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Abstract.—Steelhead Oncorhynchus mykiss were first introduced into the Great Lakes in the late
1800s. Subsequently, natural recruitment of steelhead from spawning runs in streams across the
basin has been regularly supplemented by hatchery production of strains derived from widely
dispersed locales within the species’ native range. Estimates of hatchery contributions to the
spawning runs of naturalized populations may be underrepresented by observations of marked
fish, as not all hatchery fish are marked prior to release. To assess the potential bias in estimates
of the hatchery contribution to steelhead spawning runs in four major rivers in Michigan, we used
scale pattern analysis (SPA) to identify nonmarked hatchery fish and multilocus genotypes to
estimate the proportional contributions of each hatchery strain to spawning runs. The four hatchery
strains currently stocked are significantly genetically distinct (mean FST 5 0.077), making it
possible to identify specific strains by use of likelihood-based assignment tests. The differences
between direct (mark observations) and indirect (SPA and genetic analysis) estimates of hatchery
contribution were mainly due to variations in the percentage of hatchery fish marked by states
prior to release and the potential for confusion between certain marks and injuries. By combining
direct and indirect assessment methodologies, we estimated that the percentage of hatchery fish
returning to the four rivers ranged from 13% to 31% of total spawning runs. The large contribution
of hatchery fish to nonstocked rivers differed significantly from expectations of strain-specific
stocking rates across the Lake Michigan basin and for individual streams, indicating high amounts
of straying into Michigan streams.

Many fisheries exist in waters that extend across
multiple state, provincial, and national boundaries
and are jointly managed by several management
agencies. Different agencies often utilize different
assessment methodologies, making coordination
and multi-jurisdictional fisheries data comparison
difficult. Such an example is found for the Lake
Michigan steelhead Oncorhynchus mykiss fishery,
in which the four surrounding states use identi-
fying marks (e.g., fin clips, maxilla clips, or a com-
bination thereof) to identify hatchery-origin steel-
head. All states that stock steelhead in the Lake
Michigan basin mark a portion of the hatchery
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steelhead prior to release (Table 1). Mark data are
used to estimate hatchery strain-specific rates of
straying (the proportion returning to spawn in a
river other than the natal river), and to estimate
the contribution of both hatchery-produced and
naturally produced steelhead to the recreational
fishery in Lake Michigan and its tributaries. Ac-
curate assessments of the straying and relative con-
tribution of hatchery fish are likely compromised
due to the duplicate use of specific marks for mul-
tiple strains, and because not all individuals of
hatchery origin are marked by each state prior to
stocking. Additionally, overestimates of certain
hatchery strains are likely, as general strain-spe-
cific marks may be confused with hooking injuries
(i.e., maxilla clips), resulting in an upward bias in
abundance estimates.
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The use of multiple assessment techniques to
identify strain contributions to mixed populations
has been widespread in fisheries management. Tra-
ditional techniques (scale pattern analysis [SPA],
coded wire tags, fin clips, otolith analysis) have
been useful for placing individuals to geographic
locations (Candy and Beacham 2000), hatchery
strain (Burzynski 1999), or stocking location
(Hard and Heard 1999; Thedinga et al. 2000). Ge-
netic stock identification techniques are also com-
monly used to discriminate among stock contri-
butions to fisheries (Pella and Milner 1987; Scrib-
ner et al. 1998; Beacham et al. 2000; Hansen et
al. 2001; Potvin and Bernatchez 2001).

Molecular techniques have become a common
tool in fisheries management. Molecular analysis
of the degree of population structure and assess-
ment of strain or population contribution to fish-
eries (Marshall et al. 1991; Scribner et al. 1998;
Beacham et al. 2000) represent just a few appli-
cations. In the absence of physical marks, the abil-
ity to assign individuals to population or strain of
origin is based on the degree of population dif-
ferences in allele frequencies for a suite of genetic
markers (Cornuet et al. 1999), and has been par-
ticularly useful in fisheries assessments. Molecular
markers, when used in association with more tra-
ditional fish identification techniques, can increase
classification accuracy and improve the ability to
determine the potential for hatchery and wild fish
interactions.

Steelhead were first introduced into Lake Mich-
igan in the late 1800s (Biette et al. 1981). Adult
steelhead return to natal rivers in the fall and
spring, and spawn from early to late spring.
Spawning habitat in Wisconsin, Indiana, and Illi-
nois is marginal or limited in distribution (Seel-
bach 1986). Accordingly, reproduction in rivers
primarily occurs in Michigan tributaries due to the
abundance of favorable spawning habitat. After
hatching, juveniles spend 1–3 years in the river
before emigrating as smolts to Lake Michigan
(Seelbach 1986). Steelhead spend 1–3 years in the
lake or ocean environment before returning to
spawn in the natal river (Seelbach 1986). In their
native habitat, adults are believed to stray to rivers
other than the natal river for spawning, but at low
rates (Quinn 1993). Straying rates were histori-
cally estimated at 6% in Lake Michigan (Stauffer
1955) and 3–10% in Lake Huron (Dodge 1972).

