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a b s t r a c t
Fisheries managers and anglers in Minnesota have long been concerned that reproduction in the wild by a
hatchery strain of rainbow trout (Oncorhynchus mykiss), called kamloops, could reduce the fitness of naturalized steelhead (migratory rainbow trout) populations in Lake Superior. A previous study found no
evidence of kamloops introgression, but a new evaluation is warranted in light of continued stocking
and genetic advancements over the past 25 years. We used genotypes from 10 microsatellite DNA loci
to assess kamloops ancestry in adult and age-0 rainbow trout samples from 40 streams in Minnesota,
one stream in Wisconsin, and two adult broodstocks. We also evaluated genetic population structure
for impacts of kamlooops introgression. Overall, the average estimated kamloops ancestry was 8% (range
2–44%) in age-0 juveniles and 4% (1–19%) in adults. The average percentages of kamloops descendants in
age-0 and adults were 8% (0–54%) and 5% (0–40%), respectively. Kamloops descendants were found in
many Minnesota streams and in Wisconsin’s Bois Brule River, but were most prevalent in streams near
the source hatchery, near recent stocking locations, and in lower reaches of longitudinally sampled
streams. Feral steelhead broodstock had 9% and 6% kamloops descendants in two years while captive
broodstock had no kamloops descendants. Minnesota’s populations showed little spatial genetic structure but were distinct from the Bois Brule population and from kamloops, which indicated that kamloops
introgression had not substantially altered structure. Kamloops introgression into Minnesota steelhead
populations and impacts on other jurisdictions contributed to the decision to discontinue the kamloops
stocking program.
Ó 2020 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Introduction
Fish stocking is a widely used management tool, but researchers, managers, and anglers are concerned about negative fitness
and evolutionary impacts of hatchery fish on wild populations
(Araki and Schmid, 2010; Araki et al., 2008; Laikre et al., 2010;
McClure et al., 2008). For the frequently stocked rainbow trout
(Oncorhynchus mykiss), these concerns are common where populations are native (Chilcote et al., 1986, McLean et al., 2003, Araki
et al., 2007a) and where they have naturalized following introduction (Bartron and Scribner, 2004; Kreuger et al., 1994; Miller et al.,
2004; Willoughby et al., 2018), such as the Laurentian Great Lakes.
Potential negative consequences of stocking become complex
issues especially in locations like the Great Lakes, where numerous
⇑ Corresponding author at: Minnesota Department of Natural Resources, 2003
Upper Buford Circle, 135 Skok Hall, St. Paul, MN 55108, USA.
E-mail address: loren.miller@state.mn.us (L.M. Miller).

