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bouvieri) and introduced rainbow trout (O. mykiss) in the South
Fork of the Snake River watershed, Idaho
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Abstract Throughout its native range, the Yellow-
stone cutthroat trout (YCT), Oncorhynchus clarkii
bouvieri, is declining dramatically in both abundance
and distribution as a result of introgression with
introduced rainbow trout (RBT), O. mykiss. We sam-
pled over 1,200 trout from the South Fork of the Snake
River (SFSR) watershed, in southeastern Idaho and
western Wyoming, and measured the extent of intro-
gression of RBT genes into native gene pools of YCT
using seven species-specific, co-dominant nuclear
genetic markers. We also used mitochondrial DNA
(mtDNA) haplotype differences between the two
parental trout species to determine the directionality of
the hybridization. We found low levels of RBT intro-
gression (only 7% of sampled individuals had one or
more RBT alleles) into YCT gene pools, with the
majority of hybrids (78%) occurring in mainstem
localities of the SFSR and in lower elevation reaches of
certain tributaries. Hybridization was bidirectional
with respect to mtDNA haplotype, but the majority of
hybrids (75%) had YCT maternal haplotypes, indica-
tive of the greater proportion (90%) of YCT-genotypes
in the SFSR watershed. The primary factor influencing
the geographic distribution of RBT introgressed indi-
viduals was fluvial distance from localities of stocking
origin. To a lesser extent, elevation, also influenced the
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distribution of hybrid genotypes, with several entire
tributaries and all upper elevation reaches within
tributaries harboring only YCT-genotypes. Important
management implications of the study suggest target-
ing particular tributaries and upper reaches within
tributaries for YCT protection and exclusion of RBT
hybrid colonization.
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Introduction

Invasive species, whether accidentally or deliberately
introduced, exact huge economic costs, radically
reduce biodiversity in their recipient environments,
and severely impact all ecosystems (Sakai et al. 2001).
These impacts have also resulted in extinctions of
native species to the point that invasive species are
considered the second greatest threat to biodiversity
loss in the US (Mooney and Cleland 2001). While the
impacts of introduced species on native communities
are often through their ability to compete with or prey
upon native species, their ability to hybridize and int-
rogress (backcrossing between hybrids and parental
species) with native species is also of serious conse-
quence. Hybridization and introgression with native
species can lead to another kind of extinction of native
species, the loss of genotypically distinct populations,
also known as genetic extinction (Rhymer and Sim-
berloff 1996; Allendorf et al. 2001).

Introgressed populations of native species of
conservation concern present a particular challenge
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because no clear policy for the protection of even
slightly hybridized populations under the Endangered
Species Act has been set forth (USFWS 1999, 2003).
Invasive species can show a number of patterns of
hybridization with native species, from hybridization
without introgression to complete admixture (Allen-
dorf et al. 2001). Clearly, the consequences of hybrid-
ization and the extent of introgression of invasive
species’ genes into a native species’ genome must be
fully understood in order to design sound management
plans that target the preservation of native gene pools.
Molecular genetic techniques, which allow for an
accurate depiction of the relative proportion of intro-
gression in hybrid individuals and the identification of
remaining, genetically pure populations of native spe-
cies, offer the best avenue for assessing patterns of
introgressive hybridization.

Introgressive hybridization is especially pronounced
in freshwater fishes (Dowling and Secor 1997), pri-
marily due to massive, intentional introductions of
non-indigenous game fish by stock-enhancement pro-
grams. In fact, 25-50% of freshwater fish caught by
anglers in the continental US are from stocked popu-
lations of non-native species (Kolar and Lodge 2000).
These introductions are problematic in that they force
sympatry on species that evolved naturally in allopatry,
thereby increasing the potential for interspecific
hybridization in populations that lack strong develop-
ment of reproductive isolating mechanisms (Behnke
1992).

Of particular concern, is the dramatic decline of
many salmonid fishes (salmon, trout, and char) in
western North America due to hybridization with
introduced species of salmonids. For example, hybrid-
ization is known to occur between introduced brook
trout (Salvelinus fontinalis) and native bull trout
(8. confluentus; Leary et al. 1993), introduced rainbow
trout (RBT) (Oncorhynchus mykiss) and native cut-
throat trout (O. clarkii; Allendorf and Leary 1988;
Leary et al. 1987, 1995), and both introduced rainbow
and cutthroat trout with native Apache trout
(O. apache; Loudenslager et al. 1986). If such hybrid-
ization events result in fertile offspring that can backcross
to one or both parental species (i.e., introgression), this
can lead to the loss of genetically pure populations of
the native trout species (Rhymer and Simberloff 1996;
Allendorf et al. 2001). Currently, of the 14 subspecies
of cutthroat trout native to western North America,
introgressive hybridization with non-native RBT has
been implicated directly in the extinction of one
species, the Alvord cutthroat trout (O. clarkii ssp;
Busack and Gall 1981; Bartley and Gall 1991),
protection under the Endangered Species Act of four
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species, and the designation of nine species of concern
by various state and federal agencies (Allendorf and
Leary 1988; Weigel et al. 2003).

One particular species of concern, the Yellowstone
cutthroat trout (YCT; O. clarkii bouvieri), is thought to
be imperiled due to interactions with introduced RBT
(O. mykiss). Throughout its native range, YCT popu-
lations are declining dramatically in both abundance
and distribution. This decline has been especially
severe for stream-dwelling populations, which are
thought to occupy only about 10% of their original
distribution (Varley and Gresswell 1988). Although
habitat degradation and angler overexploitation have
contributed significantly to the decline, the largest
impacts on YCT populations appear to be from com-
petition with brook trout (S. fontinalis) and competi-
tion and introgression with introduced RBT (Young
1995; Meyer et al. 2006).

