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Abstract.—Two strategies have been used in the effort to restore lake trout Salvelinus namaycush
to Lake Ontario. First, lake trout strains from multiple wild and hatchery sources have been stocked
to maximize genetic variability in the lake. Second, a unique hatchery "strain" offish to be stocked
was created each year with gametes collected from adult, hatchery-origin fish that had survived to
maturity after being stocked into Lake Ontario. Several hatchery strains may be represented among
the adults captured and used to propagate this unique strain, termed the "Ontario strain." The
"Ontario strain" may have a genetically based potential for enhanced survival over other strains
stocked in Lake Ontario because it is composed of the progeny of fish that have survived from
the yearling to the adult life stage. Unlike naturally spawned fish, however, the "Ontario strain"
has been shielded from natural selection during the critical period of mortality from spawning
through the first year of life. The purpose of this study was to determine whether the "Ontario
strain" was genetically representative of the wild fry produced in the lake. We examined the strain
composition of three year-classes of wild-caught fry and six year-classes of the "Ontario strain"
using allozyme data with mixed-stock analysis. The hatchery and wild fry were genetically dissim-
ilar. In addition, the composition of the "Ontario strain" changed from predominantly Seneca
strain in 1983-1984 to predominantly Superior and Killala strains from 1983 to 1989. Mixed-
stock estimates indicated that in contrast to the hatchery-reared fry, strain composition of wild-
caught fry did not vary greatly from year to year. Progeny of Seneca x Seneca crosses were the
predominant fry in the three year-classes of wild fry. The genetic dissimilarity between the "Ontario
strain" fry and wild-caught fry could be caused by differential mortality among the wild fry between
spawning and fry emergence or by differential vulnerability of strains to the gill-net sampling used
to capture adults for gamete collection. Based on these results, the development of a new hatchery
brood stock from wild-caught fry is recommended as an alternative to the collection and propagation
of gametes from mature hatchery-origin lake trout. In addition, the composition of the hatchery
strains stocked should be altered to emphasize those strains that reproduce successfully. Both
options should be considered in order to speed the rehabilitation process.

By the 1960s, lake trout Salvelinus namaycush tance of this species, an intensive effort by federal,
disappeared from all of the Great Lakes except provincial, and state agencies was initiated to re-
Lake Superior due to a combination of overfishing, store self-perpetuating populations of lake trout to
predation by the sea lamprey Petromyzon man- all of the Great Lakes. In Lake Ontario, the res-
nus, and habitat degradation (Christie 1974). Be- toration program began with lampricide treat-
cause of the ecological and socioeconomic impor- ments in 1971 and stocking of hatchery-origin lake
____ trout in 1973. The first evidence of sizeable natural

reproduction by stocked fish was seen in 1986 with
1 Present address: Illinois Natural History Survey, Lake the capture of ̂  f (Marsden et al. 1988). How-

5S?usAOlogical stali°n' Box 634' zi°n'I1Hnois ever>Uttleevidenceofrecruitmentof™ldfry*>
2 Commonwealth Scientific and Industrial Research the yearling stage has been found to date.

Organization Fisheries, General Post Office Box 1538, An ideal strategy for population rehabilitation
Hobart, Tasmania, 7001 Australia. would be to collect gametes from local native fish,
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raise the fertilized eggs in a hatchery, and then
stock the young fish. This strategy has the potential
to maximize survival of the stocked fish because
their parental strain has been naturally selected for
survival in that particular habitat (Krueger et al.
1981). However, lake trout native to Lake Ontario
no longer exist. Thus, a source of lake trout for
stocking had to be sought elsewhere. Strains of lake
trout used for stocking into Lake Ontario were
chosen to maximize genetic variability by intro-
ducing as much of the genetic variation present in
the species as possible. In essence, this strategy
assumed that natural selection in Lake Ontario
would cull the stocked populations, leaving a strain
or strains that were ideally suited to the conditions
in Lake Ontario. One problem with multiple-strain
stocking is that several strains which have poor
survival or reproductive success continue to be
stocked until the strain with optimal fitness is de-
termined. During that period of time, the strains
with lower fitness may hybridize with strains hav-
ing higher fitness, thus breaking down coadapted
gene complexes and generally lowering the future
fitness potential of the better strains.

Nine strains of lake trout were stocked in Lake
Ontario from 1973 to 1991, each one marked with
fin clips, coded wire tags, or a combination of the
two. In addition, an "Ontario strain," propagated
and stocked annually since 1982, has been gen-
erated from gametes collected from adult lake trout
captured in Lake Ontario. These adult fish were
lake trout from various hatchery and wild sources
that survived to maturity after stocking into Lake
Ontario. Their fertilized eggs were raised in a
hatchery, and yearlings were subsequently stocked.
Thus, this group offish is a mixture of hybrid and
pure-strain crosses from several true strains. The
hatchery-propagated mixture is called the Ontario
strain by state agencies; to avoid confusion, we use
this term in quotations to emphasize that it is not
a true strain (here, we consider a strain to be a
group of interbreeding individuals that exhibit in-
heritable traits which are different from the traits
in other groups). These fish were stocked under
the assumption that they would have a genetically
based potential for enhanced survival because they
are the progeny of adult lake trout that have sur-
vived from the yearling stage to adulthood in the
lake.

Over time, natural selection should cull the pop-
ulation of stocked fish, leaving only those genetic
types that are optimally suited for survival in Lake
Ontario. Yearly assessments by the U.S. Fish and
Wildlife Service (USFWS) and the New York De-

partment of Environmental Conservation (NY-
DEC), based on trawl and gill-net samples, have
indicated that differential survival occurs among
the stocked strains in the lake. Selection, however,
occurs throughout the life cycle, especially during
mating (sexual selection) and the critical period of
high mortality between spawning and fry emer-
gence. The parents of the "Ontario strain" have
not undergone the intense selection of these critical
stages. Their progeny were produced by artificial
fertilization and were protected in a hatchery until
the yearling stage. Thus, an important question for
the management agencies involved in the reha-
bilitation effort in Lake Ontario is whether the
"Ontario strain" fry are genetically similar to the
fry produced by natural spawning of stocked fish
in the wild. For example, some genetic types may
survive to maturity but may not spawn success-
fully in the wild. These fish will have a lower fitness
than a strain that survives poorly but reproduces
well. If gametes of the fish that do not spawn suc-
cessfully were used to produce the "Ontario strain,"
the stocked fish may inherit a low reproductive
potential.