state, tribal, and international jurisdictions manage fisheries in
shared waters. These stakeholders may have different tolerances
for risk when considering the trade-offs between stocking to provide a fishery and possibly harming wild or naturalized populations. To enhance structured cooperative fishery management,
the Great Lakes Fishery Commission assisted in development and
ratification of A Joint Strategic Plan for the Management of Great
Lakes Fisheries (GLFC, 2007). The Joint Strategic Plan represents a
‘‘formal commitment to a set of procedures intended to ensure that
the actions of one fishery-management agency would not jeopardize the interests of a sister agency.” The Minnesota Department
of Natural Resources (MNDNR) and other signatories to the plan
agreed to open accountability for disclosure of fishery management objectives, targets, and performance. Since 1975, four management agencies have stocked no <40 million fish from 23
different ‘‘strains” of rainbow trout in Lake Superior to support
popular sport fisheries (Great Lakes Fish Stocking Database,
www.glfc.org/fishstocking/; accessed March 15, 2019). Fisheries
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managers and anglers have long been concerned about the potential for genetic introgression among strains of rainbow trout in
Lake Superior (Kreuger et al., 1994; Schreiner, 1992; Seelbach
and Miller, 1993), particularly domesticated hatchery strains that
might exhibit lower genetic diversity and fitness, which could negatively affect the reproductive potential of naturalized populations.
The MNDNR has managed two strains of rainbow trout in Lake
Superior that exemplify concerns over negative impacts of hatchery fish in the context of naturalized, non-native populations and
of multi-jurisdictional fisheries. The first strain is steelhead, a
migratory life-history form that provides a sought-after sport fishery in Minnesota waters. Steelhead from multiple undocumented
origins in the Pacific Northwest were introduced in the late
1800s and quickly became naturalized to tributary streams
throughout Lake Superior (MacCrimmon and Gots, 1972). Steelhead populations supported popular fisheries in Minnesota for
over 50 years (Hassinger et al., 1974) until fish community
changes, habitat alterations and unregulated harvest caused sharp
declines in the 1970s through the early 1990s. Increasingly restrictive harvest regulations were implemented as populations continued to decline, which eventually led to a catch and release
regulation that still exists today. The second strain of rainbow trout
was a hatchery strain called kamloops. Consistent with earlier
papers, this hatchery strain will be designated kamloops without
capitalization to signify that it was shown not to originate from
the Kamloops region of British Columbia (Kreuger et al., 1994;
Negus, 1999). The kamloops strain was subject to hatchery selection each generation because gametes were taken from mature fish
entering a river from Lake Superior and the offspring produced
were raised in a hatchery for over a year before receiving an adipose fin-clip and being stocked. The kamloops were stocked to provide harvest opportunities to sport anglers for rainbow trout while
steelhead populations were rehabilitated (Close and Hassinger,
1981) and were never intended to supplement steelhead populations (harvestable kamloops are recognizable by their clipped adipose fins). Starting in the early 1970s, MNDNR stocked kamloops
throughout Minnesota tributaries, but in 1992, following recommendations from the North Shore Steelhead Plan, kamloops stocking
was restricted to only four streams along the farthest southwestern shore (Sucker, French, Lester and Chester rivers) to minimize
potential reproduction between kamloops and naturalized steelhead (Schreiner, 1992; Goldsworthy et al., 2017). Kamloops stocking was further restricted to the French and Lester rivers in 2003.
Managers and anglers have questioned whether or not stocked
kamloops could hinder steelhead rehabilitation by introgressing
with naturalized steelhead populations (Goldsworthy et al.,
2017; Schreiner, 1992; Schreiner, 2006). If so, then stocking kamloops to provide a harvest fishery while managing for selfsustaining, naturalized populations may represent competing
management goals.
Close and Hassinger (1981) suggested that fears of kamloops
altering the genetic integrity of steelhead populations appeared
unfounded because kamloops spawned earlier and lower in
streams than steelhead. A genetic study in the early 1990s using
allozyme electrophoresis supported this contention by finding no
evidence that kamloops had interbred with naturalized steelhead
populations in Minnesota (Kreuger et al., 1994). However, concerns
about kamloops stocking remained and subsequent studies
showed lower hatch rates (Negus, 1999) and lower juvenile survival (Miller et al., 2004) by experimentally-produced
kamloops  steelhead strain hybrids under natural conditions. This
raised fears of potential wasted reproductive potential associated
with non-introgressive hybridization (Utter, 2003). With nonintrogressive hybridization, hybrids are produced but have poor
survival or fertility so that hatchery genes do not persist (type 4
hybridization; Allendorf et al., 2001), which may have contributed
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to the failure to detect kamloops reproduction by Kreuger et al.
(1994). Models incorporating the findings of Negus (1999) and
Miller et al. (2004) indicated non-introgressive hybridization could
have detrimental impacts on persistence of steelhead populations
in the presence of ongoing kamloops stocking (Page et al., 2011).
The primary objective of this study was to assess whether the
stocked kamloops strain of rainbow trout has successfully reproduced in the wild and affected the genetic composition of naturalized steelhead populations in Minnesota and other jurisdictions of
Lake Superior. In addition to directly assessing kamloops ancestry,
we evaluated patterns of genetic variation among steelhead populations, as past studies of salmonid stocking have shown varying
impacts on genetic structure of wild populations (Hansen and
Mensberg, 2009; Perrier et al., 2011; Valiquette et al., 2014). Reexamination of steelhead genetic structure in Minnesota and western
Lake Superior, with a special focus on kamloops introgression, was
warranted given the many additional years of kamloops stocking
and the advances in genetic analysis since the early 1990s.
Methods
Sample collections
Samples of age-0 rainbow trout were collected by the MNDNR
using backpack electrofishing from 28 streams in 2016, with some
streams having multiple sampling stations. Samples of age-0 juveniles were also provided by the Grand Portage Band of Lake Superior Chippewa from the Reservation River in 2016 and by the
Wisconsin DNR from the Bois Brule River in 2017. (Fig. 1, Table 1).
Juvenile rainbow trout were sampled at the smallest size practical
to increase the ability to detect kamloops descendants before poor
fitness could reduce their prevalence (i.e., non-introgressive
hybridization). Sampling occurred in August and early September,
when age-0 fish were large enough to be effectively captured
(>50 mm total length) but remained small enough (<100 mm) that
they could be assigned as age-0 based on known age-length relationships in these populations (Ward and Schreiner, 2015). The target sample size was at least 50 individuals per station. Fish were
collected below MNDNR designated natural barriers, which are
present on most Minnesota tributary streams. Fish were measured
and a 25 mm3 section of fin was removed and stored in 95% ethanol for genetic analysis.
Age-0 juvenile rainbow trout were sampled at multiple stations
in the Sucker River to assess the longitudinal distribution of

Fig. 1. Locations of sampling sites for rainbow trout in western Lake Superior.
Stream names are listed by number in Table 1.
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Table 1
Sample sizes of rainbow trout from western Lake Superior streams and open waters of
Lake Superior. Sample sizes for adults are combined from 2016 and 2017. Sample
sizes for age-0 juveniles are for 2016 with the exception of the Sucker River, which
had additional samples in 2015 and 2017. Streams are ordered geographically going
northeastward (see Fig. 1 for locations by Map ID).
Total Genotyped
Map ID

Stream Name

Adults

Age-0

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Bois Brule River
Blackhoof River
Chester Creek
Tischer Creek
Amity Creek
Lester River
Talmadge River
French River
Sucker River
Knife River
Little Knife River
Knife River, W. Branch
McCarthy Creek
Stewart River
Little Stewart River
Silver Creek
Encampment River
Crow Creek
Gooseberry River
Split Rock River
Beaver River
Palisade Creek
Baptism River
Little Marais River
Dragon Creek
Caribou River
Cross River
Onion River
Poplar River
Indian Camp Creek
Cascade River
Nature Boy Creek
Devil Track River
Kimball Creek
Kadunce Creek
Brule River
Flute Reed River
Carlson Creek
Farquhar Creek
Reservation River
Grand Portage River
Lake Superior

43
0
1
4
0
51
3
2
32
25
0
0
0
135
2
2
0
1
3
38
11
21
120
0
0
1
11
2
5
0
17
31
55
24
28
29
7
10
0
7
4
61