The native distribution of YCT includes the Yel-
lowstone and Bighorn rivers of southern Montana and
north-central Wyoming, the upper Snake River of
southeastern Idaho, western Wyoming, and portions of
northern Nevada and Utah (Behnke 1992, 2002).
While RBT are native to some areas of the Inter-
mountain West and overlap in geographic distribution
with coastal cutthroat trout (O. clarkii clarkii) along
the Pacific coast, they have historically been geo-
graphically separated from the Yellowstone subspecies
of cutthroat trout, with Shoshone Falls on the Snake
River serving as a natural barrier to upstream dispersal
of RBT into Idaho (Behnke 1992, 2002). Thus, RBT
and YCT evolved in allopatry, and selection for
reproductive isolation has likely not been sufficient to
prevent interbreeding in the short period since they
have been forced into secondary contact as a result of
stocking of RBT. Lack of reproductive isolation, cou-
pled with the close phylogenetic relationship between
the two species (RBT and YCT are sister taxa; Behnke
1992) and an overlap in spawning seasons (Varley and
Gresswell 1988; Henderson et al. 2000), has resulted in
the two species readily hybridizing and forming fertile
hybrid offspring in regions of secondary contact
(Loudenslager and Gall 1980; Loudenslager 1981;
Kruegar and May 1991). As a popular game fish, RBT
have been extensively stocked by fisheries managers
into watersheds far outside their native distribution,
thereby exacerbating the potential for widespread
displacement of native cutthroat trout by RBT.

Despite a rapid and aggressive RBT invasion,
several studies have suggested that YCT (and native
cutthroat trout in general) have managed to resist
displacement and maintain some form of genetic
integrity within some localized habitats, most notably
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in higher elevation reaches of streams (MacPhee 1966;
Griffith 1988; Bozek and Hubert 1992; Dunham and
Rieman 1999; Kruse et al. 2000; Weigel et al. 2003;
Meyer et al. 2006). It is not clear, however, whether
this is merely an artifact of limited access to high-ele-
vation reaches due to barriers that block RBT dis-
persal, such as waterfalls (Hilderbrand and Kershner
2000), because no selective advantage for cutthroat
trout over RBT in high-elevation conditions has been
found (Rubidge and Taylor 2004, 2005).

On the SFSR, Idaho (Fig. 1), RBT were stocked
from the early 1900s until 1984 when the program was
stopped due to concerns based upon observations of an
increasing wild rainbow and rainbow-cutthroat hybrid
population (Schrader and Gamblin 1994). Since that
time, RBT and their hybrids have continued to expand
their range such that they have been reported to con-
stitute up to 33% of trout abundance in some parts of
the watershed (Schrader and Gamblin 1996).

Fine-scale genetic detection of the proportion of
introgression across the geographic distribution of
YCT populations is critical for understanding the
evolutionary dynamics at play in this invasion system.
To understand the geographic pattern of introgression
between introduced RBT and native YCT in the SFSR
watershed, we characterized the degree and spatial
distribution of introgression using both nuclear and
mitochondrial DNA (mtDNA) genetic markers for
1,271 individuals sampled from three mainstem locali-
ties and nine tributary streams that drain into the SFSR
(Fig. 1). Specifically, the objectives of the study were to

(1) characterize the levels and directional patterns of
hybridization and (2) assess spatial patterns of
hybridization to evaluate the relative importance of
certain environmental and spatial factors contributing
to, or limiting, further RBT introgression into YCT
populations.

Materials and methods
Study location and sample collection

We collected trout from field localities distributed
across a range of habitat conditions on the SFSR, the
Salt River, and nine other major tributary streams in
southeastern  Idaho-western ~ Wyoming  (Fig. 1,
Table 1) during the summers of 2003 and 2004. Each
tributary was divided into an upper, middle, and lower
sampling reach. These sites were selected by dividing
the watershed into equal thirds from a map recon-
naissance and selecting the nearest accessible sites in
the middle of each third. Within each sampling reach,
three different 50-m sites were electroshocked with a
backpacker electrofisher, and ~50 (5-59) individuals
were sampled in total across the three subsamples
(total subsampling sites across all mainstem and trib-
utary reaches = 76; Table 1). Mainstem river locations
(MS1-MS3; Fig. 1) were sampled with boat-mounted
electroshockers in cooperation with the Idaho
Department of Fish and Game and the Wyoming
Game and Fish Department, and as such, were limited

Fig. 1 Stream tributaries Sou
(n = 9) and mainstem
locations (MS1-MS3)
sampled along the South Fork
of the Snake River and Salt
River in southeastern Idaho-
western Wyoming (USA)
during the summers of 2003
and 2004. Stream tributaries
were divided into three
sampling reaches: upper

(U), middle (M), and lower
(L) elevation sites. Within
each sampling reach, fish were
collected from three 50 m
sample sites. Inset map
identifies the location of the
study area in western North
America
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Table 1 Sampling localities in the South Fork of the Snake
River (SFSR) watershed, and the number of samples collected
(n) at each elevational sampling reach

Sampling Reach® Elevation n UTM coordinates
locality (m) T ———
Easting Northing
SFSR MS1 1,491 62 0430780 4841144
SFSR MS2 1,607 76 0467349 4811714
Burns Canyon U 1,738 19 0465516 4830484
Creek M 1,643 33 0463555 4829366
L 1,641 59 0462285 4828076
Pine Creek U 1,875 44 0478224 4825233
M 1,767 50 0476051 4821914
L 1,705 50 0471009 4817385
Rainy Creek U 1,798 49 0483378 4815093
M 1,725 42 0479824 4812795
L 1,662 37 0476896 4810763
Fall Creek M 1,681 19 0464279 4805727
Palisades Creek U 1,917 51 0488979 4809975
M 1,810 22 0485204 4806091
L 1,662 46 0482576 4804881
Big Elk Creek U 1,967 51 0498648 4802443
M 1,829 31 0494869 4799554
L 1,766 31 0492105 4797267
Bear Creek U 1,988 49 0469140 4788430
M 1,840 46 0474841 4792060
L 1,747 32 0479936 4791424
McCoy Creek U 1,905 48 0476046 4779159
M 1,804 47 0481946 4778356
L 1,747 28 0487291 4779730
Salt River MS3 1,752 136 0498644 4752211
Jackknife Creek U 1,903 55 0484848 4765176
M 1,842 53 0488213 4765908
L 1,787 5 0491679 4766293

Total 1,271

UTM coordinates (zone 12T) are reported for the middle sub-
sample of each reach

# Sampling reaches are defined as upper (U), middle (M), and
lower (L), or mainstem (MS) locations

to locations that were sampled on a yearly basis to
enumerate population abundance.