The purpose of this study was to determine
whether the strain composition of the "Ontario
strain" was similar to the strain composition of
the naturally produced fry. We used allozyme data
in combination with second-generation mixed-
stock analysis to determine the parental strain
composition of six year-classes of the "Ontario
strain" and three year-classes of wild-caught fry.
The parents of the "Ontario strain" year-classes
that we examined were all collected near Stony
Island Reef in the eastern basin of Lake Ontario,
with the exception of one year-class whose parents
came from several reefs. The wild fry were all
captured on Stony Island Reef.

Methods
Sample collections.—Samples of the "Ontario

strain" from the 1983, 1984, 1985, 1987, 1988,
and 1989 year-classes were collected as fry or year-
lings from the Allegheny National Fish Hatchery,
Warren, Pennsylvania (Table 1). Each group of fry
or yearlings was a random sample of the year-class
produced. Fish were dipped from raceways or
tanks, frozen in liquid nitrogen, and taken to Cor-
nell University for storage and processing. Each
year-class offish had been produced using gametes
from 60 to 110 female and two to three times as
many male lake trout that had been captured in
gill nets set near spawning reefs in the fall (C.
Schneider, NYDEC, personal communication). No
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TABLE 1.—Location of parental spawning grounds in
Lake Ontario for each year-class of "Ontario strain"
yearlings and wild fry collected for parental strain anal-
ysis (N is number of individuals collected).

Sample type
and year-class

"Ontario strain"
1983
1984
1985
1987
1988
1989

Wild fry
1986
1988
1989

Location of
parental
spawning

Stony Island
Stony Island
Stony Island
Pooled sample8

Stony Island
Stony Island

Stony Island
Stony Island
Stony Island

N

80
80
80
80
80
80

75
94

129
a The 1987 "Ontario strain" year-class represents the combined

gametes from several reefs: Stony Island, Charity Shoal, York-
shire Island, and Allan Otty Shoal.

gametes were collected by NYDEC in 1985, thus
no 1986 year-class was produced. Gametes for the
1983, 1984, and 1985 year-classes were collected
only at Stony Island. In subsequent years, gametes
were collected from several reefs in the eastern
basin. Our sample of the 1987 year-class repre-
sents the combined gametes from several reefs in-
cluding Stony Island Reef, whereas our 1988 and
1989 samples from the Allegheny National Fish
Hatchery represent gametes collected from only
Stony Island Reef (Table 1).

Wild fry were collected prior to and during
emergence from April to May in 1986, 1988, and
1989, on Stony Island Reef in the eastern basin of
Lake Ontario (Table 1). Collection techniques used
for fry capture were described by Marsden et al.
(1988).

Allozyme analysis. —All samples were frozen on
dry ice or in liquid nitrogen and stored at — 80°C.
Genetic analysis was performed at the Cornell
Laboratory for Ecological and Evolutionary Ge-
netics with horizontal starch gel electrophoresis of
allozymes (May et al. 1979). An initial screening
of 102 loci revealed polymorphisms at 18 loci in
lake trout; the tissues, enzymes, and buffers used
are described in Krueger et al. (1989). All fish in
this study were examined at these 18 polymorphic
loci. The loci examined and the international
numbers of the enzymes they code (IUBNC 1984),
were aspartate aminotransferase 2.6.1.1 (AAT-
7,2*), acid phosphatase 3.1.3.2 (ACP-1*; formerly
methylumbelliferyl phosphatase MUP-1*), fu-
marate hydratase 4.2.1.2 (FT/-7,2*), glucose-6-

phosphate isomerase 5.3.1.9 (GPl-l*)y glycerol-3-
phosphate dehydrogenase 1.1.1.8 (G3PDH-1*\
L-lactate dehydrogenase 1.1.1.27 (LDH-B3*),
malate dehydrogenase 1.1.1.37 (sMDH-B3*.
SMDH-B4*), malic enzyme 1.1.1.40 (mMEP-2*\
proline dipeptidase 3.4.13.9 (PEPD-1 * PEPD-2*),
phosphoglycerate kinase 2.7.2.3 (PGK-1*\ phos-
phoglucomutase 5.4.2.2 (PGM-2*. PGM-3*. PGM-
4*), and superoxide dismutase 1.15.1.1 (sSOD-
1*). The preceding nomenclature, in divergence
from Krueger et al. 1989 and Marsden et al. 1989,
uses the new standardized nomenclature system
ofShakleeetal. (1990).

Parental strain identification.— Parental strains
of the fry were identified using second-generation
mixed-stock analysis (Marsden et al. 1989). This
analysis employs the method developed by Grant
et al. (1980), which is termed genetic stock analysis
(GSI) when used with genetic data. Second-gen-
eration-analysis estimates the strain composition
(i.e., proportion of pure-strain and hybrid fry types)
in a mixture of F| individuals. The strain com-
position of the parental population can then be
derived from these estimates. The earliest matur-
ing lake trout in Lake Ontario are 4-year old males,
although mature 3-year old males are occasionally
seen (Schneider et al. 1983; Schneider, personal
communication). If we disregard the minimal con-
tribution from 3-year old mature males, then a
given year-class of fry would primarily be pro-
duced by fish stocked as yearlings at least three or
more years previously, Thus, for year classes prior
to 1987, strains from only Clearwater, Superior,
Seneca, and Manitou, and the "Ontario strain,"
which is the progeny of a mixture of the stocked
strains, could have contributed to the fry (Table
2). Killala Lake strain, first stocked in 1984, could
have contributed to the 1988 and 1989 year-class-
es of fry that we examined. Jenny Lake strain was
stocked in 1985 and could have contributed to the
1989 year-class. Strains from Mishibishu and
Green lakes were stocked in low numbers in the
early part of the stocking program (1974-1975)
and were omitted from the baseline electropho-
resis samples due to evidence of low survival of
fish to maturity and the probability that most of
these fish died during the 15-year period since
stocking (see Marsden et al. 1989).