Spawning runs of steelhead in many tributaries
to Lake Michigan are currently maintained by both
natural reproduction and hatchery supplementa-
tion. Hatchery production averages 1.8 million fish

annually (Table 1), and is used to supplement nat-
ural recruitment to enhance river and lake recre-
ational fisheries. High levels of stocking and
changes in age at release (fall fingerling to large
yearling; Seelbach 1987) in some states have likely
increased juvenile survival and led to greater re-
turns of adult hatchery steelhead (Seelbach 1987;
Rand et al. 1993; Seelbach and Miller 1993).

The stocking location, size, and age of juvenile
steelhead can produce large variations in survival
to the smolt stage and in the straying rates of
spawning adults. Stocking locations of steelhead
have been widely distributed around the Lake
Michigan basin. Estimated probability of survival
of stocked juveniles in Lake Michigan can vary
from 0.0001 over 2 years for a fingerling stocked
into a marginal river (suboptimal trout habitat) to
0.9 for a large yearling (.150 mm) stocked into
a trout river (Rand et al. 1993). The degree of
straying of anadromous salmonids has been found
to be impacted by stocking location within a river
(upstream versus river mouth; Thedinga et al.
2000), date of release (Pascual et al. 1995), size
of juveniles at the time of release (Pascual et al.
1995), and location of stocking if different from
the rearing location (Pascual et al. 1995).

Our objectives were to assess the degree of bias
in assessments of hatchery strain composition of
spawning runs and to determine whether the
amount of strain-specific straying was consistent
with stocking level and release origin. We exam-
ined several hypotheses pertaining to straying pat-
terns of hatchery steelhead for Lake Michigan trib-
utaries. The null hypothesis we tested was that
steelhead of hatchery origin stocked into Lake
Michigan represent a single panmictic population,
and that the abundance of adults of hatchery origin
is proportional to the amount stocked. We would
therefore expect the population to be composed of
(1) adults of natural origin and (2) hatchery fish
present in proportions that reflect the relative
stocking proportions. Support for this general hy-
pothesis comes from the fact that adult steelhead
migrate large distances in the Pacific Ocean, and
therefore migration within the comparatively small
confines of the Lake Michigan basin should not
be limiting. Additionally, steelhead are widely dis-
tributed throughout open-water habitats in the
Lake Michigan basin. We further wished to ex-
amine potential differences in hatchery strain com-
position in each of four surveyed rivers.

Methods
Stocking history.—Stocking records for the Lake

Michigan basin were obtained for the years be-
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TABLE 1.—Average number per year (SEs in parentheses) of four strains of juvenile steelhead stocked by the states
bordering Lake Michigan from 1993 to 1997. The juvenile year-classes represent the expected returns to Lake Michigan
tributaries during fall 1998 and spring 1999. In addition to the actual numbers stocked, the table shows the smolt
equivalents (SEquiv.), defined as the actual numbers of fish stocked adjusted for size- and age-specific survival (Rand
et al. 1993). Over the period in question, Wisconsin, Illinois, and Indiana marked 33, 100, and 15%, respectively, of
their steelhead releases. Michigan marked 100% of its releases from 1995 to 1997 but an undetermined percentage in
1993–1994.

Hatchery strain

Michigan

Total SEquiv.

Wisconsin

Total SEquiv.a

Illinoisb

Total SEquiv.

Michigan 524,895 437,061
(28,826) (34,047)

Skamania 76,580 41,439 159,374 4,782 39,502 395
(19,769) (16,979) (59,571) (1,786) (22,185) (222)

Gnaraska 265,041 6,382
(116,366) (1,601)

Chambers Creek 206,285 5,464
(49,268) (670)

All strains

a The large disparities between the total and adjusted stocking numbers for Wisconsin, Indiana, and Illinois reflect higher expected rates
of mortality for smaller (fingerling) juvenile size-classes.

b Illinois stocked the Skamania strain in 1996 and 1997.

tween 1993 and 1997, when hatchery steelhead
returning to rivers in 1998–1999 would have been
stocked. Specifically, for each state in the Lake
Michigan basin, information was collected regard-
ing the hatchery strain stocked, the number of in-
dividuals stocked (marked and nonmarked), size
and age of the hatchery juveniles stocked, location
of stocking, and the type of mark used. The specific
stocking records were obtained from Burzynski
(1999; Wisconsin data), the Indiana Department of
Natural Resources (J. Palla, personal communi-
cation), the Michigan Department of Natural Re-
sources (http://www.michigan.gov/dnr), and the
Illinois Department of Natural Resources (S. Krue-
ger, personal communication).

Hatchery marks observed in each of four Mich-
igan rivers were identified to strain of origin based
on stocking records obtained from each state agen-
cy that stocked steelhead into the Lake Michigan
basin (Table 1). Due to the use of a single mark
to designate both the Michigan strain and the In-
diana Skamania strain, all fish with this mark were
classified as Michigan strain. Due to the small por-
tion of Indiana Skamania steelhead marked prior
to release (15%; Table 1), the bias introduced by
combining the information would be small. There-
fore, individuals identified as Skamania strain by
mark observations represent only the Wisconsin
Skamania strain. To determine the hatchery com-
position of the nonmarked fish, we collected fin
clips (for genetic analysis) and scale samples (for
SPA) from all nonmarked individuals.