Captured fish (n = 1,042 from ten localities in 2003;
n = 229 from an additional two localities in 2004) were
anesthetized with clove oil and a small fin clip from the
adipose fin and left pelvic fin was stored in 95% etha-
nol for subsequent genomic DNA extraction. After
recovery, fish were live-released back into the streams.
Elevation (m) and UTM coordinates were recorded for
the middle subsample of each reach.

Nuclear markers

We extracted genomic DNA from the 1,271 fin clips
using the Puregene Genomic DNA Isolation Kit
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(Gentra Systems Inc., Minneapolis, MN, USA) fol-
lowing the manufacturer’s protocol. Extracted DNA
was diluted to 150 ng/pl, and stored at —20°C. In order
to identify heterospecific (RBT) alleles, we chose PCR
primers developed by Ostberg and Rodriguez (2002,
2004) who used nine simple-sequence repeat (SSR)
loci to design primers that amplified intervening DNA
regions that were shown to have species-specific, fixed
allele length (in base pairs, bp) differences that can
distinguish RBT from YCT (Table 2). Each forward
PCR primer was labeled with a fluorescent dye (Ap-
plied Biosystems Inc., Foster City, CA, USA). Primers
Om-55, Occ-36, Occ-38, Occ-37, and Om-35 were la-
beled with FAM, and primers Occ-35, Occ-42, Occ-34,
and Occ-16 were labeled with HEX. PCR products
from all nine primer sets were initially screened on an
ABI 3100 automated sequencer located at Idaho State
University’s Molecular Research Core Facility. A
typical PCR reaction consisted of a total volume of
10 pl, with 1.5 pl template DNA (10 ng), 1.25 pl of
each primer (1 pl each primer), dNTP mix (1.25 mM
each dNTP), MgCl, (1.5 mM), 10x Fisherbrand DNA
Polymerase buffer, and 0.1 U of Tag DNA polymerase
(New England Biolabs, Beverly, MA, USA). All PCR
reactions were run using a PTC-100 or PTC-200 ther-
mal cycler (MJ Research, Waltham, MA, USA) using
the following profile: 94°C dwell, 93°C denature, pri-

Table 2 PCR product sizes and annealing temperatures
for primers amplifying species-specific SSR loci

Primer Allele RBT YCT bp Anneal
temperature (°C)
Om-55 A - + 172 68
B + - 189
c + - 191
Occ-36 A + - 271 68
B - + 301
Occ-35 A + - 203 60
B - + 234
Occ42 A + - 171 60
B - + 193
Occ-38 A + - 142 64
B - + 166
Occ-34 A + - 217 56
B - + 222
Occ-37 A + - 252 64
B - + 263
ct - + 269
Occ-16 A + - 253 50
B - + 369
Om-35 A - + 166 52
B + - 216

? Primer amplifies different loci in different parental species
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mer-specific annealing temperature (Table 2), 72°C
synthesis, repeat for 34 cycles, and end with a 30 min
extension at 72°C. For each primer set, we genotyped
control individuals that were either YCT-genotype,
RBT-genotype, F1 or backcross hybrids (samples pro-
vided by Henry’s Lake hatchery and Carl Ostberg,
USGS) to make sure that each primer set was ampli-
fying fragments for each trout species of the same
length described in Ostberg and Rodriguez (2004).

Five loci (Om-55, Occ-36, Occ-35, Occ-42, and Occ-
38) had a large enough difference in species-specific
length of alleles at each single locus to be reliably
scored on agarose (2%; Seakem LE, Cambrex Inc.,
Charles City, 1A, USA) stained with ethidium bro-
mide. The remaining loci (Occ-34, Occ-37, Occ-16, and
Om-35) were run on the ABI 3100 and scored using
Genemapper v3.7 software (Applied Biosystems).
A total of 1,246 individuals were successfully geno-
typed at these nuclear loci (25 fish were excluded from
the genotyping analysis due to inconsistencies in
amplification across all loci).

Mitochondrial DNA markers

Mitochondrial DNA analysis was conducted to verify
parental individuals that were YCT-genotype or
RBT-genotype based upon both types of markers, as
well as determine the direction of the interspecific
cross from which an introgressed individual is derived
(YCT female x RBT male or RBT female x YCT
male). We identified the species of the maternal parent
of each fish by examining the species-specific banding
patterns derived from a restriction enzyme digest
(Rsa-I) of an amplified portion of the mtDNA: NADH
dehydrognase 2 (ND2) gene (Campbell et al. 2002).
The RBT haplotype contained three restriction frag-
ments, 600, 500, and 300 bp. The YCT haplotype had
one of three restriction fragment polymorphisms: (1)
600, 350, and 160 bp, (2) 800, 400, and 160 bp, and (3)
650, 550, and 160 bp. A total of 1,236 individuals were
successfully genotyped for mtDNA haplotypes (35 fish
were excluded due to failure of PCR amplification of
the ND2 region).

Characterizing introgression and hybrid class

We used the multilocus genotypes from seven of the
nuclear loci (Om-55 and Occ-37 were omitted due to
multiple loci; see results) to characterize the level of
introgression of RBT alleles in each individual fish and
in analyses that assigned individuals to particular
hybrid classes (e.g., F1, F2, YCTbc, RBTbc). Individuals

were designated as “CC” (displaying only YCT-sized
alleles, “RR” (displaying only RBT-sized alleles) or
“RC” (displaying one allele from each species) for
each of the seven loci. An individual with the YCT-
genotype should contain all 14 YCT alleles, a RBT-
genotype individual all 14 RBT alleles, and interspe-
cific hybrids will have some combination of rainbow
and cutthroat alleles (F1s will have both sets, i.e., seven
YCT alleles and seven RBT alleles), allowing us to
distinguish them from parentals. The percentage that
each fish is introgressed with RBT alleles (PI) was
calculated using the following formula:

PI = [no. of rainbow alleles/total no. of alleles] x 100.