87 (3 sites)
48
0
0
47
64
0
24
764 (10 sites)
137 (3 sites)
50
48
15
49
50
49
51
0
0
19
0
50
49
50
47
0
0
50
0
48
0
0
49
48
50
0
50
48
51
36
0
0

kamloops ancestry within a stream. In 2017, age-0 rainbow trout
were sampled at 10 sampling stations (average length 241 m;
range 89–382 m) along 2.9 river km that were divided by potential
partial barriers to fish movement (i.e., cascade or slide waterfalls,
road culverts) or distinct changes in channel morphology or substrate material. All stations are identified by number of km
upstream from Lake Superior at their end point. In prior years,
samples had been collected from a subset of these stations: stations 1 (0.3 km), 5 (1.6 km) and 8 (2.4 km) in 2015 and stations
1 and 5 in 2016.
Unclipped adult rainbow trout (presumed steelhead) were sampled from the wild to determine kamloops influence on current
reproductive populations. Scale samples from adults (406 mm
total length) were collected in 2016 and 2017 by three local trout
groups, unaffiliated anglers and charter fishing captains. Anglers
collected 5–10 scales per adult caught in streams or Lake Superior
in the spring anadromous fishery or summer open water boat fishery (Fig. 1, Table 1). The Grand Portage Band also provided scale
samples from adult steelhead captured in two streams in 2016
and the Wisconsin DNR provided samples from the Bois Brule River
in 2017.

Genetic samples were collected from the feral kamloops broodstock (KAM hereafter), one feral broodstock (French River Wild, or
FRW) and one captive steelhead broodstock (Knife Captive Broodstock, or KCB). Feral KAM, identified by adipose fin clips, were sampled in 2015 during spawn take operations at the French River to
provide a baseline of known KAM genotypes. Unclipped FRW
broodstock were sampled in 2016 and 2017 at the French River
to assess possible KAM impacts on steelhead broodstocks used
for a fry stocking program. Every adult rainbow trout that returned
to the French River was checked for clips by multiple MNDNR staff
during spawning operations. All fish with questionable clips (i.e., a
disfigured adipose fin that was not clearly clipped off) were sampled to assess ancestry but excluded from the FRW broodstock.
The KCB broodstock were sampled as adults in 2016 and 2017.
The KCB are collected as age-1 out-migrating juveniles at the Knife
River fish trap, raised in the hatchery until sexually mature,
spawned annually for one to three years, and then tagged and
released back into Lake Superior. The FRW and KCB broodstocks
produced fry that were stocked above barriers at the French River
and other Minnesota tributaries to Lake Superior with the goal of
enabling smolt production in these otherwise inaccessible habitats.
Age-0 rainbow trout were sampled below the barrier in the French
River in the same area where feral KAM and FRW adults were collected in spring. Parentage assignment was performed using the
program CERVUS (Kalinowski et al., 2007) with the genotype data
described below to assure that these juveniles were naturally produced and not from FRW fry stocked above the barrier. The parental sample was the 2016 FRW collection, which included all
possible parents of stocked fry, and the offspring sample was the
French River age-0 individuals.
Genetic analysis
Genotype data were obtained for 10 microsatellite DNA loci
(Ogo3, Ogo4, Olsen et al., 1998; Omy1001, Omy1011, Omy1191,
Spies et al., 2005; One2, Scribner et al., 1996, Ots4, Banks et al.,
1999; OtsB5, Naish and Park, 2002; Oke4, GenBank AF330221;
Omy 207, O’Connell et al., 1997). DNA was extracted from a small
sliver of fin tissue or a single scale by boiling in a chelating resin
(5% ChelexÒ, Sigma Chemical, St. Louis, Missouri). Polymerase
chain reaction and genotype scoring was performed as described
in Caroffino et al. (2008) and Miller et al. (2014). Genotyping was
repeated for 156 individuals to score missing loci, which also provided an estimate of allele scoring errors for the remaining loci that
had worked. Conformance with Hardy–Weinberg and linkage
expectations were tested in GENEPOP version 3.4 (Raymond and
Rousset, 1995) for adult samples from streams with N  14. Significance values were adjusted within each sample using sequential
Bonferroni procedures for multiple comparisons (Rice, 1989).
Kamloops ancestry
Kamloops hatchery strain ancestry in wild-produced rainbow
trout was assessed using Bayesian clustering methods. First, the
program STRUCTURE version 2.3.4 (Pritchard et al. 2000, Falush
et al., 2003) was used to estimate the number of genetically distinct clusters (K) in each dataset using a Markhov chain Monte
Carlo algorithm with no a priori assumptions about population
membership. Data were divided into subsets because of the large
number of samples. Data subsets included four geographic clusters
along Minnesota’s shore, Wisconsin’s Bois Brule River alone, and
each steelhead broodstock. Kamloops broodstock individuals were
included in each subset to reduce inaccuracies due to low representation of a genetic group (Wang, 2017) and provide fish with
known ancestry to assess performance. STRUCTURE was run using
the admixture model with correlated allele frequencies and default
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priors. A burn-in of 50,000 was followed by a run length of 200,000
for 10 replications at each K value ranging from 1 to 5. Runs were
repeated to evaluate the effect of changes in priors as recommended by Wang (2017). The initial degree of admixture (alpha)
was reduced to 0.1 and individual alphas were estimated for each
cluster. The best-supported K was chosen based on changes in likelihoods [ log P(X/K) values], the delta K method of Evanno et al.
(2005) implemented in STRUCTURE HARVESTER (Earl and
vonHoldt, 2012), and ancestry estimates for kamloops broodstock
fish. Percent kamloops ancestry was estimated as the average proportion of membership to the cluster associated with kamloops
across individuals in each sample.
Because STRUCTURE analysis supported K = 2 (see Results), the
program NEWHYBRIDS (Anderson and Thompson, 2002) could be
used to classify individuals as members of each genetically distinct
cluster (or ‘‘strain’’) or hybrids between strains. NEWHYBRIDS estimates the probability an individual is a member of one of two
strains, a first-generation hybrid between strains (F1), or a
second-generation hybrid (F2 = F1  F1; backcross = F1  pure
strain). The program was run with a burn-in of 100,000 followed
by a run length of 200,000 steps. Three replicates were performed
to assure congruence of estimates. Individuals are difficult to classify into specific hybrid categories, e.g., F2 versus backcrosses, in
the absence of multiple diagnostic loci (Epifanio and Philipp,
1997; Anderson and Thompson, 2002), so probabilities for F1, F2
and backcrosses were combined into one hybrid category to compare with support for either pure strain. Individuals were classified
as one of the two pure strains (i.e., kamloops or steelhead) or the
combined hybrid category based on the highest probability of
assignment and
by
the
more
stringent criteria
of
probabilities  0.95. The combined percentages of individuals classified as pure kamloops or hybrids was then calculated for each
sample. Hereafter, individuals classified as pure kamloops or
hybrids will jointly be referred to as kamloops descendants.
The data were also analyzed in the Bayesian Analysis of Population Structure (BAPS) program (Corander et al., 2003) version 6.0 to
provide alternative statistical support for the presence of kamloops
descendants. The non-spatial genetic admixture subcomponent
(Corander and Marttinen, 2006) was run with the number of clusters fixed at two, based on results of the STRUCTURE analyses.
Input parameters were 200 reference individuals and 100 and 20
iterations to estimate admixture coefficients for unknown and reference individuals, respectively. Admixed individuals (i.e., hybrids)
were those with probabilities <0.05 of being either of the pure
strains based on simulations in BAPS.
Spatial genetic structure
Three approaches were used to examine spatial genetic structure among populations using various subsets of data. The measure
of population differentiation, pairwise FST, was calculated in FSTAT
(Goudet, 1995) for adult samples with N  14, including KAM and
FRW broodstocks and a subset of the KCB broodstock (N = 108), to
have more comparable sample sizes. To further assess possible
population differentiation, these samples were also analyzed in
STRUCTURE as described above except with a wider range for K.
The KAM sample and any putative pure kamloops in samples of
wild fish were removed in attempt to better resolve any finescale structure among naturalized populations. Tested values of K
ranged from one to 14, the total number of streams. For these FST
and STRUCTURE analyses, adults from Lake Superior were
excluded, leaving only samples collected in streams at the time
of spawning. Finally, genetic relationships among populations
were assessed by chord distances (Cavalli-Sforza and Edwards,
1967) using the program POPULATIONS (O. Langella, CNRS, France,
http://bioinformatics.org/populations/, accessed June 15, 2017)
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and the population tree visualized using FIGTREE V1.4.2 (A. Rambaut, University of Edinburgh, http://tree.bio.ed.ac.uk/software/figtree/, accessed June 15, 2017). Support for resulting
branches was assessed using 1,000 bootstraps on loci. All adult
and age-0 samples with N  14 were included for this analysis to
increase the number of populations represented.