We developed expectations for the proportional

contributions of hatchery-origin adults to spawn-
ing runs based on the total numbers of juveniles
stocked. However, there is likely to be increased
mortality of hatchery steelhead stocked as finger-
lings in comparison to those stocked at a larger
size in Lake Michigan (Seelbach 1987). To account
for differential mortality to the smolt stage (smolt
equivalents) based on age and size at stocking (i.e.,
small yearlings [,150 mm] versus large yearlings
[$150] mm) and stocking location, the number of
hatchery juveniles stocked were adjusted as de-
scribed by Rand et al. (1993). These adjustments
allowed estimated abundances of hatchery fish
stocked into the Lake Michigan basin to be stan-
dardized and to more accurately represent the pro-
portional abundance of each strain. Adjustments
were made by multiplying the number stocked by
an estimate of percent survival to the smolt stage.
The resulting number of smolt equivalents was
used as the total expected abundance of each
hatchery strain in each river.

Sampling locations and tissue collection.—Adult
steelhead were sampled from four rivers in Mich-
igan during the fall 1998 and spring 1999 spawn-
ing runs. Samples were obtained by electroshock-
ing and creel sampling on spawning grounds in
the Pere Marquette River, Bear Creek, and the
Platte River, and at a weir in the Little Manistee
River (Figure 1). Samples were collected on mul-
tiple dates over the course of the spawning season
to ensure that representative samples were ob-
tained from spawning adults. The Pere Marquette
and Little Manistee rivers were sampled during the
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TABLE 1.—Extended.

Hatchery strain

Indiana

Total SEquiv. Total % of total SEquiv. % of total

Michigan 151,518 1,110 676,413 37.2 438,171 68.4
(26,208) (2,446)

Skamania 396,729 143,884 672,185 36.9 190,500 29.7
(57,860) (1,281)

Gnaraska 265,041 14.6 6,382 1.1

Chambers Creek 206,285 11.3 5,464 0.9

All strains 1,819,924 640,517

fall and spring, whereas Bear Creek and the Platte
River were sampled only in the spring. Because
the fall and spring runs were not genetically dif-
ferent and because the proportional hatchery con-
tributions to the fall and spring runs were the same
(Bartron and Scribner 2004), fall and spring sam-
ples were combined for the Pere Marquette and
Little Manistee rivers.

Scale pattern analysis.—We used SPA to esti-
mate the stream growth and residence time of ju-
veniles to determine whether nonmarked individ-
uals were of wild or hatchery origin. Specifically,
we used Seelbach and Whelan’s (1988) ratio 23,
a metric of scale growth. Ratio 23 is the ratio of
(1) the distance from the first stream annulus to
the fifth circulus, measured towards the focus
(band 2) to (2) the distance from the first stream
annulus to the fifth circulus, measured towards the
scale margin (band 3; Seelbach and Whelan 1988).
Distributions of ratio values from fish of known
origin (hatchery or river) were used to determine
a point at which hatchery-origin fish could be dif-
ferentiated from river-origin fish (Seelbach and
Whelan 1988). We also considered the number of
years an individual spent in a river to improve the
classification of individuals whose ratio 23 value
fell within the area of overlapping distributions of
known-origin individuals. Hatchery yearlings mi-
grate downstream to Lake Michigan within a year
after stocking, whereas juvenile steelhead pro-
duced in the wild may reside in the stream for more
than 1 year prior to smoltification (Seelbach 1987).
Incorporation of juvenile stream age probably re-
duced errors in misidentification of stream origin
fish with ratio 23 estimates close to 0.70. There-
fore, any steelhead with a ratio 23 value of 0.80

or less and that also had a stream age of 2 or greater
was classified as being of wild origin. Otherwise,
individuals with ratio 23 values of 0.70 or greater
were considered to be of hatchery origin (Seelbach
and Whelan 1988). To test whether the observed
numbers of hatchery steelhead present in each riv-
er system differed significantly from numbers ex-
pected based on the proportions stocked into Lake
Michigan, the expected number of steelhead was
based on smolt equivalent estimates to account for
differential survival of juveniles stocked at dif-
ferent sizes, ages, and locations in the Lake Mich-
igan basin.