(1)

Assignment of individuals to particular hybrid clas-
ses based on multilocus genotype data was determined
using the Bayesian clustering method of Anderson and
Thompson (2002) in the Newhybrids program (http:/
ib.berkeley.edu/labs/slatkin/erig/software/software.htm).
The model uses Markov chain Monte Carlo (MCMC)
sampling to determine deviation from Hardy-Wein-
berg equilibrium among multilocus genotypes to assess
the posterior probability that an individual came from
a single (equilibrium) genetic background (i.e., was not
a hybrid). The hybridizing population is modeled as a
mixture of unknown proportions of individuals of the
different genotype frequency classes, corresponding to
parental species no. 1 and species no. 2, and various
classes of recent hybrids (F1, F2, and backcrosses). The
strength of this analysis is that it assumes no known
baseline genotype or population, but compares allele
frequencies among individuals to determine the prob-
ability that they belong to one of two pure lineages, or
are a hybrid mixture (Wares et al. 2004). Only the
likelihood of hybrid history assuming two generations
of introgression (F1, F2, and backcross genotypes) was
assessed, since marginal probabilities of further hybrid
classes become increasingly difficult to calculate
(Anderson and Thompson 2002). We analyzed our
data set several times, with various over-dispersed
random seeds, lengths of burn-in period, and numbers
of sweeps (iterations), as recommended by Anderson
and Thompson (2002). We show results for a simula-
tion with a burn-in of 10* sweeps and a total of 5 x 10°
sweeps, assuming no prior allele frequencies and a
uniform prior distribution for diversity at each locus;
however, qualitatively similar results were obtained
using different initial settings of over-dispersed random
seeds, lengths of burn-in period, and numbers of
sweeps.

@ Springer



54

Conserv Genet (2008) 9:49-64

Statistical analysis of the frequency of hybrid classes

We used analysis of variance (anova) to test for dif-
ferences in the proportion of RBT alleles among trib-
utaries or between sampling reaches within tributaries.
We calculated the proportion of RBT alleles based on
samples pooled among sampling sites and tributary
reaches for between tributary comparisons and pooled
among sampling sites within a reach type (lower,
middle, or upper), regardless of tributary origin, to
compare lower, middle, and upper reaches. Hence, we
considered each reach within a stream as a unit of
replication rather than sites within a reach. We also
performed aNova among tributaries and mainstem
sites to test for differences in where a particular hybrid
class occurred. Tukey’s studentized range (HSD)
determined post hoc differences among groups. We
examined residuals from all ANOVA and regression
models for homogeneity of variance and applied an
arcsine-square root transformation of proportions
when necessary. All statistical analyses were per-
formed in SAS v9.0.

To determine whether hybridization events were
recent and recurring or consisted of a relatively older
hybrid swarm (varying numbers of generations of
backcrossing to one or both parental taxa, in addition
to mating among the hybrids themselves, sensu Rhy-
mer and Simberloff 1996), a binomial distribution
model (Boecklen and Howard 1997) was used to
generate the expected marker frequency distribution
for first-(bcy), second-(bc,), and third-(bcs) generation
backcross hybrids (cf. Ostberg et al. 2004). For the
observed distribution, backcrosses were determined
by two methods: (1) designation of YCTbc and
RBTbc based on Newhybrids analysis, and (2)
counting individuals that contained all the markers
from the backcrossing species plus some proportion of
markers from the non-backcrossing species (this
method increased the sample size of individuals clas-
sified as backcrosses). Thus, RBT backcrosses con-
tained =8 RBT-specific markers and <6 YCT-specific
markers, with the opposite pattern for YCT back-
crosses. A chi-square test with Yate’s correction was
applied to test whether the observed marker distri-
bution among individuals classified as backcrosses was
significantly different from the expected distribution
of marker frequencies based on the binomial model
(Boecklen and Howard 1997).

Spatial analysis of introgression

We used a Mantel test (Mantel 1967) to determine if
localities containing hybrid individuals were found
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closer together than those that did not contain hybrids
(positive spatial autocorrelation). Two distance matri-
ces were constructed, one based on geographic (fluvial)
distance between pairs of localities and the other based
on the hybrid state of the pairs of localities. Following
Rubidge and Taylor (2005) and Hitt et al. (2003), the
hybrid state matrix was a binary-coded matrix com-
piled of zeros and ones, where 0 = both localities
hybridized, and 1 = any other combination, i.e., one
site hybridized and the other not, or neither site
hybridized. Fluvial distances between all pairs of
localities were calculated using ArcInfo GIS v9.

If hybridization is spreading from a source to sur-
rounding areas, one would expect the highest per-
centage of heterospecific alleles (PI) to be in close
proximity to major stocking localities and that PI
would decrease at localities further upstream or
downstream, or in tributaries further from the stocking
source. A major potential stocking locality for past
introductions of RBT into the SFSR system is a bridge
over the SFSR in a section of the river locally referred
to as Conant Valley (MS2), which provides easy access
to the Snake River (M. Gamblin and B. Schrader,
Idaho Department of Fish and Game, personal com-
munication). To test whether the MS2 site is an
important RBT source of introduction, we examined
the relationship between PI (based on arcsine-square
root transformation of proportions) and fluvial dis-
tance to the MS2 site by linear regression analysis.
Fluvial distance measures were calculated using
Arclnfo GIS v9. We used partial linear regression (to
remove the confounding effect of distance) to examine
the relationship between the elevation difference from
MS2 and PI to test whether changes in elevation
influence levels of hybridization.