Results
Genetic analysis
The 10 microsatellite loci were moderately to highly variable
with 7–50 alleles per locus and 0.61–0.90 observed heterozygosity
across all samples (Electronic Supplementary Material (ESM)
Table S1). Genotypes were retained if at least seven loci were successfully scored; 82% of individuals had no missing loci and 96%
had 0–1 missing loci. In the results described below, only two individuals with two missing loci and nine with one missing locus
were classified as kamloops descendants. Allele scoring errors
averaged 1.1% across loci (range 0–2.1%), which was consistent
with the 1.2% error rate for these markers in the study by
Caroffino et al. (2008). Eleven of 220 tests (22 samples  10 loci)
indicated significant deviations from Hardy-Weinberg equilibrium
following Bonferroni correction for multiple testing but six of these
occurred in one population (Baptism adults). In linkage testing, 100
of 851 tests by locus-pair were significant but 88 of these occurred
in four populations. Disequilibrium in these specific populations
was likely induced by mixing of strains. All loci were used for further genetic analysis because there was no consistent unexplainable pattern of disequilibrium to indicate locus-specific
deviations from Hardy-Weinberg or linkage equilibrium.
Three approaches were used to assess ancestry at the population and individual level using Bayesian analyses in STRUCTURE,
NEWHYBRIDS and BAPS programs. General results from the three
analyses are described first followed by results for the different
sample groups: age-0, adults and broodstocks.
Changes in likelihoods, the delta K method and ancestry estimates for known kamloops all indicated K = 2 was appropriate to
detect high-level hierarchical structure that distinguished kamloops from steelhead in STRUCTURE analyses (ESM Fig. S1).
Changes to priors resulted in small differences in likelihoods at
each K and K = 2 was still supported in each case. The KAM sample
had an average estimated kamloops ancestry of 97% across STRUCTURE runs with the different subsets of data. The samples least
likely to have kamloops ancestry (i.e. Knife River age-0) all had
low estimated kamloops ancestry (average 3.7%; range 3–6%), suggesting that kamlooops ancestry may be overestimated by several
percent in all samples. These samples were collected above a fish
trap barrier that has excluded all or most clipped kamloops from
migrating to spawning areas since 1996.
With the exception of the Bois Brule subset of data, runs of
NEWHYBRIDS consistently resolved the KAM sample as one distinct cluster (i.e., kamloops strain) and most of the other samples
as a second strain (i.e., steelhead), with some individuals classifying as kamloops strain or hybrids. For the Bois Brule dataset, the
samples did not differentiate into two distinct clusters of pure
strain individuals. Bois Brule individuals often had high probabilities of being hybrid steelhead backcrosses instead of pure steelhead. The high number of individuals classified as hybrids likely
resulted from insufficient analytical power rather than a high rate
of introgression because many of the known KAM baseline individuals similarly had high probabilities of being kamloops backcrosses
instead of pure kamloops strain. Because of this apparent inability
to distinguish backcrosses and pure strains, Bois Brule individuals
were classified as hybrids based on the probability of being a
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kamloops backcross instead of the combined probability of all
hybrid classes. Only one adult and five age-0 Bois Brule individuals
were classified as hybrids; so this uncertainty contributed little to
the overall findings of the study. Across all samples, 34 individuals
were classified as kamloops strain and 169 individuals were classified as hybrids based on the highest probability of assignment in
NEWHYBRIDS analyses. Fewer individuals were classified at the
95% criterion: 8 individuals as kamloops and 26 individuals as
hybrids (ESM Tables S2 and S4). Kamloops and hybrid individuals
were classified at the  95% criterion in each of three groups:
adults, age-0 and FRW.
BAPS analyses classified more individuals as kamloops descendants than NEWHYBRIDS at the  95% criterion but had more
slightly more kamloops strain and many fewer hybrids than the
most probable classifications in NEWHYBRIDS. In total, 43 individuals classified as kamloops and 45 individuals as hybrids ESM
Tables S2 and S4). Kamloops and hybrid individuals were classified
in each of three groups: adults, age-0 and FRW.
In the following three sections, kamloops ancestry at the population level is reported as the average proportion of membership
assigned to the kamloops cluster in STRUCTURE analyses. Kamloops ancestry at the individual level is reported as the classifica-