Genetic analysis.—Fin clips from each of the
four hatchery strains currently stocked in the basin
were obtained for genetic analysis. Small pieces
of tissue were taken from the caudal fins of adult
steelhead returning to each of the four study rivers.
Only individuals that lacked hatchery identifying
marks were sampled for genetic analysis and SPA.
Samples were preserved in 95% ethanol or were
dried in scale envelopes. The sample DNA was
extracted based on PureGene (Gentra, Inc.) pro-
tocols. Microsatellite loci used for analysis were
Ogo1a and Ogo4 (Olsen et al. 1998), Onem10 and
Onem11 (Scribner et al. 1996), Omy77 (Morris et
al. 1996), Ots1 (Banks et al. 1999), and Ots100
(Nelson et al. 1998). Polymerase chain reaction
(PCR) was conducted in 25-mL reaction volumes
with 100 ng of DNA, 13 PCR buffer (0.1 M
tris2HCl, pH 8.3, 0.015 M of MgCl2, 0.5 M of
KCl, 0.1% gelatin, 0.1% nonidet P-40, 0.1% Tri-
tion-X 100), 0.2 mM of deoxynucleotide triphos-
phates, 0.6 mM of fluorescently labeled forward
primer, 0.6 mM of unlabeled reverse primer, and
0.3 units of Taq polymerase. The PCR reactions
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FIGURE 1.—Map of the Lake Michigan basin, showing
the locations of Michigan rivers where steelhead pop-
ulations were sampled: (1) the Platte River, (2) Bear
Creek (a tributary of the Manistee River), (3) the Little
Manistee River, and (4) the Pere Marquette River. The
bar that intersects the Manistee River corresponds to
Tippy Dam, which prevents upstream migration of adult
steelhead. Sampling locations for these rivers were dis-
tributed throughout river reaches located downstream of
dams. Hatchery strains sampled were the Chambers
Creek (C), Ganaraska (G), Skamania (S), and Michigan
(M) strains; states that stock these strains are indicated
on the map.

for Ogo4 were conducted in 25-mL volumes; the
above protocol was followed except for use of an
additional 2.5 mM of MgCl2 and primer concen-
trations of 0.5 mM. The PCR reactions for Ots100
were conducted in 25-mL volumes, and the above
protocol was again followed except that an addi-
tional 12.5 mM of MgCl2 was used and primer
concentrations of 0.5 mM were used. The PCR
reactions for all loci utilized an initial denaturing
step at 948C for 2 min, followed by 30 cycles of
948C for 1 min, annealing temperature for 1 min,
an extension at 728C for 1 min, and a final exten-
sion period of 2.5 min. Annealing temperatures
were as follows: 568C for Ogo1a, 548C for Ogo4,
548C for Omy77, 528C for Onem10, 628C for

Onem11, 548C for Ots1, and 588C for Ots100. De-
naturing 6% acrylamide gels were used for elec-
trophoresis. Genotypes were visualized on a Hi-
tachi FMBIO II scanner. Molecular weight stan-
dards and samples from individuals of known ge-
notype were run on each gel to standardize scores.

Statistical analysis.—Pairwise estimates of the
degree of interstrain differentiation in allele fre-
quency (FST) were determined by use of FSTAT
software (version 2.9.3.2), and we used Bonferroni
corrections to adjust nominal a levels for multiple
comparisons (Rice 1989). Individuals were as-
signed to strain of origin with likelihood-based
assignment tests (Rannala and Mountain 1997).
Estimates of assignment accuracy were based on
the ‘‘leave-one-out’’ technique for resampling the
strain baseline samples (Efron 1983). Estimates of
statistical confidence in individual assignment de-
cisions were based on posterior probabilities (Prit-
chard et al. 2000; Blanchong et al. 2002).

Determination of hatchery contribution.—To de-
termine the percentage of wild-origin adult spawn-
ers based on mark observations for each river, we
subtracted the number of marked hatchery fish col-
lected from the total number of fish collected.
Strain totals for the SPA–genetics method were
based on individuals without marks. We calculated
95% confidence intervals for the wild fish contri-
butions estimated by direct and indirect methods
(Sokal and Rohlf 1995) from the equation

p(1 2 p)
1.96· ,! n

where p is the proportion of wild fish and n is the
number of fish sampled. Direct (mark) and indirect
(SPA and genetics) methods of hatchery strain
identification were combined by summing the
numbers of individuals assigned to each strain
based on both methods. The SPA–genetics esti-
mates of hatchery-strain-specific contribution for
the Little Manistee River were extrapolated when
combined with mark observations because only a
subsample of the fall and spring runs was analyzed
by use of genetic methods.

Expected strain-specific counts of stocked fish
were based on the yearly average of numbers
stocked into Lake Michigan between 1993 and
1997 for the Lake Michigan basin (Table 1) and
for each river (Table 2). The yearly averages of
the numbers stocked were adjusted for age- and
size-specific survival to calculate the number of
smolt equivalents (Rand et al. 1993). The Gan-
araska and Chambers Creek strains were not
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TABLE 2.—Numbers of Michigan and Skamania strain steelhead stocked into four Michigan rivers from 1993 to
1997. Smolt equivalents are defined as the actual number of fish stocked adjusted for size- and age-specific survival
(Rand et al. 1993).

River
Year(s)
stocked

Strain(s)
stocked

Number stocked

Total
Average
per year

Smolt
equivalents

Average
smolt

equivalents
per year

Pere Marquette 1993–1997 Michigan 51,400 14,048 46,260 9,252
1993–1994 Skamania 14,100

Little Manistee 1997 Michigan 500 100 450 90
Bear Creek (Manistee) 1993–1997 Michigan 237,673 72,348 213,906 42,781

Skamania 120,066
Platte Not stocked

TABLE 3.—Pairwise estimates of interstrain variance in
allele frequency (mean FST over seven microsatellite loci)
for four hatchery strains of steelhead stocked into Lake
Michigan. Asterisks denote significant differences (P ,
0.05).