We tested the temporal stability of allelic fre-
quencies in the parental populations, as recom-
mended by Waples (1990), by sampling four year-
classes of the Seneca strain—1983, 1988, 1989,
and 1990. These year-classes were produced from
eggs collected from feral adults in Seneca Lake.
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TABLE 2.—Strains of lake trout (in thousands) stocked in Lake Ontario, 1973-1988. Data were obtained from
Clif Schneider of the Cape Vincent Fisheries Station and from annual reports of the New York Department of
Environmental Conservation and the Lake Ontario Fisheries Unit (Canada).

Year stocked
Strain 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988

Stocked by Canada
Mishibishu Lake 20
LakcManitou 174 288 101 199
Killala Lake
Lake Superior

(Hills Lake strain) 200 100 185

200

187

200

191

372
493 729 838

375
747

222
802

Stocked by the United States
Seneca Lake
Green Lake
Clearwater Lake
Lake Superior
Jenny Lake
Lake Ontario

66 63 15
127
517 514 274 298 538 77

505 593

28

24
1,142

91

248
804

38

570
651

84

247
756

11

64

245
693

44

744

269
47

126

815

404
50

113

364

411
410

0

484

411
41
79

Minimal differences in allelic frequencies were ob-
served between the four samples (Grewe 1991). In
order to increase the sample size for mixed-stock
analysis, we pooled the data from all four samples
to create the Seneca strain baseline sample data.

Smouse et al. (1990) recently developed a new
algorithm that permits evaluation of the presence
of unsampled baseline populations in the mixture.
The new algorithm, like the GSI algorithm, is based
on the assumption that no gametic exchange has
taken place among the baseline samples. In other
words, the baseline samples are assumed to be in
linkage equilibrium. The hybrid populations are
actually not in linkage equilibrium because they
are a first-generation cross between genetically dif-
ferent populations. Violation of the assumption of
linkage equilibrium does not seriously affect the
results from the GSI model, because the hybrid
baseline samples we created are a reasonable fit to
the true hybrid genotype frequencies. The program
of Smouse et al. (1990), however, may treat in-
consistencies between the baseline samples (no
disequilibrium) and the mixtures containing hy-
brids (with disequilibrium) by apportioning part
of the mixture to a hypothetical, unsampled pop-
ulation (P. Smouse, Rutgers University, personal
communication). Unfortunately, we cannot dis-
tinguish the proportion of this hypothetical pop-
ulation that is attributable to a true missing base-
line sample from the proportion that reflects link-
age disequilibrium in hybrids. For this reason, the
new algorithm could not be used in our analyses.

As in previous applications of the model for
second-generation analysis, baseline sample data
for the intrastock crosses were generated using the

Hardy-Weinberg expected genotypic frequencies
from each of the parental strains (Marsden et
al. 1989). Genotypic frequencies for the hybrid
baseline samples (i.e., genotypic frequencies for
interstrain crosses) were generated using a modi-
fied Hardy-Weinberg equation: p^B -f (PAQB +
PJ&A) + QAQb> where p and q denote the frequencies
of alleles 1 and 2, and the subscripts A and B
denote the two parental strains. Unlike Marsden
et al. (1989), we used the method of Waples (1988)
to determine allelic frequencies at each member
of each isolocus pair. The allelic frequencies at
individual loci were then used to generate joint
isolocus pair genotype frequencies. This method,
described by Waples and Aebersold (1990), ob-
viates the problem of matching allele frequencies
to the appropriate isolocus within a pair.

The potential presence of the "Ontario strain"
in the breeding population of Stony Island after
1987 poses a serious problem for mixed-stock
analysis, because the ability of mixed-stock anal-
ysis to determine the composition of a mixture
decreases as the potential number of stocks in the
mixture increases, and as the differentiation be-
tween the stocks decreases. The "Ontario strain"
is an FI population potentially comprised of the
progeny of Seneca, Superior, Manitou, and Clear-
water strains. These fish could mate either with
their parental strains or with each other, producing
pure-strain crosses, backcrosses, and hybrid-hy-
brid crosses. Potentially up to 55 different fry types
could be produced, which would be unresolvable
by the mixed-stock analysis model (see Marsden
et al. 1989). Therefore, for the analysis of the 1987-
1989 year-classes, we chose to omit the "Ontario
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1985 1987
Year-Class of Progeny

1988 1989

1983 1984 1985 1987
Year-Class

1988 1989

FIGURE 1.—The proportional contributions of strains of lake trout given by year-classes of the "Ontario strain."
(A) Adult lake trout captured in gill nets near Stony Island Reef, Lake Ontario, in the fall of the year previous to
the given "Ontario strain" year-class (see text for explanation). Strains were identified by fin clips. Proportions do
not sum to 1.0 in 1984 and 1988 because not all fish could be identified to strain. In 1986 and 1987, a small
proportion of "Ontario strain" fish were captured (5% and 1%, respectively). (B) Parental strains of the "Ontario
strain" hatchery lake trout fry. The contribution of each parental strain was calculated from the frequency of each
fry type, which was estimated with mixed-stock analysis.