tion of individuals as kamloops strain or hybrids based on the
highest probability of assignment in NEWHYBRIDS analyses.
Kamloops ancestry in age-0 juveniles
In 2016, sample sizes for age-0 juveniles successfully genotyped
averaged 45 per station from 33 stations across 28 streams (range
15–64) (Table 1, ESM Table S2). The Bois Brule, Sucker and Knife
rivers each had multiple sampling stations. The estimated kamloops ancestry was 8% for all individuals combined and also averaged 8% (range 2–44%) within samples (Fig. 2, ESM Table S2).
Estimates were below 5% for 12 samples and exceeded 16% for only
two samples. In all three streams with multiple sampling locations,
the station closest to Lake Superior had the highest estimated kamloops ancestry. The percentage of age-0 kamloops descendants was
8% for all individuals combined and averaged 8% (range 0–54%)
within samples, with seven samples having none and only three
samples exceeding 19%, (Fig. 2, ESM Table S2). French River had
the highest kamloops ancestry and percentage of age-0 kamloops
descendants. None of the juveniles captured at French River
assigned to parents from FRW broodstock (all mismatched every
parent-pair at >2 alleles), which verified that they were naturally

Fig. 2. Average strain ancestry (A) and strain composition (B) for age-0 juvenile samples of rainbow trout from 25 tributaries to Lake Superior in Minnesota and Wisconsin.
Streams are ordered geographically going northeastward. Numbers correspond to sample sites on the map (Fig. 1). Averages across samples are shown for streams with
multiple sites and the Knife River system (see Table 1. ESM Table S2).
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produced fish and not stocked. Putative pure kamloops were found
in three streams ranging from French River to Reservation River,
the far northern stream. Pure age-0 kamloops had to result from
natural reproduction and not unrecognized adipose clips because
kamloops are stocked as one year old juveniles that are much larger than age-0 juveniles.
In addition to the sampling in 2016, 102 age-0 juveniles were
collected in the Sucker River from three stations in 2015 and an
average of 55 (range 37–62) across 10 stations in 2017. Sucker
River consistently had more kamloops descendants in samples collected closest to Lake Superior. In 2015 and 2016, higher percentages of kamloops descendants were observed in samples from
station 1 near the mouth of the stream compared with stations
1.3 and 2.1 river km farther upstream (Fig. 3, ESM Table S3). With
nearly continuous sampling in 2017, kamloops descendants again
were relatively common in station 1 near the mouth, but were
absent by the next sampling station beginning only 90 m farther
upstream and were rare in all upper stations (all estimates < 2%).
Kamloops ancestry in adults
Anglers provided samples from 862 adults across 2016 and
2017, of which 76 failed genotyping. Of those successfully genotyped, 57 were removed as likely recaptures within season because
they matched genotypes at all loci, leaving 729 individuals used in
analyses. The samples came from Minnesota or Michigan waters of
Lake Superior and 31 streams (average N = 23, range 1–123)
(Table 1, ESM Table S4). The estimated kamloops ancestry within
adult samples was 8% for all individuals combined and averaged
4% (range 1–19%) within samples (Fig. 4; ESM Table S4). The percentage of adult kamloops descendants was 7% for all individuals
combined but varied between years (10% in 2016 and 5% in
2017). Within each stream and Lake Superior, the average percentage of adult kamloops descendants was 5% (0–40%). One stream
with a sample size of only five (Poplar River) had the highest percent of kamloops descendants and no other sample exceeded 23%,

Fig. 4. Average strain ancestry (A) and strain composition (B) for adult samples of
rainbow trout from Lake Superior and 20 tributary streams in Minnesota and
Wisconsin. Streams are ordered geographically going northeastward. Numbers
correspond to sample sites on the map (Fig. 1). Sample sizes ranged from 5 to 123
per stream combined from 2016 and 2017 (excluding 11 samples with N < 5; none
had any individuals with kamloops ancestry; (see Table 1. ESM Table S4).