Hatchery
strain

Hatchery strain

Skamania
Chambers

Creek Ganaraska

Skamania
Chambers Creek 0.045*
Ganaraska 0.117* 0.060*
Michigan 0.127* 0.080* 0.037*

TABLE 4.—Estimates of classification accuracy for like-
lihood-based assignment tests of four strains of Lake
Michigan hatchery steelhead (Blanchong et al. 2002). Per-
centages on the diagonal are the proportions of individuals
of each strain that were correctly reclassified to strain of
origin based on seven microsatellite loci.

Strain of
origin

Strain reclassified as:

Michigan Skamania
Chambers

Creek Ganaraska

Michigan 86.7% 13.3%
Skamania 98.2% 1.8%
Chambers Creek 5.0% 95.0%
Ganaraska 6.7% 1.7% 91.7%

stocked into rivers in Michigan; therefore, indi-
viduals belonging to these strains were not ex-
pected in any of the study rivers. Comparisons
were only made between the observed and ex-
pected numbers based on stream- and strain-spe-
cific stocking for Michigan-strain individuals
found in the Little Manistee River, and for Mich-
igan- and Skamania-strain individuals found in the
Pere Marquette River, Bear Creek, and the Platte
River.

Three tests were conducted to determine how
observed hatchery strain composition compared
with expected composition based on stocking lev-
els. The number of hatchery individuals of each
strain was first compared among rivers to test for
differences in proportional abundance by river and
by strain. Fisher’s exact tests (Statistical Analysis
System software; SAS Institute 1999) were per-
formed to test among-stream heterogeneity. Sec-
ond, observed counts of hatchery steelhead of each
strain were compared (chi-square tests) to the
numbers expected based on stocking proportion in
the Lake Michigan basin. Finally, we used chi-
square tests to compare the observed counts of
individual strains to expected values based on the
yearly average number stocked into each river. Be-

cause not all strains were stocked in each of the
rivers examined, chi-square tests were not possible
for each strain 3 river comparison.

Results

Stocking History

Approximately 1.8 million juvenile steelhead
were stocked into the Lake Michigan basin an-
nually between 1993 and 1997 (Table 1). The num-
ber of individuals of a given strain stocked by each
state was generally consistent among years. Ad-
justments to the total number of juveniles stocked
into the basin according to age, size, and location
of stocking (smolt equivalents) reduced the annual
number of juvenile steelhead stocked to 640,517
(Table 1). The proportion of juvenile steelhead
marked prior to release varied by state during
1993–1997. Beginning in 1995, Michigan began
marking all hatchery-origin individuals. Illinois
also marked 100% of juvenile steelhead prior to
release from hatcheries (Table 1). Wisconsin
marked approximately 33% of the hatchery ju-
veniles, and Indiana marked approximately 15%
of hatchery juveniles.

Of the four rivers examined in this study, only
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TABLE 5.—Numbers and percentages of Lake Michigan steelhead adults from four hatchery strains that returned to
four Michigan rivers. Strains were indentified based on mark observations and a combination of genetic analysis and
scale pattern analysis (SPA) to identify nonmarked hatchery-produced steelhead. Strains include Michigan (MI), Ska-
mania (SK), Ganaraska (GA), and Chambers Creek (CC). The estimated percentages of wild adults are presented with
95% confidence intervals (CI).

River

Mark observations

Number and % hatchery

n MI SK GA CC
% wild

(CI)

SPA–genetics

Number and % hatchery

n MI SK

Fall and spring runs combined

Pere Marquette River 117 2 4 1 5 91% 105 1 0
2% 3% 1% 4% (0.00)b 1%

Little Manistee River 5,294 283 35 0 35 93% 158 30 6
5% 1% 1% (0.00) 19% 4%

Spring run only

Bear Creek 70 3 3 1 6 80% 56 3 0
4% 4% 1% 9% (0.01) 5%

Platte River 79 1 8 0 12 73% 58 2 0
1% 10% 15% (0.01) 3%

Total 289 50 2 58 36 6
Strain contribution

to hatchery total 73% 12% 1% 14% 69% 12%

a Wisconsin is the only state that has a strain-specific clip for the Skamania strain; therefore, direct observations of marks are for the
Wisconsin Skamania strain only.

b Confidence intervals are based on Rao (1998).
c We observed all marked individuals but only performed genetic analysis on a subsample of them. To combine mark observations and

SPA–genetics methods, strain-specific contributions estimated by use of SPA–genetics were extrapolated proportionally to the entire
sample.

the Platte River was not stocked between 1993 and
1997 (Table 2). The Little Manistee River was
stocked with a small number of individuals of the
Michigan strain. Portions of the Pere Marquette
River and Manistee River drainages (of which
Bear Creek is a tributary) were stocked with large
numbers of both Michigan and Skamania hatchery
strains (Table 2). However, Bear Creek was not
directly stocked, and only one tributary of the Pere
Marquette River (Ruby Creek, located near the
mouth) was stocked.