Results

Species-specific differences in nuclear SSR-based
markers

For two primer sets (Om-55 and Occ-37), we deter-
mined that these primers were potentially amplifying a
different locus in RBT than in YCT (Table 2). For
example, several backcross hybrid individuals were
discovered with three different sized alleles for primer
set Om-55: 189/191 for the RBT size range and 172/172
for the YCT size range. The presence of three alleles in
a single individual as a result of PCR amplification
suggests that this primer set amplifies one locus of
~190 bp in RBT (peak amplitudes for the 189/191
heterozygotes were similar and not indicative of stut-
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ter) and a second locus on a different chromosome of
~170 bp in YCT. Similar results were obtained for
certain backcross hybrid individuals for the primer set
Occ-37. Thus, genotype data from these two primer
sets were eliminated from further analyses and these
primer sets should not be considered to be amplifying
the same locus in rainbow and cutthroat trout in future
studies.

Hybrid assignment with nuclear markers

The greatest proportion (90%) of individuals sampled
was that of YCT-genotype. Hybrid individuals only
represented 7% of the entire sample and RBT-geno-
type individuals occurred at a very low frequency
(3%). More specifically, using Bayesian hybrid assign-
ment (Newhybrids; Anderson and Thompson 2002),
1,120 individuals were assigned as YCT-genotype
(99% of which had a greater than 0.99 posterior
probability of being YCT-genotype for all seven
markers) and 38 individuals were assigned as RBT-
genotype (97% of which had a greater than 0.90 pos-
terior probability of being RBT-genotype for all seven
markers). Nineteen individuals were assigned as F1
hybrids (89% of which had a greater than 0.97 pos-
terior probability of being F1) and 12 individuals were

Expected percent

0 2 4 6 8 10 12 14
Number of RBT markers in YCTbc

Fig. 2 Expected binomial distributions of 14 species-specific
markers (- - -) in three backcross categories (BC1, o; BC2, A;
BC3, m) and (panels a and ¢) the observed number of YCTbc
individuals with respective RBT alleles (—; O), or (panels b and
d) the observed number of RBTbc individuals with respective

assigned as F2 hybrids (83% of which had a greater
than 0.80 posterior probability of being F2). Thirty
individuals were assigned as YCT-backcross hybrids
(96% of which had a greater than 0.92 posterior
probability of being YCTbc), and 14 were assigned as
RBT-backcross hybrids (85% of which had a greater
than 0.80 posterior probability of being RBTbc).
Thirteen individuals had less than 0.70 posterior
probability of belonging to any hybrid class due to
multilocus genotypes that did not fit predicted Men-
delian patterns of any particular hybrid class, and so we
excluded them from further analyses that depended on
the hybrid class designation.

Distinguishing between backcross generations is
important for characterizing hybrid zones because
backcross individuals represent the spread of intro-
gression into native gene pools. However, a large
number of genetic markers is needed to accurately
distinguish late-generation backcrosses from pure
parentals (>17 markers for BC-3, and >30 markers for
BC-4 and BC-5, with a ~10% error rate; Boecklen and
Howard 1997). Rather than assign genotypes to back-
cross generations based upon the 14 alleles used in this
study, we followed the example of Ostberg et al. (2004)
and used the expected frequency modes to characterize
the hybrid zones (Fig.2). The observed frequency

Observed number of individuals

T
n w s o (o2} ~ © O

-0

0 2 4 6 8 10 12 14
Number of YCTmarkers in RBT bc

YCT alleles (—; O). Panels a and b represent backcross
individuals as assigned by Newhybrids. Panels ¢ and d represent
backcrosses determined by counting the number of RBT versus
YCT alleles in an individual, thereby increasing n. YCT
Yellowstone cutthroat trout, RBT rainbow trout
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Table 3 Yates corrected likelihood ratio chi-square test for
binomial distribution of expected marker frequency

Test BC generation Value P-value
Newhybrids YCTbc BC1 17.30 0.0080
BC2 14.00 0.0160
BC3 20.26 <0.0010
Newhybrids RBTbc BC1 18.38 0.0050
BC2 5.83 0.32
BC3 10.40 0.034
Manual YCTbc BC1 27.27 <0.001
BC2 6.59 0.25
BC3 16.80 0.0020
Manual RBTbc BC1 21.38 0.0020
BC2 7.24 0.20
BC3 6.58 0.16

Values that represent observed distributions that are not signif-
icantly different from the expected distributions, i.e., are the
same as the expected distribution, are in bold. YCTbc Yellow-
stone cutthroat trout backcross, RBTbc rainbow trout backcross

distribution of RBT alleles in YCTbc individuals that
were identified to this hybrid class by Bayesian clus-
tering, using Newhybrids, did not match any of the
frequency modes (Fig. 2a). This was confirmed by a
chi-square test (Table 3), suggesting that YCTbc indi-
viduals are a mixture of all three backcross generations
(Ostberg et al. 2004), a pattern indicative of a hybrid
swarm. The observed frequency distribution of YCT
markers in RBTbc individuals that were identified to
this hybrid class by Bayesian clustering implemented in
Newhybrids (Fig. 2b) did match the expected marker
frequency of the BC-2 generation (Table 3), suggesting
recurrent hybridization within this backcross class. We
next compared the expected distribution of each gen-
eration of backcrosses to the observed distribution
(Fig. 2¢, d; Table 3) using a broader criterion for
classifying backcross individuals in the data set. This
criterion included all individuals that had all alleles
from the backcrossing species, whereas, the inheritance
of alleles from the non-backcrossing species was
expected to follow a normal distribution around a
mean number of alleles (<6), assuming alleles were
inherited independently, random mating and no
selection. The observed frequency distribution of RBT
alleles in YCTbc determined using this criterion
(Fig. 2c) matched the expected frequency of the BC-2
generation (Table 3), while the observed frequency
distribution of YCT alleles in RBTbc (Fig. 2d) best
matched the marker frequency distribution of both the
BC-2 and BC-3 generations (Table 3). The prevalence
of later-generation backcrosses in this system is indic-
ative of recurring hybridization events rather than a
more recent hybrid swarm.
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Mitochondrial DNA assignment