while 15 streams had no kamloops descendants in sample sizes
ranging from 1 to 25. The distribution of adult kamloops descendants covered nearly the entire geographic range of sampling (Bois
Brule, Wisconsin to Brule River, Minnesota). Pure kamloops were
found in seven widely distributed streams and Lake Superior
(ESM Table S4). Unclipped adult kamloops likely resulted from natural reproduction but missed or misidentified clips were also
possible.
Kamloops ancestry in broodstocks
All FRW broodstock from two years were genotyped including
152 adults in 2016 and 117 adults in 2017. In total, 1,160 KCB were
analyzed, 436 adults that were spawned in 2016 and 724 adults
that were spawned or left captive in 2017. Multiple FRW broodstock were identified as kamloops descendants: 14 (9%) in 2016
and 7 (6%) in 2017 (Fig. 5). Five FRW broodstock in 2016 and
two in 2017 were classified as pure kamloops. Average ancestry
in the KCB broodstocks was only 2% and 1% in 2016 and 2017,
respectively, and no individual was classified as a kamloops
descendant (ESM Fig. S2). All individuals with questionable fin
clips were verified to be pure kamloops and were excluded from
the above results.
Spatial population genetic structure

Fig. 3. Strain composition for age-0 samples of rainbow trout in the Sucker River
collected from multiple stations in years 2015–2017. Bars indicate starting and
ending locations for each station (contiguous in some cases). Pie charts are shown
only for stations sampled multiple years. Kamloops ancestry was < 2% at all other
stations, which were sampled only in 2017 (see ESM Table S3).

Adult spawning populations in Minnesota showed little significant population differentiation among each other but all differed
from kamloops and the Bois Brule River, Wisconsin population.
The average pairwise FST between all Minnesota populations ranged from 0.000 to 0.028 (average 0.006) and 85% of comparisons
were not statistically different from zero (corrected for multiple
tests based on 4260 permutations in FSTAT with a nominal Pvalue of 0.05) (ESM Table S5). In contrast, pairwise FST between
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Fig. 5. Estimated strain ancestry for adults collected for French River Wild
steelhead broodstocks in 2016 and 2017 using Bayesian analyses in the software
Structure. Each thin vertical line represents one individual. Individuals were also
classified as putative pure kamloops hatchery strain (downward arrows), strain
hybrids (upward arrows) or pure steelhead (no arrows) using Bayesian analyses in
the software NewHybrids.

Minnesota populations and KAM broodstock ranged from 0.052 to
0.081 (average 0.065) and was always significant, while FST
between Minnesota and the Bois Brule River populations ranged
from 0.015 to 0.037 (average 0.021) and was always significant
except for the 2017 Brule River, Minnesota sample. The KCB sample had the most significant pairwise FST comparisons with other
Minnesota samples, but even it was not differentiated from seven
other samples from six different streams. Similarly, after removing
the KAM data, Minnesota populations were generally indistinguishable from each other using Bayesian analysis, but the Bois
Brule population was somewhat distinct. A K of 2 had the highest
support and it resulted in an average estimate of 91% ancestry to
one genetic cluster for the Bois Brule population (ESM Table S6).
All Minnesota populations had ancestry assigned to this ‘‘Bois
Brule” cluster but at lower percentages (25–74%). Although geographically close populations often grouped together on main
branches of the tree diagram (Fig. 6), few clusters with more than
two samples had high bootstrap support, consistent with low differentiation observed in FST and poor resolution of Minnesota populations in Structure analyses. Only French River, the sample with
the highest prevalence of kamloops descendants, grouped closely
with KAM. Despite low differentiation among Minnesota populations, all samples from the Knife River system across stations,
years, and life-stage grouped together on the tree, suggesting possible genetic distinctiveness of populations in this system.
Discussion
Kamloops introgression
In contrast to earlier findings of Kreuger et al. (1994), the present study documents the relatively low but widespread introgression of hatchery kamloops rainbow trout into naturalized
steelhead populations in Minnesota tributaries of Lake Superior

Fig. 6. Tree diagram of genetic relationships based on chord distances (CavalliSforza and Edwards, 1967) among 53 samples of 30 naturalized steelhead
populations and three broodstocks (KCB, FRW, KAM) from western Lake Superior.
An ‘‘A” after a stream name indicates a sample of adults while all others were of
age-0 juveniles. Numbers before stream names indicate the year of sampling. All
stream names without numbers were 2016 age-0 samples. Bootstrap values > 70%
are indicated on corresponding branches.