Genetic Identification of Hatchery Strains

Significant differences in allele frequency were
observed among the four hatchery steelhead
strains stocked in the Lake Michigan basin (P ,
0.05; Table 3). Differentiation between the Ska-
mania strains produced by Indiana and Wisconsin
was low and not significant (P . 0.05; data not
shown). Accordingly, estimated contributions of
Skamania-strain steelhead based on genotypic data
represent cumulative contributions from both
states. Interstrain comparisons indicated that the
greatest differentiation was between the Michigan
and Skamania hatchery strains (mean FST 5 0.127;
Table 3). The smallest difference in allele fre-
quencies was between the Michigan and Ganar-
aska strains (mean FST 5 0.037; P , 0.05; Table

3). Levels of differentiation among strains were
sufficiently large to provide accurate individual
classification for each strain (range, 86.7–98.2%;
Table 4).

Estimated Strain-Specific Contribution Based on
Mark Observation

Direct estimates of the contribution of individ-
ual hatchery strains to adult steelhead spawning
runs in four Michigan rivers ranged from 0% to
15% of the samples collected from each run. Total
hatchery contributions (all strains combined) when
extrapolated across an entire spawning run varied
from 9% of the fall and spring runs in the Pere
Marquette River to 27% of the spring run in the
Platte River (Table 5). Marks identifying each of
four hatchery strains were observed in the Pere
Marquette River and Bear Creek (Table 5). The
Little Manistee and Platte rivers both contained
individuals from the Michigan, Skamania, and
Chambers Creek hatchery strains.

Estimated Strain-Specific Contribution Based on
Genotype and SPA

We estimated that, of the nonmarked fish col-
lected, the contributions of hatchery steelhead
ranged from 3% to 26% of the total spawning run
based on SPA2genetic analysis (Table 5). Hatch-
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TABLE 5.—Extended.

SPA–genetics

Number and % hatchery

GA CC
% wild

(CI)

Combined mark SPA–genetics

Number and % hatchery

n MI SK GA CC
% wild

(CI)

Fall and spring runs combined

2 0 97% 117 3 4 3 5 87%
3% (0.03) 3% 3% 3% 4% (0.06)
4 1 74% 5,294c 1,220 225 125 66 69%
3% 1% (0.01) 23% 4% 2% 1% (0.01)

Spring run only

3 0 89% 70 6 3 4 6 73%
5% (0.08) 9% 4% 6% 9% (0.11)
0 0 97% 79 3 8 0 12 71%

(0.05) 4% 10% 15% (0.10)
9 1 1,232 240 132 89

17% 2% 73% 14% 8% 5%

ery contribution of nonmarked fish (all four strains
combined) was 3% in the Pere Marquette River
and 26% in the Little Manistee River (Table 5).
The Michigan strain was present in all four rivers.
Individuals of each of the four hatchery strains
were found in the Little Manistee River (Table 5).
Individuals of the Michigan and Ganaraska strains
were found in the Pere Marquette River and Bear
Creek (Table 5).

Combined Direct and Indirect Estimates of
Strain-Specific Contribution

To estimate the total hatchery contribution to
spawning runs in the four rivers, a combination of
hatchery mark observation and SPA2genetic as-
signment was used to examine the composition of
two separate groups of steelhead (marked and non-
marked). Individual strain contribution to spawn-
ing runs ranged from 0% to 23% (Table 5). With
the exception of the Platte River, each of the four
hatchery strains was observed in the examined riv-
ers. Total hatchery contribution ranged from 13%
in the Pere Marquette River to 31% in the Little
Manistee River (Table 5). In Bear Creek, hatchery
individuals contributed 27% of the spawning run;
in the Platte River, hatchery individuals contrib-
uted 29% of the spawning run (Table 5). Estimates
of Michigan-strain contribution to the spawning
runs of the Pere Marquette and Platte rivers were
similar based on both mark observation and
SPA2genetics (Table 5). Individuals of the Ska-
mania strain were estimated as present in all rivers

based on mark observations (Table 5). However,
SPA2genetic analysis identified Skamania strain
only in the Little Manistee River and in a greater
abundance in the fall and spring runs than was
estimated by mark observations (4% versus 1%,
respectively; Table 5).

Observed numbers of steelhead with the Gan-
araska strain mark represented 1% of the spawning
runs in the Pere Marquette River and Bear Creek
(Table 5). The SPA2genetic analysis identified in-
dividuals of the Ganaraska strain in the Pere Mar-
quette River (3% of the total run), the Little Man-
istee River (3%), and Bear Creek (5%; Table 5)
spawning runs. The Chambers Creek strain con-
tributed to the spawning runs of Bear Creek (9%)
and the Platte River (15%; Table 5) based on mark
observations, whereas this strain was not present
in the SPA2genetic analysis of nonmarked indi-
viduals from those rivers. The SPA2genetic anal-
ysis did not detect the Chambers Creek strain in
the Pere Marquette River, but mark observations
estimated a 4% contribution by this strain (Table
5). The Chambers Creek strain’s contribution to
the Little Manistee River was comparable for mark
observation and SPA2genetic analysis identifi-
cation methods (1%; Table 5).