Hybrid individuals were found with mtDNA from both
RBT (n = 19) and YCT (n = 56) (Fig. 3). The majority
of hybrids (75%) had YCT maternal haplotypes,
indicative of the greater proportion (90%) of YCT-
genotypes in the SFSR watershed. RBT mtDNA
haplotypes (in hybrid and pure RBT genotypes) were
found only in Palisades Creek, Pine Creek, Burns
Canyon Creek and the three mainstem localities, MS1,
MS2, and MS3. Among introgressed individuals,
hybridization was mostly occurring in the cutthroat
trout direction (YCT female x RBT male) for Pali-
sades Creek, Rainey Creek, Bear Creek, McCoy
Creek, and MS1. However, among introgressed indi-
viduals in Pine Creek, MS2, and MS3, hybridization
was mostly in the opposite direction (RBT fema-
le x YCT male). Generally, however, all localities
where hybrid trout occurred contained a mixture of
both YCT and RBT mtDNA haplotypes, indicating
that hybridization is bidirectional, i.e., can occur from
either YCT female to RBT male or vice versa, and not
strongly asymmetrical. The presence of two individuals
in Burns Canyon Creek and one in MS2 that were
classified as YCT-genotype, but contained RBT
mtDNA, and two individuals in MS2 that were classi-
fied as RBT-genotype, but had YCT mtDNA, provides
evidence of multigenerational backcrossing events, too
far back in time to be detected with only seven nuclear
genetic loci.

Spatial patterns of introgression

The distribution of hybrids, based on the Bayesian
clustering assignment in Newhybrids, differed among
reaches and tributaries (Fig. 4). The majority of RBT-
genotype and hybrids from all hybrid classes were
located in the SFSR in the area of the Conant Valley
(MS2; a putative source of introduction) and, to a
lesser degree, in some of the lower and middle eleva-
tional reaches, particularly in tributaries in close
proximity to MS2. RBT-genotype and hybrid trout
were completely absent from Big Elk Creek, Jackknife
Creek, Fall Creek and all upper elevational reaches.
However, Newhybrids may be less conservative in its
assignment of an individual to YCT-genotype, since
ten individuals had 1/14 RBT alleles, i.e., 7% intro-
gressed with RBT alleles, but were classified as YCT-
genotype by Newhybrids based on their posterior
probability of assignment. Two such individuals were
found in Jackknife Creek and Fall Creek, respectively.
A gradient of decreasing hybridization from down-
stream tributaries to upstream tributaries in the river
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Fig. 3 Frequency distribution of hybrid classes (bars) for trout
samples collected on the South Fork of the Snake River and
tributary streams in southeastern Idaho-western Wyoming.
Hybrid classes were assigned by Newhybrids (Anderson and

system (SFSR sites up to Salt River and Jackknife
Creek) and from lower to upper elevational sites was
clear (Fig. 4).

The proportion of RBT alleles showed no significant
differences among tributaries (Table 4; Fig. 5).
Although among-reach comparisons indicated that
upper and lower elevation reaches were significantly
different in their proportion of RBT alleles (more RR
and RC genotypes in lower reaches, Fig. 5); middle
reaches were intermediate, but not different, from
lower sites. Comparisons to determine if the propor-
tion of hybrid classes differed among tributaries and
mainstem sites, indicated that for F1 hybrids, MS3 (Salt
River) is distinct from all tributaries except Pine, Pal-
isades and the two other mainstem sites (MS1 and
MS2), having a much higher proportion of F1 hybrids
(Fig. 4). For RBTbcs, Pine Creek is distinct from all
tributaries except Palisades and two mainstem sites

Thompson 2002). The parental species of the maternal mtDNA
haplotype for each hybrid class is designated by the fill pattern of
the bars (black YCT mtDNA, hatched RBT mtDNA, unfilled
unknown/missing haplotypes)

(MS2 and MS3) having higher numbers of RBTbcs
(Fig. 4). No differences in the proportion of F2s and
YCTbcs by tributary were found.

Spatial and environmental influences
on introgression

We did not find evidence of spatial autocorrelation
between the binary hybrid matrix and the matrix based
on fluvial distance between pairs of populations
(r = 0.12, P = 0.081). This result suggests that localities
that contain hybrid individuals are not clustered geo-
graphically. We therefore explored additional hypoth-
eses to account for the spatial distribution of hybrids.

There was a general trend towards decreasing PI
with increasing fluvial distance from MS2, both up-
stream and downstream (Fig. 6a), suggesting that MS2
does serve as a source for RBT alleles. This pattern
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Fig. 4 Frequency distribution
of hybrid classes

(as determined by
Newhybrids; Anderson and
Thompson 2002) and rainbow
trout (RBT) within each
tributary stream and
mainstem localities (MS)
from the South Fork of the
Snake River. Localities are
listed from North to South
and from lower to upper
elevational reaches
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Table 4 Significant differences detected in the proportion of rainbow trout (RBT) alleles and hybrids among reaches and tributaries
using ANOVA of arcsine-square root transformed frequencies and Tukey’s Studentized Range (HSD)

ANOVA P-value Significant differences based on Tukey’s HSD
Proportion of RBT alleles Fi116 =2.06 0.092 No differences
differ by tributary
Proportion of RBT alleles F75 =419 0.027 Lower reaches contain proportionally more RBT alleles
differ by reach than upper reaches, middle reaches intermediate but not different
from lower sites
Proportion of F1’s Fios =787 0.017 Salt River contains proportionally more F1s than all other tributaries
differ by tributary except Pine, Palisades and two mainstem sites, MS1 and MS2
Proportion of F2’s Fips5=0.95 0.56 No differences
differ by tributary
Proportion of YCTbc’s Fio5 =625 0.028 No differences
differ by tributary
Proportion of RBTbc’s Fios =17.39 0.0028 Pine Creek contain proportionally more RBTbc’s than all other
differ by tributary tributaries except Palisades and two mainstem sites, MS3 and
MS2
Fig. 5 Distribution of trout ‘ oce RC MRR ‘
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mainstem reaches (MS) 7 7 % % 1 2
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was particularly strong for Palisades and Pine creeks,
but also existed in the other tributaries as well. Most
noticeably, however, the upper reaches of all tributar-
ies sampled lacked individuals with RBT alleles, even
those close to the putative stocking location near the
Conant Valley (such as Burns Canyon and Rainey
creeks). Such a pattern indicates that distance alone
cannot entirely explain the distribution of introgressed
individuals and that some additional environmental
feature may also limit the extent of RBT introgression.
Indeed, while a regression analysis indicated that dis-
tance from MS2 was inversely related to PI
(F125 = 748, P = 0.012), it accounted for only a small
proportion of the total variation (#* = 0.20). Elevation
was also significantly related to PI (Fig. 6b) even after
controlling for the effect of distance from MS2
(Fios = 4.42, partial 7* = 0.12, P = 0.046), but the in-
ter-correlation between distance from MS2 and eleva-
tion (r = 0.42, P = 0.025) makes it difficult to separate
the two possible factors that we measured. Interestingly,