as well as in neighboring jurisdictions. Although the data support
the conclusion that kamloops have successfully reproduced in
the wild, we emphasize that estimates of kamloops ancestry and
numbers of descendants may not accurately reflect populationwide prevalence because of uncertainty in genetic estimates and
effects of sampling location. STRUCTURE analyses did not test
whether an individual is pure strain or admixed (i.e., a hybrid),
and they likely overestimated the average kamloops ancestry in
populations by several percent, as indicated by samples collected
above a trap that limits access to kamloops strain spawners. NEWHYBRIDS analyses explicitly consider only first and second generation hybrids because further generations become very difficult to
distinguish (Boecklen and Howard, 1997, Anderson and
Thompson, 2002; Scribner et al., 2001). Some advancedgeneration hybrids may classify as hybrids whereas others, such
as those with one or few distant kamloops ancestors, would have
low kamloops ancestry and likely classify as pure steelhead. Accuracy of NEWHYBRIDS classification was limited also by modest
marker power (Epifanio and Philipp, 1997; Anderson and
Thompson, 2002). We reported results based on the most probable
classification to increase the detection of putative kamloops
descendants. A more stringent criterion of probability >0.95 provided stronger statistical support for at least some of these being
true kamloops descendants. BAPS analyses statistically supported
the presence of slightly more kamloops descendants than did
NEWHYBRIDS at probabilities >0.95.
Even if genetic assignments were always accurate, the sometimes spatially limited sampling of age-0 juveniles may not have
reflected population-wide kamloops ancestry, as observed across
the multiple samples from the Sucker River. The large difference
in kamloops ancestry among Sucker River stations suggested
restricted distributions of kamloops spawners and weak dispersal
of offspring over their first summer (Einum and Nislow, 2005;
Hudy et al., 2010; Webb et al., 2001; Whiteley et al., 2012). Sampling stations in other streams varied in distance from the stream
mouth, proportion of stream distance sampled, and possible partial
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barriers to kamloops movements, all of which may have caused
differences in kamloops ancestry between our samples and the
entire stream population. Despite uncertainty about the prevalence of kamloops descendants in steelhead populations, it is clear
that they are present at some level in many streams in Minnesota
and the Bois Brule River, Wisconsin. Detrimental consequences of
kamloops reproductive interactions with steelhead (Negus, 1999;
Miller et al., 2004; Page et al., 2011) may have affected, or may
yet affect, naturalized steelhead populations in Lake Superior.
Some combination of four factors likely accounts for the finding
of genetic impacts by kamloops on steelhead populations when
Kreuger et al. (1994) found none. First, advances in molecular
and analytical techniques likely provided greater power to detect
kamloops ancestry. Kreuger et al. (1994) used 17 polymorphic allozyme loci, but most were diallelic and had the same highestfrequency allele in kamloops and all other samples. We used 10
microsatellite loci, but they averaged 23.5 alleles per locus that
provided discriminatory power (e.g., Estoup et al., 1998), as supported by the consistent discrimination of the known kamloops
baseline sample in all three Bayesian analysis programs. Further,
the Bayesian approaches provided a means to assess kamloops
ancestry by individual rather than sample, which increased power
to detect infrequent kamloops descendants. Second, our study had
broader stream coverage. Kreuger et al. (1994) had only 13 samples from 10 stream systems and analyzed only two samples in a
mixed-stocked framework that explicitly estimated kamloops
ancestry. These two sample sites had low estimated kamloops
ancestry in their study (4% for lower Knife and 6% for Baptism),
but it was not deemed significantly different from zero. These
two sites had similarly low kamloops ancestry in the present study.
Third, we sampled age-0 juveniles to increase the chances of
detecting kamloops ancestry considering possible nonintrogressive
hybridization. Miller et al. (2004) found continuous declines in survival of kamloops and hybrids relative to steelhead from age 0 to
age 1. Kamloops descendants may have declined before reaching
the ages sampled by Krueger (predominantly age-1). Finally, both
studies may have accurately reflected conditions at the time.
Kreuger et al. (1994) sampled in 1991, about 20 years after initiation of kamloops stocking, whereas we sampled in 2015 to 2017.
This time difference encompasses approximately five additional
generations and numerous reproductive seasons during which
kamloops stocking continued. Changes in environmental conditions or ratios of kamloops to steelhead on spawning grounds as
well as increased propagule pressure (Bennett et al., 2010) likely
led to kamloops introgression that was possibly rare in the early
1990 s.
The proportion of age-0 kamloops descendants was greatest in
French River, the location of egg-take operations for hatchery production. The French River sample was obtained near the river
mouth where seining to collect returning adults for FRW and
KAM broodstocks occurs. Parentage testing confirmed that these
juveniles were not stocked fish that had washed downstream over
the barrier. The presence of naturally-produced juveniles (kamloops, hybrids and steelhead) in this reach was somewhat surprising because MNDNR biologists captured as many unclipped
steelhead as possible to use for broodstock and accessible habitat
is very limited at French River (<0.1 km of river below barrier to
upstream fish migration). Kamloops ancestry also tended to be
higher along the lower to middle shore, which is the region where
kamloops stocking has been geographically restricted for the past
two decades (Negus, 1999). The higher prevalence of kamloops
ancestry in streams near where they were stocked suggests efforts
to localize stocking and improve imprinting (Negus, 2003) may
have reduced interbreeding shorewide; however, the widespread
detection of kamloops ancestry and observations of kamloops in
streams throughout Minnesota’s shore and in many streams from
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other jurisdictions around Lake Superior (Ontario, Wisconsin, and
Michigan waters) (MNDNR, unpublished data) indicates that localized stocking failed to eliminate all reproductive interactions with
steelhead.
Relatively high kamloops ancestry in age-0 samples collected in
lower reaches of the Sucker River likely supports anglers’ contentions that kamloops are unable or unwilling to migrate very
far upstream (Kreuger et al., 1994; Negus, 1999). Anglers anecdotally report catching most clipped rainbow trout (presumably kamloops) close to Lake Superior or below challenging partial barriers.
Despite making up the majority of adults that return to the French
River, few kamloops will ascend the small falls and be captured in
the fish trap compared to unclipped wild fish (Negus et al., 2012).
The Sucker River has a highway culvert fitted with a fishway and
small falls that may act as partial barriers between station 1, which
had numerous age-0 kamloops descendants, and stations 2 and
beyond, which had few. The sampling location of age-0 individuals
was likely near the spawning location of their parents because
juvenile salmonids in streams often disperse little from their
hatching location in their first summer (Einum and Nislow, 2005;
Hudy et al., 2010; Webb et al., 2001; Whiteley et al., 2012). Hatchery salmonids have been shown to spawn lower in watersheds
than wild fish (Hoffnagle et al., 2008; Williamson et al., 2010),
but this behavior was attributed to fidelity to release location
rather than inability to migrate farther upstream. Homing to a
release location was not a factor in the Sucker River because no
kamloops had been stocked there for several generations. Kamloops that do ascend higher in streams likely incur reduced reproductive success in competition with steelhead (Araki et al., 2007b;
Miller et al., 2004). The apparent partial segregation of steelhead
and kamloops likely reduced competitive interactions between
strains near stream mouths leading to greater reproductive success
of kamloops within these reaches.