Of the rivers examined in this study, only the
Platte River was not stocked with hatchery indi-
viduals, and the Little Manistee River was stocked
with very low numbers of individuals. However,
sizable portions of hatchery-derived adults were
observed during spawning. This included appre-
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ciable numbers of hatchery individuals stocked by
other states around the basin. The Little Manistee
River had the highest contribution of hatchery
steelhead between the two nonstocked rivers
(31%; Table 5). The Platte River also had a large
hatchery contribution to the spawning run (29%;
Table 5), despite the lack of stocking there.

Straying of Hatchery Strains into Rivers in
Michigan

Comparison of the observed and expected
hatchery contributions to the spawning runs of the
four study rivers provided evidence of homing in
Lake Michigan steelhead. We found significant
differences among rivers in the strain composition
of hatchery-origin individuals (x2 5 181.4; df 5
9; P , 0.0001). Chi-square tests between the ob-
served and expected contributions of each hatch-
ery strain pooled across all rivers indicated a sig-
nificant deviation (x2 5 1,249.2; df 5 3; P ,
0.001) from values expected based on the propor-
tion of smolt equivalents stocked into the Lake
Michigan basin. River-specific chi-square tests in-
dicated significant differences between the ob-
served contributions of hatchery-origin steelhead
and the values expected based on Lake Michigan
stocking proportions for the Pere Marquette River
(x2 5 5.3; df 5 1; P , 0.05), the Little Manistee
River (x2 5 1,015.7; df 5 3; P , 0.001), Bear
Creek (x2 5 5.0; df 5 1; P , 0.05), and the Platte
River (x2 5 10.5; df 5 1; P , 0.05). Due to the
low contribution of the Ganaraska and Chambers
Creek strains to the total percentage of hatchery
smolts stocked into Lake Michigan, and the low
number of hatchery-origin individuals observed in
the Pere Marquette River, Bear Creek, and the
Platte River, no individuals from these two strains
were expected in these rivers. Therefore, chi-
square comparisons based on Lake Michigan
stocking proportions of these two strains were only
made for the Little Manistee River.

The observed proportions of Michigan- and
Skamania-strain individuals differed from the pro-
portions stocked into each river. The proportions
observed in the spawning run differed significantly
from stocking proportions for the Pere Marquette
River (x2 5 5.9; df 5 1; P , 0.05) but not for
Bear Creek. As the Michigan and Skamania strains
are the only hatchery steelhead strains stocked into
the Pere Marquette River and Bear Creek drain-
ages, statistical comparisons were not made for the
Chambers Creek or Ganaraska strains, despite ob-
servations of individuals with marks specific to
those strains.

Discussion

Comparisons of straying estimates derived from
mark observations with those based on
SPA2genetic methods indicated that potential bi-
ases exist when mark data alone are used to es-
timate hatchery contributions to steelhead spawn-
ing runs. We documented nonuniformity among
states bordering Lake Michigan in terms of the
proportions of steelhead juveniles who received
marks (Table 1). As such, assessment information
based solely on marks may misrepresent strain-
specific estimates of abundance or contribution to
fisheries.

The use of hatchery marks (e.g., fin clips, max-
illa clips, or a combination of marks) that are easily
confused with injuries, such as those resulting
from hooking, may bias estimates by overesti-
mating the contribution of strains that possess
those marks. The Wisconsin Skamania and Cham-
bers Creek strains are identified by a clipped left
or right maxilla (Burzynski 1999). Estimates for
the left-maxilla-clipped Chambers Creek strain
were consistently higher than those of the Gan-
araska strain, which are identifiable by clips on
both maxillae (additional marks are sometimes
used in combination with the maxilla clips; Bur-
zynski 1999). Estimates of Skamania-strain con-
tribution primarily consist of steelhead from Wis-
consin, although Indiana and Michigan both stock
the Skamania strain and mark a portion of the
stocked fish (Table 1). Because only one-third of
Wisconsin’s hatchery fish are marked prior to re-
lease, estimates of the nonmarked steelhead are
expected to be approximately two times greater
than estimates based on mark observations alone.
However, analysis of nonmarked individuals in-
dicated smaller contributions for the single-max-
illa-clipped steelhead. Assuming that marking
does not affect straying, a portion of single-max-
illa-clipped individuals may not belong to the
Chambers Creek or Skamania strains, but rather
represent river-origin individuals with hooking in-
juries. Hooking injury can lead to the loss of max-
illae, especially among juveniles. The existence of
bias in estimates for the Chambers Creek strain
due to mark and injury confusion is supported by
the fact that multiple individuals with the single-
maxilla clip were observed in Bear Creek and the
Platte River (Table 5), but the presence of this
strain was not corroborated by the SPA2genetic
techniques (Table 5). Similarly, though the overall
contribution of the Skamania strain was similar
for both mark observation and SPA2genetic tech-



1297STRAYING OF LAKE MICHIGAN STEELHEAD

niques (12% of hatchery observations), mark ob-
servations identified the Skamania strain in all four
rivers, whereas the SPA2genetic techniques in-
dicated that this strain was present only in the
Little Manistee River (Table 5).