strain" from the set of potential parents in the
mixed-stock analysis for the reasons that follow.
First, the "Ontario strain" appeared in low num-
bers (0-6%) in the spawning population at Stony
Island Reef in 1986-1987 (Figure 1A) and thus
probably contributed little to the wild and "On-
tario strain" fry. In 1988 the proportion of the

"Ontario strain" in gill-net captures could not be
accurately assessed due to the high proportion of
fish marked with only coded wire tags. These tags
were read in only the small number of fish that
died in the nets. Second, any progeny of the "On-
tario strain" appearing in the fry mixture will tend
to be assigned by the model to the most common
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parental type(s) (e.g. the progeny of a cross between
an "Ontario strain" fish of Seneca x Superior par-
entage and a Seneca strain fish will be identified
as either a Seneca x Seneca or a Seneca x Superior
fish). The degree of uncertainty in the identifica-
tion will be reflected by inflated variances on the
composition estimates. Errors due to misidenti-
fication of a few "Ontario strain" progeny would
not critically affect our results because our primary
interest is identification of the strains that have a
major contribution to each year-class.

The accuracy of mixed-stock analysis is directly
related to the magnitude of genetic differences be-
tween the baseline samples (heterogeneity of
stocks). To predict how well the mixed-stock anal-
ysis model should be able to differentiate com-
ponent fry types, we used allozyme data with Nei's
index (Nei 1972) to calculate genetic distances be-
tween the parental strains. A dendrogram was con-
structed based on the unweighted pair group meth-
od of analysis (UPGMA) cluster analysis using the
18 polymorphic loci (Sneath and Sokal 1973).

The proportion of each strain present in the pa-
rental populations was calculated from the esti-
mated fry proportions. For example, the propor-
tion of Seneca fish among the parental population
of the wild-caught fry would be calculated as (the
proportion of Seneca x Seneca fry) + (one half
the proportion of Seneca x Superior fry) 4- (one
half the proportion of Seneca x Manitou fry) +
(one half the proportion of Seneca x Clearwater
fry). An extension of the same calculation was used
with strains from Killala and Jenny lakes were
added to the potential parental strains. The ex-
pected proportion of each fry type that would be
seen if random mating occurred was then calcu-
lated using the parental strain proportions and the
Hardy-Weinberg equations. For example, if the
Seneca, Superior, Clearwater, and Manitou strains
are represented by p, q, r, and s, then the expected
proportion of Seneca x Seneca fry would be p2,
the expected proportion of Seneca x Superior fry
would be 2pq, etc. Due to the large number of
categories containing low values, the expected pro-
portions of each fry type could not be statistically
compared with proportions generated by the
mixed-stock analysis. To facilitate comparison be-
tween the observed (estimated) and expected pro-
portions of each fry type within a year-class, a
summary statistic was generated by summing the
differences between the two sets of numbers. The
resulting total was divided by two, because an ex-
treme difference between two sets of data could
result in a summary statistic greater than 1.0. This

summary statistic was termed the deviation in Ta-
ble 3.

Results
Allelic frequencies for the 18 polymorphic loci

used for mixed-stock analysis are given in Table
4 for each of the samples of lake trout fry and the
parental strains. More detailed information on the
parental strains appears in Krueger et al. 1989.

The UPGMA analysis indicated that, of the po-
tential parental strains, the Killala and Superior
strains were the most genetically similar (genetic
distance = 0.005; Figure 2; see discussion in Krue-
ger et al. 1989). Therefore, we can predict that the
mixed-stock analysis model will have the most
difficulty resolving fry produced by these strains.
The three year-classes of wild fry and the first three
year-classes of the "Ontario strain" (1983-1985)
grouped closely together with the Seneca strain.
The later year classes of "Ontario strain" (1987-
1989) fry grouped with the Superior strain. These
associations are consistent with the prediction that
fry populations should cluster closest to the pa-
rental strains that had the highest contribution (see
below).

"Ontario Strain" Fry and Their Parents
Proportions of each strain of lake trout captured

during fall gill-net assessments at Stony Island were
obtained from the NYDEC Cape Vincent Fish-
eries Station and from annual reports of the Lake
Ontario Committee of the Great Lakes Fishery
Commission (Figure 1 A). Captured fish were iden-
tified to strain using strain-specific fin clips (if pres-
ent); coded wire tags were collected from dead fish
for strain identification. These data identified the
strains of lake trout that aggregated on the spawn-
ing reef, and from which the parents of the "On-
tario strain" were taken. The strain composition
of the "Ontario strain" produced by these fish can-
not be extrapolated directly from the data, how-
ever, because the individual fish from which ga-
metes were taken were not identified. Since 1987,
an increasing proportion of fish returning to
spawning reefs as adults have had coded wire tags
instead of strain-specific fin clips. Because the cod-
ed wire tags cannot be read without sacrificing the
fish, fewer fish were identified by strain in fall gill-
netting assessments during the years that followed.

The mixed-stock estimates indicated that the
pure- and hybrid-strain composition of the "On-
tario strain" fry varied considerably from year to
year (Table 3). Pure-strain Seneca fish predomi-



310 MARSDEN ET AL.

TABLE 3.—Estimated parental strain composition of lake trout fry samples; estimations from second-generation
mixed-stock analysis. Est represents estimates of the pure-strain and hybrid composition of the sample; Exp
represents the expected pure-strain and hybrid composition of fry under Hardy-Weinberg assumptions. Zeros
indicate an absence of the fry type in the mixture. Deviation is the deviation between estimated and expected
contributions and equals half the sum of the differences between the observed and expected proportions. Asterisks
indicate estimates that are more than two standard deviations away from zero. Parental strains are identified as
follows: Sen = Seneca, Sup = Superior, Cwl = Clearwater, Man = Manitou, KJ1 = Killala, and Jen = Jenny lakes.