any location below 1,700 m always had individuals with
some RBT alleles. Locations between 1,700 and
1,800 m were equally likely to either have individuals
with some RBT alleles or not. Eight of 11 locations
above 1,800 m had no individuals with RBT alleles.

Discussion

Our study illustrates the importance of using fine-scale
genetic detection of levels of introgression between
introduced, invasive species and native species of
conservation concern to better understand the factors
that influence the success of invasive species in native
communities (Sakai et al. 2001; Mooney and Cleland
2001). With seven nuclear genetic markers and one
mtDNA marker, we were able to clearly identify the
location and frequency of remaining, relatively pure
populations of YCT and to determine the spatial and
environmental patterns of RBT invasion in this hybrid
zone. Results of our study will now allow fisheries
managers to better understand the factors that pro-
mote invasion success of RBT in the SFSR watershed
and provide insight into how RBT, in general, are
successful invaders in other systems where they have
been introduced.

Levels of introgression, hybrid classes,
and YCT-genotype populations

The SFSR watershed may be a stronghold of stream-
resident populations of YCT-genotype individuals
within the native YCT range. The greatest propor-
tion (90%) of individuals sampled was that of YCT-
genotype. Hybrid individuals only represented 7% of
the entire sample and RBT-genotype individuals
occurred at a very low frequency (3%). These results
are encouraging and suggests that introgression of
the RBT genome is much lower in the SFSR YCT
population than the 36% introgression reported for
YCT in Henry’s Lake and its tributaries (PI ranging
from 1.7 to 47.6%; Campbell et al. 2002). In addition
to lower levels of introgression, on average,
throughout the SFSR watershed, one-third of the
stream tributaries sampled (3/9) contained only YCT-
genotype individuals. This percentage is slightly
higher than the 26% (27/104) of streams containing
YCT-genotype individuals in Wyoming where stock-
ing occurred until the 1970s (Kruse et al. 2000).
Thus, particular tributaries in the watershed have, so
far, escaped invasion by RBT or hybrids and should
be targeted for conservation with high priority. Sim-
ilar results were found in a recent study (Meyer et al.
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2006) that surveyed the distribution of native YCT
and non-native trout (RBT, brook trout and brown
trout (Salmo trutta) throughout the upper Snake
River basin in Idaho. Less than half of sites surveyed
that contained YCT also contained non-native trout
species and only 19% of these sites contained
RBT X YCT hybrids. Thus, the outlook for preserv-
ing relatively genetically pure populations of YCT
throughout their native range in Idaho looks prom-
ising.

The presence of hybrid swarms in natural popula-
tions can indicate that hybrids have fitness advantages
under natural conditions; however, introgression and
hybrid swarm formation can also occur in the face of
reduced hybrid fitness (Epifanio and Philipp 2001).
The majority of hybrid individuals in the SFSR
watershed were backcross classes, especially back-
crosses to YCT. The observed marker distribution
matched that expected for BC-2 or BC-3 generations,
suggesting recurring hybridization in these backcross
classes. Such a result is not surprising for YCTbc
classes given the predominance of YCT-genotype
individuals in the watershed (cf. Wirtz 1999). These
results suggest that introgression in the SFSR
watershed is not indicative of a recent hybrid swarm, a
pattern consistent with the cessation of stocking of
RBT genotypes in the mid-1980s.

When naturally sympatric species of salmonids
hybridize, asymmetric mating is commonly observed
(Redenbach and Taylor 2003; Ostberg et al. 2004;
Peterson et al. 2004; Baumsteiger et al. 2005; Bettles
et al. 2005), suggesting the existence of differential
hybrid fitness or behavioral or ecological differences
between hybridizing species (Wirtz 1999). In the case
of invasive species where contact between species
often results in hybridization and introgression due to
absent or incompletely evolved reproductive isolation
mechanisms (Rhymer and Simberloff 1996), mating is
often symmetric. The lack of ecological segregation
during spawning between indigenous cutthroat trout
and non-indigenous, introduced RBT may explain the
symmetric mating pattern reported by many studies
(Henderson et al. 2000; Rubidge et al. 2001; Rubidge
and Taylor 2004) including this study. The number of
hybrid individuals in the SFSR watershed with RBT
versus YCT mtDNA was reflective of the relative
proportion of each parental species, suggesting sym-
metrical hybridization. It is likely that demographic
factors, rather than environmental factors, influence
hybridization when isolating mechanisms are weak
(Forbes and Allendorf 1991; Hitt et al. 2003; Rubidge
and Taylor 2005).
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Spatial patterns of hybridization

The dynamics of hybrid zones are shaped by dispersal
and selection (Moore 1977; Barton and Hewitt 1989;
Howard 1986; Arnold 1997). When hybrid genomes
have little selective advantage in particular environ-
ments, the spread of alleles from invading species may
purely be a function of the distance from their initial
source and barriers to further dispersal become critical
to the genetic integrity of native species (Allendorf
et al. 2001; Rubidge and Taylor 2005). In this study,
RBT introgession did decline with distance from a
known RBT stocking source (MS2) upstream of the
Conant Valley (Fig. 6). However, many sites near MS2
still lacked individuals with RBT alleles, suggesting
that perhaps, some other factor(s) besides merely flu-
vial distance from the stocking origin influences the
occurrence of RBT introgressed individuals in this
hybrid zone.