Straying is an adaptive life history characteristic
of salmonids, including steelhead. Therefore, the
presence of individuals of hatchery origin belong-
ing to strains not stocked into a particular system
was expected. However, the observed extent of
straying was not expected (Table 5). It has been
noted that hatchery individuals may stray at higher
rates than are found in naturally occurring popu-
lations (Waples 1991). The Little Manistee River
has been stocked with very low numbers of in-
dividuals, and the Platte River was not stocked
during the time period examined. However, the
mouths of these drainages are geographically prox-
imate to heavily stocked systems, therefore in-
creasing the potential for the straying of fish during
fall and spring spawning migrations.

We found significant differences among rivers
in the strain-specific composition of hatchery-or-
igin steelhead. Among-river heterogeneity in
strain contribution to spawning runs indicates that
adult hatchery contribution is not randomly dis-
tributed between each river system. Additionally,
significant differences in the observed and ex-
pected numbers of hatchery-origin individuals in
spawning runs for all rivers indicated nonuniform
distribution of hatchery strains due to differences
in abundance of hatchery strains observed among
rivers. For example, proportions of hatchery-ori-
gin individuals found in the Little Manistee River,
Bear Creek, and the Platte River were significantly
different from the proportions of each strain
stocked into Lake Michigan. However, the pro-
portion of hatchery-origin individuals in the Pere
Marquette River did not differ from the proportion
stocked into Lake Michigan. This result may be
biased by the relatively small contributions of the
Chambers Creek and Ganaraska strains to the Lake
Michigan hatchery-origin steelhead population,
and by the relatively low observed number of
hatchery-origin individuals in the Pere Marquette
River.

There are positive and negative implications as-
sociated with our finding that high proportions of
Michigan spawning runs were derived from hatch-
ery fish stocking by other states. On one hand,
Michigan experiences an ‘‘embarrassment of rich-
es.’’ If strain composition of spawning adults is
consistent with strain contributions to the creel,
then Michigan anglers are reaping the benefits of

resources expended by other states. However, in-
trogression between hatchery strains will lead to
the breakdown of among-strain genetic differenc-
es, potentially resulting in the loss of the differ-
ences in heritable life history traits (e.g., run tim-
ing) that currently exist between the strains and
that provide managers with greater management
options.

The large contribution of certain hatchery
strains to the spawning runs in Michigan increases
the potential for introgression among hatchery
strains and between naturalized and hatchery pop-
ulations. Reisenbichler and Phelps (1989) hypoth-
esized that reduction in among-stream genetic di-
versity of Washington steelhead populations was
due to the widespread stocking of hatchery steel-
head and the resulting introgression with the native
populations. Introgression between naturalized
steelhead populations in Michigan and the Mich-
igan hatchery strain has been proposed as a pri-
mary cause for the lack of significant genetic dif-
ferentiation among drainages (Bartron and Scrib-
ner 2004). Of particular concern is the contribution
of hatchery-origin individuals from strains other
than the Michigan strain to the fall and spring
spawning runs of the Little Manistee River. The
Little Manistee River serves as the source for gam-
etes used in propagation of the Michigan strain
(Seelbach 1987).

When accounting for differential survival of the
various ages and stages of fish stocked into the
Lake Michigan basin based on estimated survival
(Rand et al. 1993), we found that approximately
39% (Table 1) of the stocked juveniles survive to
the smolt stage. Due to the small size of the fin-
gerling stage at stocking, low survival rates in-
dicate that hatchery stocking programs are pro-
ducing more steelhead for stocking purposes than
are needed; if the juvenile survival estimates are
correct, agencies could better devote resources to
producing smaller numbers of larger, older juve-
niles, which have better survival rates (Seelbach
1987; Rand et al. 1993). Further studies to evaluate
the impacts of stocking location, age, and size on
juvenile steelhead survival could be extremely im-
portant to evaluation of steelhead hatchery sup-
plementation programs in Lake Michigan.

Concerted management efforts to utilize hatch-
ery marks that are not easily confused with injuries
and to mark all hatchery-produced individuals may
reduce bias in mark-derived information. By using
both mark observation and SPA2genetic methods,
we were able to estimate the contribution of natural
reproduction to spawning runs in four rivers in
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Michigan. Although approximately 1.8 million ju-
venile steelhead are stocked into the Lake Mich-
igan basin each year, the contribution of natural
recruitment to the spawning runs for the four rivers
we examined was greater than the hatchery con-
tribution. Further quantification of the amount of
natural reproduction may lead to a reduction in
stocking levels while maintaining the total popu-
lation at current levels.

Because varying proportions of hatchery steel-
head are marked each year prior to release, esti-
mates of hatchery fish in spawning runs based
solely on counts of marked individuals may not
adequately describe hatchery contribution. Given
the differences in marking practices among states,
the use of additional techniques, such as SPA to
determine river or hatchery origin and genetic
identification of hatchery strains, is necessary to
provide a better representation of the contribution
of hatchery individuals. Though SPA and genetic
identification are more time intensive than simple
observation of strain-specific marks, the differ-
ences in management practices necessitate the use
of an additional technique to accurately identify
nonmarked individuals so as to obtain useful man-
agement information.
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