Fry type (parental cross)
Year-
class

1983
Est
Exp

1984
Est
Exp

1985
Est
Exp

1987
Est
Exp

1988
Est
Exp

1989
Est
Exp

1986
Est
Exp

1988
Est
Exp

1989
Est
Exp

Cwl
x Cwl

0
0

0
0.003

0
0

0
0

0
0.002

0.019
0.017

0
0

0
0

0
0

Man
x Man

0.025
0.001

0
0.004

0.008
0.001

0
0.025

0
0.007

0
0

0
0

0
0

0
0

Sen
x Sen

0.790*
0.654

0.540*
0.356

0.111
0.303

0
0.017

0.150*
0.044

0
0

0.809*
0.815

0.594*
0.506

0.644*
0.542

Sup
x Sup

0.144
0.021

0.226
0.083

0
0.183

0.558*
0.508

0
0.008

0
0.006

0.003
0.009

0.005
0.032

0
0.031

Kil Jen
x Kil x Jen

"'Ontario strain"

0.492*
0.336

0.448 0
0.462 0.008
Wild-caught fry

0
0.008

0 0
0.008 0

Cwl
x Man

0.002
0.001

0
0.007

0
0

0
0

0.059
0.007

0
0.005

0
0

0
0

0
0

Cwl
x Sen

0.038
0.032

0.111
0.067

0
0

0
0

0
0.017

0
0

0
0

0
0

0
0

Cwl Cwl
x Sup x Kil

0
0.006

0
0.032

0
0

0
0

0 0.024
0.007 0.048

0 0.209*
0.02 0.175

0
0

0 0
0 0

0 0
0 0

Cwl
x Jen

0.011
0.024

0
0

nated in 1983 and 1984 whereas pure-strain Su-
perior fish predominated in 1987 and pure-strain
Killala fish in 1988. The 1985 year-class was com-
posed of primarily Seneca x Superior hybrids.
Contributions from the Jenny Lake and Manitou
fish were never significantly different from zero.
A contribution from the Clearwater strain was seen
in only the 1989 year-class, when Clearwater x
Killala hybrids constituted 21% of the "Ontario
strain.*' The proportion of Superior strain in the
parental population increased steadily over the first
four year-classes, with a consequent decrease in
the proportion of Seneca strain (Figure IB). In
1988 and 1989 the Killala strain contributed the
highest proportion of the breeding population (58%
and 68%). Only the 1989 year-class appeared to
fit Hardy-Weinberg expectations (Table 3).

Data from fall gill netting indicated that the pro-

portions of each strain in the yearly catches ap-
proximately corresponded to the parental contri-
butions estimated from the "Ontario strain" fry
(Figure 1 A, B). For ease of data comparison, pan-
els A and B of Figure 1 are labeled by the year-
class of the fry produced. Adult fish collected in a
given year produce the year-class of the following
year. The Seneca strain represented a high of 64%
of the catch used to produce the 1983 year-class
as compared to a low of 10% of the 1987 year-
class. On the other hand, the Superior strain in-
creased from a low of 23% of the catch in the 1983
year-class to a high of 67% in the 1987 year-class.
The Manitou strain fish fluctuated from lows of
4% (1983 year-class) and 8% (1987) to highs of
15% (1984 and 1985) and 18% (1988). Note that
because all of the fish could not always be iden-
tified to strain, 22% of the fish in 1984 and 15%
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TABLE 3.—Extended.

Fry type (parental cross)

Year-
class

Man
x Sen

Man Man
x Sup x Kil

Man Sen
x Jen x Sup

Sen Sen Sup
x Kil x Jen x Kil

Sup Kil
x Jen x Jen Deviation

"Ontario strain1'
1983

Est
Exp

1984
Est
Exp

1985
Est
Exp

1987
Est
Exp

1988
Est
Exp

1989
Est
Exp

0
0.042

0
0.072

0.025
0.024

0.133
0.041

0.100
0.034

0
0

0
0.007

0.120
0.035

0.003
0.019

0.180
0.224

0.005 0
0.014 0.095

0 0
0.003 0.029

0.001
0.233

0.003
0.344

0.854*
0.471

0.128
0.187

0.017
0.036

0
0.004 0

0 0.152
0.242 0.101

0 0 0.139
0 0 0.106

0.282

0.454

0.384

0.144

0.298

0.017 0.115 0.079
0.014 0.125

Wild-caught fry
1986

Est
Exp

1988
Est
Exp

1989
Est
Exp

0
0

0.031
0.023

0
0

0
0 0

0 0
0.006 0.003

0 0
0 0

0.188
0 0.175

0.184
0 0.256

0.178
0.258

0.018 0.166
0.131 0.033

0.007 0 0.171
0.131 0 0.031

0.013

0.226

0 0 0.243
0 0

of the fish in 1988 are not included in this figure.
Neither the Killala Lake nor Jenny Lake strains
were noted in gill-net captures.

Wild Lake Trout Fry
In contrast to "Ontario strain" fry, mixed-stock

estimates indicated that the pure-strain and hybrid
composition of wild-caught fry did not vary much
from year to year (Table 3). The only significant
component of the three year-classes of wild-caught
fry was pure Seneca strain fry, while Seneca x
Superior hybrids formed a nonsignificant com-
ponent of each year-class (Table 3). The Clear-
water and Manitou strains did not contribute sig-
nificantly to the wild fry. The parental populations
of the wild fry were estimated to be, on average,
78% Seneca strain and 15% Superior strain (Figure

3). Only the fry composition of the 1986 year-class
closely fit Hardy-Weinberg expectations (Table 3).