Steelhead stock structure
Stocking has altered the spatial genetic structure of salmonid
populations (Perrier et al., 2013; Valiquette et al., 2014), but the
weak structure among Minnesota steelhead populations was not
the result of kamloops introgression, as indicated by low average
kamloops ancestry in most populations. Instead, high levels of historical stocking of a Michigan strain, stocking of FRW and KCB
broodstock offspring away from their natal streams, and straying
all likely contributed to the similarity among most of Minnesota’s
steelhead populations. Kreuger et al. (1994) showed that stocking
of fry from the Little Manistee River, a tributary of Lake Michigan,
from 1981 to 1992 led to substantial contributions to the two populations that they evaluated (Baptism and Knife rivers) and speculated that more widespread genetic homogenizing effects had
occurred. Michigan strain stocking was discontinued to protect
genetic integrity of local steelhead populations. The MNDNR then
developed the FRW and KCB broodstocks, whose stocking in 12
streams may have reduced any fine-scale structure that developed
among Minnesota populations, if it was present. A broader analysis
of Lake Superior steelhead genetic structure suggested that most
populations are probably organized through common use of several adjacent spawning streams (Kreuger and May, 1987). Similarly, naturalized steelhead populations showed little spatial
genetic structure among Michigan tributaries to Lake Michigan
(Bartron and Scribner, 2004). The use of adjacent streams may be
common in Minnesota because little spawning habitat is available
below natural fish barriers in most streams, and favorable stream
flows can be sporadic during the brief spawning period. This study
confirmed that Wisconsin’s Bois Brule River population continues
to differentiate from Minnesota populations (Kreuger and May,
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1987; Kreuger et al., 1994), although it is geographically closer to
many Minnesota populations than they are to each other.
Management implications
Concern over genetic introgression of kamloops with naturalized steelhead populations was first expressed in the 1992 Steelhead Management Plan (Schreiner, 1992), and evaluations to
explore this issue have occurred over the last 27 years (Close,
1999; Kreuger et al., 1994; Miller et al., 2004; Negus, 1999; Page
et al., 2011). Confirmation of kamloops introgression was one criterion for re-evaluation and potential elimination of the kamloops
stocking program (Goldsworthy et al., 2017). The decision was
made in 2018, with input from stakeholder groups, to discontinue
the kamloops stocking program based partly on the wide-spread
kamloops introgression with naturalized steelhead that was verified by this study. Kamloops descendants were geographically dispersed at low levels, and over 90% of naturalized adults were
classified as steelhead. Introgression was most pronounced in
streams closest to Duluth, the only area where kamloops stocking
has occurred since 1992. Despite low levels of introgression, the
genetic integrity of Minnesota’s naturalized steelhead populations
can still be protected and perhaps restored (Perrier et al., 2013;
Valiquette et al., 2014). A related criterion for re-evaluation of
the kamloops stocking program was impacts on steelhead populations in other jurisdictions (Goldsworthy et al., 2017). The basis for
this criterion was the GLFC Joint Strategic Plan’s focus on managing
Great Lakes fisheries in ways that avoid negatively affecting other
agencies’ interests (GLFC, 2007). Between 2015 and 2017, 112
clipped rainbow trout (assumed to be kamloops) were photographed ascending a fish ladder on Wisconsin’s Bois Brule River
(P. Pisczech, WIDNR, personal communication), where this study
detected likely kamloops descendants. Discontinuing kamloops
stocking prevents further introgression with steelhead populations
in Minnesota and in other jurisdictions around Lake Superior.
Finding kamloops ancestry (both pure kamloops and hybrids) in
unclipped adult fish that were designated as French River Wild
broodstock was very concerning. Prior to this study, these fish
would have produced fry for stocking, thus bypassing reproductive
competition in the wild that might have otherwise led to poor
reproductive success. Based on results from this study, a genetic
screening protocol (e.g., Matala et al., 2009) for adult steelhead
captured at the French River will be conducted, and will continue
for at least 1–2 generations after the last year-class of kamloops
is stocked. The MNDNR has now replaced the kamloops stocking
program with a genetically screened, clipped steelhead program
that will maintain harvest opportunities for rainbow trout in Minnesota waters of Lake Superior.
Conclusion
We have documented introgression of hatchery kamloops in
naturalized steelhead populations in western Lake Superior that
contrasts with the lack of evidence for kamloops introgression
25 years earlier (Kreuger et al., 1994). Kamloops descendants were
identified in age-0 and adult samples from throughout Minnesota’s
shore and a nearby Wisconsin tributary. The finding of kamloops
introgression into Minnesota steelhead population and potential
impacts on other jurisdictions contributed to the decision to discontinue and replace the kamloops stocking program. This study
supports continued genetic monitoring (Schwartz et al., 2007) of
hatchery programs because reproductive contributions may
change over time. Where the goal is separation of hatchery and
wild populations (Baskett and Waples, 2012; Seamons et al.,
2012), short-term studies may falsely alleviate concerns of hatch-

ery impacts. Conversely, where the goal is to supplement naturally
producing populations, short-term studies may underestimate the
potential contribution of a hatchery source to a wild population.
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