatchery records indicates this result was more

TABLE 4.—Calculated contributions of lake trout strains
to fry production when different year-classes of the Sen-
eca strain were used to create the baseline data. Mixed-
stock analysis results are for a 1989 collection of wild
fry from Lake Ontario near Stony Island. Mitochondria!
DNA frequencies used for the 1983 year-class of Seneca
fish were derived from average frequencies in the 1988,
1989, and 1990 year-class samples.

Year-class of Seneca strain
_ .. used as allozyme baseline dataContnb- _____________________________

uting Seneca
strain3 1983 1988 1989 1990 pooled

Killala 0.15
Seneca 0.73
Superior 0.12

0.16
0.69
0.15

0.24
0.62
0.14

0.13 0.15
0.74 0.72
0.14 0.13

a No contributions from the Clerarwater, Jenny, or Manitou strains
in any analysis.

likely due to nonrandom distribution offish in the
hatchery raceways. Fish sampled from the 1990
year-class were taken from raceways that repre-
sented the progeny from only 100 fish. These prog-
eny represented approximately 12% of the adults
(over 800 fish) that were collected from Seneca
Lake and used as the gamete source for the 1990
year-class. Therefore, this sample may not have
accurately represented the allelic frequencies of the
1990 hatchery year-class. Alternatively, the ob-
served differences may indicate real changes among
the temporally separated samples that could have
been caused by genetic drift, migration, mutation,
or selection within the Seneca Lake population.
Regardless of whether the differences in allelic fre-
quencies are statistical artifacts or reflect real
changes in the Seneca Lake population, all four
Seneca year-class samples exhibited a much lower
level of differentiation than that observed among
the other strains stocked into Lake Ontario (Figure
1).

The homogeneity of the mtDNA haplotypes ob-
served among the 1988, 1989, and 1990 year-
classes provides evidence that the year-classes of
Seneca-strain lake trout stocked into Lake Ontario
were genetically similar. Theoretical predictions
suggest that mtDNA haplotype frequencies could
fluctuate due to the effects of drift under conditions
that leave allelic frequencies unaffected (Carson
and Templeton 1984); by extension, the condi-
tions that promote drift of allelic frequencies should
also influence mtDNA haplotype drift. These the-
oretical predictions have been supported by stud-
ies of Drosophila and bluegill populations, which
revealed temporal stability of allelic frequencies
but heterogeneity of mtDNA haplotype frequen-
cies (DeSalle et al. 1987; Chapman 1989).
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Implications for Mixed-Stock Analysis
The assumption of temporal stability among

year-classes for both allelic and mtDNA haplotype
frequencies is critical when more than one year-
class of a lake trout strain contributes to a second-
generation mixture subjected to MSA. This
assumption is especially important when data can-
not be obtained from each year-class that could
contribute to a mixture. For example, several year-
classes of fish propagated from gametes collected
from Seneca Lake fish and stocked into Lake On-
tario during the 1970s were not available for sam-
pling. Thus, the ability to use a single collection
to represent several year-classes of a hatchery strain
simplifies development of baseline data.

The allelic frequency differences among the four
Seneca samples tested could warrant that the sam-
ples be considered separate sources of baseline data
for MSA. However, Waples (1990) argued that
temporally spaced samples should be pooled to
increase the precision of MSA estimates unless
dramatic frequency differences are observed among
collections. Dramatic differences were not present
among the four year-class samples of the Seneca
strain. Close grouping of all Seneca-strain samples
relative to other strains occurred in the cluster
analysis of genetic distances calculated from allo-
zyme frequencies (Figure 1). Furthermore, ob-
served differences among the Seneca samples did
not substantially affect MSA estimates (Table 4).
Thus, all four year-classes were similar enough
that the genetic data may be pooled among year-
classes to provide the Seneca-strain baseline data
for MSA of lake trout fry mixtures in Lake On-
tario.
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