Discussion
Among the strains of lake trout stocked into

Lake Ontario since 1973, Seneca strain was stocked
in the lowest frequency throughout the lake prior
to 1982. From 1973-1985, less than 9% of the
total fish stocked were Seneca strain, whereas over
40% of the total fish stocked were Superior strain
(Figure 4). The proportion of Seneca Lake strain
increased to nearly 40% in 1985. Data from fall
gill netting indicated that the population of spawn-
ing lake trout near Stony Island was composed
primarily of the Seneca and Superior strains (Fig-
ure 1A). The composition of the parental popu-
lation of the "Ontario strain," as derived from
mixed-stock analysis estimates, was similar to the
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TABLE 4.—Allelic frequencies observed at isozyme loci of lake trout; samples are described in the text; sample
sizes are in parentheses. Enzyme names and their international numbers are given in the text. Parental strains are
identified as follows: Sen = Seneca, Sup = Superior, Cwl = Clearwater, Man = Manitou, Kil = Killala, Jen = Jenny
lakes. Some allelic frequencies do not sum to unity due to rounding.

"Ontario strain" Parental strains Wild fry
Locus and 1983 1984 1985 1987 1988 1989

allele (80) (80) (80) (80) (80) (80)
Sen Sup Cwl Man Kil Jen

(340) (64) (78) (80) (80) (80)
1986 1988 1989
(75) (95) (129)

0.33 0.33 0.33 0.44 0.40 0.49
0.67 0.67 0.67 0.50 0.59 0.51
0.00 0.00 0.00 0.06 0.01 0.00

0.96 0.96 0.99 0.98 1.00 0.98
0.04 0.04 0.01 0.02 0.00 0.02

AAT-1.2*
•85
•100
•115
ACP-1*
•-100
•-140
FH-1,2*
•100 0.84 0.86 0.88 0.77 0.79 0.79
•90 0.16 0.14 0.12 0.23 0.21 0.21
G3PDH-1*
•100 0.97 0.97 0.95 0.99 0.99 1.00
•35 0.03 0.03 0.05 0.01 0.01 0.00
GPI-1*
•100
•200
LDH-3*
•100 0.99 1.00 1.00 1.00 1.00 1.00
•78 0.01 0.00 0.00 0.00 0.00 0.00
SMDH-B3*. SMDH-B4*
•100 0.99 0.99 0.97 0.97 0.99 0.98
•144 0.01 0.01 0.03 0.03 0.01 0.02
mMEP-2*
•100
•115

1.00 0.99 0.99 0.98 0.95 0.92
0.00 0.01 0.01 0.02 0.05 0.08

0.90 0.96 0.94 0.98 0.92 0.99
0.10 0.04 0.06 0.02 0.08 0.01

PEPD-1*
•100
•179
•138
PEPD-2*
•WO
•179
PGK-1*
•-100
•-167
PGM-2*
•100
•150

0.18
0.77
0.04

0.01
0.99

1.00
0.00

0.99
0.01

0.18 0.26 0.19 0.32 0.33 0.35
.6 0.71 0.58 0.61 0.53

0.04 0.07 0.10 0.09 0.06 0.12

0.00 0.00 0.00 0.00 0.00
1.00 1.00 1.00 1.00 1.00

0.98 1.00 1.00 0.99 1.00
0.02 0.00 0.00 0.01 0.00

1.00 1.00
0.00 0.00

1.00
0.00

1.00 1.00
0.00 0.00

0.31 0.47 0.52 0.23 0.47 0.48
0.69 0.51 0.47 0.77 0.53 0.48
0.00 0.02 0.01 0.00 0.00 0.03

0.98 0.93 0.88 0.96 1.00 1.00
0.02 0.07 0.12 0.04 0.00 0.00

0.88 0.90 0.91 0.79 0.74 0.90
0.12 0.10 0.09 0.21 0.26 0.10

0.94 1.00 1.00 1.00 1.00 1.00
0.06 0.00 0.00 0.00 0.00 0.00

1.00 0.99 0.89 0.92 0.99 1.00
0.00 0.01 0.11 0.08 0.01 0.00

1.00 0.98 0.99 1.00 1.00 1.00
0.00 0.02 0.01 0.00 0.00 0.00

0.99 0.98 0.95 0.96 0.99 0.00
0.01 0.02 0.05 0.04 0.01 0.01

0.95 0.99 1.00 1.00 0.96 1.00
0.05 0.01 0.00 0.00 0.04 0.00

0.09 0.37 0.97 0.71 0.36 0.19
0.20 0.61 0.03 0.19 0.60 0.74
0.71 0.02 0.00 0.11 0.04 0.07

0.00 0.00 0.04 0.00 0.00 0.00
1.00 1.00 0.96 1.00 0.99 1.00

1.00 LOO 0,86 1.00 1.00 1.00
0.00 0.00 0.14 0.00 0.00 0.00

0.99 1.00 1.00 1.00 1.00 1.00
0.01 0.00 0.00 0.00 0.00 0.00

0.30 0.37 0.37
0.70 0.62 0.63
0.00 0.01 0.00

1.00 0.97 0.97
0.00 0.03 0.03

0.91 0.89 0.86
0.09 0.11 0.14

0.94 0.95 0.97
0.06 0.05 0.03

1.00 0.99
0.00 0.01

1.00
0.00

1.00 1.00 1.00
0.00 0.00 0.00

0.99 0.99 1.00
0.01 0.01 0.00

0.91 0.93 0.92
0.09 0.07 0.08

0.22 0.24 0.17
0.74 0.71 0.80
0.04 0.05 0.03

0.00 0.00 0.00
1.00 1.00 1.00

1.00 1.00 1.00
0.00 0.00 0.00

0.99 0.99 1.00
0.01 0.01 0.00

PGM-3*. PGM-4*
•100
•94
•91
sSOD-1*
•100
•85

0.54
0.45
0.01

0.98
0.02

0.48
0.49
0.03

0.98
0.02

0.47
0.46
0.07

0.97
0.03

0.46
0.48
0.06

0.96
0.04

0.51
0.41
0.08

0.96
0.04

0.29
0.61
0.10

0.94
0.06

0.59
0.41
0.00

1.00
0.00

0.46
0.48
0.06

0.94
0.06

0.36
0.56
0.08

0.74
0.26

0.64
0.34
0.02

0.98
0.02

0.41
0.52
0.07

0.99
0.01

0.40
0.56
0.03

0.91
0.09

0.55
0.44
0.01

1.00
0.00

0.54
0.43
0.03

0.99
0.01

0.55
0.44
0.01

0.97
0.03

strain composition of lake trout captured in gill
nets (Figure 1B). Because the parents of the "On-
tario strain" fry are a subset of those fish captured
in gill nets, this result was expected. Both sets of
data show a trend toward an increasing proportion
of Superior and Manitou strain fish and decreasing
numbers of Seneca strain fish at Stony Island. This
trend does not reflect the stocking ratios of these
strains (Table 2).

The strain composition of all three year-classes
of wild lake fry was different from the strain com-
position of the "Ontario strain" fry (Figures IB,
3). The wild fry were consistently composed of
pure Seneca strain and Seneca x Superior hybrids
(Table 3), with a nonsignificant proportion of other
hybrid types. In contrast, three year-classes of
"Ontario strain" fry contained a proportion of pure
Seneca crosses that was not significantly different
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FRY 88 -|
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ONTARIO 89
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1 ———————— 1 ———————— , ——— — ——— , ————————— ,i i
D5 0.010 0.015 0.020 0.025

GENETIC DISTANCE
FIGURE 2.—Genetic distances between the five potential parental strains of lake trout stocked in Lake Ontario,

plus the wild (FRY) and "Ontario strain" year-classes. Dendrogram generated by UPGMA cluster analysis of genetic
distance coefficients that were calculated using Net's index. The genetic distances are based on the 18 polymorphic
loci listed in the text.

1986 1988
Year-Class

1989

FIGURE 3.—Parental strains of wild lake trout fry captured near Stony Island in Lake Ontario. The contribution
of each parental strain was calculated from the frequency of each fry type, which was estimated with mixed-stock
analysis.
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Ontario
Jenny 1% Green+Mishibishu

1%

Seneca

Clearwater

Superior

Manitou
FIGURE 4.—Lake trout stocked into Lake Ontario, 1973-1985, that could potentially have parented the wild and

"Ontario strain" year-classes produced through 1989.

from zero, one contained over 50% pure Superior
crosses, and one contained almost 50% pure Kil-
lala fry (Table 3).

Several possible causes may explain the differ-
ences in the strain composition between the "On-
tario strain" and wild fry. Our results could be
due, in part, to differences in the actual strain com-
position of their parental populations. For ex-
ample, the parents of the 1988 and 1989 year-
classes of wild fry were estimated to be 71-74%
Seneca strain and 18% Superior strain. In contrast,
the parents of the same year-classes of "Ontario
strain" fry were 21 and 0% Seneca strain and 58
and 68% Killala strain (Table 3; note, however,
that the high similarity between the Superior and
Killala strains suggests that fish attributed to the
Killala strain could be Superior strain). If the dif-
ferences are due to parental population differences,
then some of the parents of the "Ontario strain"
that were captured by gill net adjacent to the reef
at Stony Island either would not have spawned or
would have spawned elsewhere.

Alternatively, the lake trout captured and used
for collection of gametes may not have been a
random sample of spawning lake trout at the reef.
Possible causes for nonrandom sampling include
strain-specific gill-net selectivity and collection of
gametes during only the early part of the spawning
season. Gill-net selectivity for strains seems less
likely a cause for our results because in several
years both the Seneca and Superior strains have
predominated in the gill-net catches, which dem-

onstrates that both are vulnerable to this type of
gear (Figure 1A). The use of small-mesh gill nets
(7.6-cm stretch mesh) decreased the possibility of
strain selectivity by size, because most of the fish
were caught in the nets by tangling rather than
gilling (wedging). In the past, gill netting for adults
has been conducted during only the first part of
the spawning season. If late-spawning strains oc-
cur, they would be underrepresented in the "On-
tario strain" fry. However, the predominant strains
that composed the wild-caught fry also predomi-
nated in the gill-net catches in some years (Figure
1 A). Differences in the timing of spawning among
strains also does not appear to completely explain
the differences observed between "Ontario strain"
and wild fry.

Our results could be partly explained by age-
specific differences in the timing of spawning with-
in the Seneca strain. The Seneca brood stock at
the Allegheny National Fish Hatchery has been
observed to delay spawning as brood fish get older:
from mid-October as age-5 fish to early November
as age-11 fish (D. Ostergaard, U.S. Fish and Wild-
life Service, personal communication). Older fe-
males are typically larger and more fecund and
have higher quality eggs than first-year spawners.
Possibly a similar age-specific spawning delay oc-
curred in the older Seneca strain fish in Lake On-
tario, which caused them to arrive late in the sea-
son at Stony Island. If this occurred, and these fish
had a higher reproductive capability, then they
would be less vulnerable to early-season gill net-
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ting and could be considerably undenrepresented
in the "Ontario strain." In addition, eggs spawned
early in the season may become covered with de-
caying organic matter from nearby rooted organ-
ics. Because the reef is mostly free of algae by the
middle of the spawning season, late spawned eggs
may encounter higher water quality, resulting in
a higher potential for overwinter survival.

Lastly, the strain differences we observed be-
tween the "Ontario strain" fry and wild-caught fry
could be the result of differential mortality that
occurred between spawning and fry emergence.
This life stage in lake trout probably experiences
substantial mortality. Fertilized eggs, in the strain
proportions observed in the "Ontario strain" fry,
may have been deposited each year on the reef
adjacent to Stony Island. Strain-specific mortality,
however, during the spawning and overwinter in-
cubation periods may have altered the strain pro-
portions to those observed in the wild-caught fry.
Some strains may have had poor quality or non-
viable eggs. Possibly some strains may not have
spawned over suitable substrates for egg incuba-
tion. Some interstrain crosses may also have low
viability due to a genetic incompatibility of the
cross. Also, the environmental conditions of the
reef for egg incubation may simply favor the de-
velopment of the pure-strain Seneca lake trout,
which predominated in the wild-caught fry. The
reverse argument, that selection occurred in the
hatchery, seems less likely as the mortality during
this life stage is minimized in the hatchery. Also,
the "Ontario strain" fry had a greater diversity of
pure-strain and hybrid types than the wild fry.
Studies are currently underway to investigate the
role of natural selection in the determination of
the strain composition of fry. In summary, we
favor the role of differential mortality and the ef-
fect of nonrandom gill-net sampling caused by an
age-specific spawning delay of the Seneca strain as
the explanations for our results.

Parental strain analysis of the "Ontario strain"
suggested that random mating was, in fact, occur-
ring in the wild, whereas the gamete collection and
crossing protocols used for production of the "On-
tario strain" did not randomize the contributions
of each strain in the progeny population. All but
one of the "Ontario strain" year-classes showed a
marked deviation from the composition expected
from random mating (Table 3). Two of the wild
fry year-classes deviated from Hardy-Weinberg
expected compositions; however, this may be at-
tributable to the large number of genetically sim-
ilar classes that are produced when the Killala strain

is added. Analysis without this strain produced a
fry composition that closely fit Hardy-Weinberg
expectations.

Management Implications
Our results suggest that stocking of the "Ontario

strain" probably does not achieve the desired goal
of introducing lake trout that have an improved
genetic adaptation for reproductive fitness over
other hatchery strains. The intent of the propa-
gation of the "Ontario strain" was to exploit the
differential survival among hatchery yearlings from
stocking through maturity. Hatchery-origin lake
trout that have survived for four or more years
after stocking (approximate age of first maturity)
should represent those fish that have the appro-
priate genetic characteristics for survival in Lake
Ontario. Characteristics required for successful re-
production were presumed to be a consequence of
survival. Progeny from these lake trout (the "On-
tario strain" fry) were expected to demonstrate
better survival and hence better reproduction than
other hatchery strains. The genetic differences we
observed between hatchery-reared and naturally
produced fry suggest, however, that an important
period of selection occurs between spawning and
fry emergence. Unlike the "Ontario strain" fry,
the wild-caught fry represented the progeny of lake
trout that not only survived but also spawned suc-
cessfully (i.e., they were the products of natural
selection over the complete life cycle). Thus, the
creation and stocking of the "Ontario strain" may
not be an optimal strategy for the achievement of
population restoration. Given the time and ex-
pense required to make gamete collections from
Lake Ontario, propagation of the "Ontario strain"
should be discontinued.

One possible option that may achieve the orig-
inal purpose of the "Ontario strain" may be to
develop a hatchery brood stock from naturally
produced fertilized eggs or fry collected from the
wild. The production of hatchery yearlings from
this brood stock could be used for stocking in the
Stony Island area and other environmentally sim-
ilar locations in Lake Ontario. Alternatively, the
composition of the hatchery strains stocked into
Lake Ontario could be altered to emphasize those
strains that produce wild fry. The choice of strains
to stock on a lakewide basis will require additional
information about the strain composition of wild
fry produced at reefs other than the one at Stony
Island. For example, the 1987 year-class of "On-
tario strain" fry was produced from gametes col-
lected on several different reefs and has a markedly
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different parental contribution than the other year-
classes (Figure IB, Table 3). However, the consis-
tency in strain composition of wild fry from Stony
Island Reef over three years argues for the in-
creased stocking of the Seneca strain in this area.
We believe that both options, a new Lake Ontario
brood stock and altering the composition of the
strains stocked, should be considered by manage-
ment agencies in order to speed the rehabilitation
process.

The predominance of the Seneca strain in the
naturally produced fry at Stony Island Reef em-
phasizes the value of a rehabilitation strategy that
combines multi-strain stocking and parental strain
composition analysis. Without this approach, a
single strain might have been chosen for stocking
that would never reproduce successfully. The re-
sults presented here underscore the importance of
choosing appropriate evaluation measures for
strain performance and success in rehabilitation
programs.

Outbreeding depression is one problem associ-
ated with the use of multiple strains for population
rehabilitation that may not be detected for several
generations. Different strains have genomic com-
binations, or coadapted gene complexes, across
loci that make them suited to particular environ-
ments. Fry from crosses of different strains may
initially show the effects of hybrid vigor because
the original genomic combinations of both strains
are still preserved. After the first generation, how-
ever, these genomic combinations will break down
through recombination. As noted earlier, the result
will be a decrease in fitness (e.g., Gharrett and
Smoker 1991). This decrease may last for many
generations until new genomic combinations have
stabilized. Managers should be aware that in many
cases the time period needed for the adverse effects
of hybridization to diminish may be too long for
management needs. In this context, it is wise to
remember that, while protection of genetic diver-
sity is usually considered to be good, problems can
be associated with too much genetic diversity.

In general, the strategy of collecting gametes from
donor populations for subsequent stocking of
hatchery-reared fish to reestablish populations re-
mains a viable approach and is preferable to using
domesticated captive brood stocks. In Lake On-
tario, the lake trout captured for gamete collection
were not members of a wild population but were
survivors of past stockings. In contrast, gamete
collections in most situations will be taken from
wild populations that have for generations com-
pleted all phases of their life cycles. The hatchery

progeny of these populations may not be quite as
viable as wild progeny because the hatchery has,
for one generation, protected or altered the natural
selective pressures associated with reproduction
(for an example, see Krueger et al. 1986). These
hatchery fish, however, have a closer linkage to
the forces of natural selection in wild environ-
ments than those produced by domesticated brood
stocks held for several generations in a hatchery
environment. As a result, the use of this strategy
should produce fish for stocking that are better
adapted than domesticated fish for survival and
reproduction in the wild and thus help hasten
achievement of fishery rehabilitation goals.
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