The pattern of introgression in the SFSR watershed
is similar to that reported in other RBT/CT hybrid
zones, one of a repeated, clinal gradient of decreasing
hybrid occurrence from mainstem sites to upper
elevation tributaries (MacPhee 1966; Griffith 1988;
Bozek and Hubert 1992; Gresswell 1995; Dunham and
Rieman 1999; Kruse et al. 2000; Weigel et al. 2003; Hitt
et al. 2003). There are a number of potential reasons
why YCT may be preferentially restricted to high-
elevation reaches of streams. These include access
limitations, homing differences between YCT and
RBT, the influence of artificial flow regimes, and eco-
logical differences between genotypes.

Access limitations and barriers to dispersal, such as
waterfalls, can restrict YCT to high-elevation stream
reaches (Hilderbrand and Kershner 2000). With
respect to our study, the only waterfall in the SFSR
system that could act as a barrier is located in Fall
Creek. Access limitation is a more likely explanation
for the lack of introgressed individuals in certain trib-
utaries, because lower reaches of some tributaries in
the SFSR system do run dry for parts of the year due to
irrigation diversions and drought, thus temporarily
separating them from the mainstem river sites or
Palisades Reservoir. Whether such factors become
effective barriers to RBT and hybridization may
depend on the timing of fish movement and the timing
of when barriers become established each year. In the
SFSR watershed, streams such as Jackknife and Rainey
creeks both experience water withdrawal for irrigation,
but have contrasting amounts of introgression. It
is possible that the timing of water withdrawal
on Jackknife Creek has created a barrier to invasion
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because we did not find hybrids in that tributary, but
the presence of hybrids in Rainey Creek suggests that
no effective barrier exists for this tributary.

Salmonid fishes commonly ‘“home” or migrate
back to their natal spawning areas. Salmon for
instance, migrate many thousands of miles by solar
and magnetic compass orientation, and then by
olfaction (Scheer 1939; Hasler and Cooper 1976;
Quinn 1980, 2005). YCT probably home to their
natal spawning areas in the headwater reaches of
streams to spawn. RBT, on the other hand, were
introduced to SFSR and probably never imprinted to
return to headwater streams, and as a result they
spawn in the nearest accessible habitat. This often
corresponds to lower reaches, and it appears most
importantly, on gravel bars in the mainstem SFSR or
near the mouth of tributary streams. Juveniles from
stocked RBT parents would then “home” back to
such natal localities to spawn as adults.

Fausch et al. (2001) suggested that flow regime is
an important factor influencing invasion success of
RBT; in particular, a match between timing of fry
emergence and months of low flow appears to be
associated with successful invasion. In the SFSR, RBT
have been commonly observed spawning on gravel
bars just below Palisades Reservoir (personal com-
munication, J. Fredericks, Idaho Department of Fish
& Game, Idaho Falls, Idaho). The altered flow
regimes through decreased water release from the
reservoir acts to keep late winter flows low. The
artificial lowering of flow coincides with when RBT
spawn. Part of the strategy to reduce RBT survival in
the SFSR is now designed to increase flows by mim-
icking a more natural peak in flows in spring rather
than holding water back in Palisades Reservoir (per-
sonal communication, R. Van Kirk, Idaho State
University, Pocatello, Idaho). Henry’s Fork of the
Snake River is an example of a system where RBT
have largely replaced YCT (Jaeger et al. 2000).
Groundwater springs are very common in this area,
which help to stabilize late winter flows and probably
increase RBT fry survival (Fausch et al. 2001). Evi-
dence also exists that suggests that the availability of
winter habitat limits RBT recruitment in the Snake
River. A recent study in the Henry’s Fork of the Snake
River showed that age-0 RBT survived only where
complex bank habitat was present, limiting RBT to
lower elevation locations (Mitro and Zale 2002).

Although competitive differences been rainbow and
cutthroat trout have not been thoroughly studied, such
differences may also influence the spatial distribution
of trout genotypes. For example, Seiler and Keeley
(2007) compared the swimming abilities of RBT, YCT,

and their hybrids and found that RBT and hybrid trout
had significantly higher swimming stamina than YCT.
If differences in swimming ability translate into fitness
differences in certain environments, then the spatial
distribution of RBT and hybrid trout may follow a
similar pattern.

Environmental correlates of hybridization

Environmental patterns detected in the spread of
introgressive hybridization enable fisheries managers
to focus their management/conservation efforts on
certain locales that match the environmental criteria
and potentially predict where native cutthroat trout
are likely to persist. This study showed a correlation
between PI and elevation, with many locations above
1,800 m in elevation containing no individuals with
RBT alleles regardless of their distance from a
stocking origin (MS2). Additional environmental
variables such as stream width and temperature
should be considered in future studies as potential
indicators of hybridization.

The relative importance of environmental factors in
determining the spread of RBT alleles and passive
dispersal from stocking origins varies among studies in
other RBT-cutthroat hybrid zones. For example, Hitt
et al. (2003) found that hybridized populations of
westslope cutthroat trout (WCT; O. clarkii lewisi) in
the Flathead River system in Montana generally
encompassed the range of environmental variability in
non-hybridized populations and that introgression
showed stronger associations with neighborhood sta-
tistics, i.e., distance and spatial factors, than measured
environmental gradients. Rubidge and Taylor (2005),
in their study of WCT and RBT in British Columbia,
also found no evidence that stream order, stream
magnitude, or stream elevation influenced the extent of
hybridization among localities. In contrast, Weigel
et al. (2003), in their study of introgressive hybridiza-
tion between WCT and RBT in the Clearwater River
basin in Idaho, reported the same pattern of eleva-
tional separation between the two species as suggested
in this study, despite the fact that RBT had access to all
sample locations and stocking occurred over a range of
elevations throughout their study area. Their results
suggest that environmental variables (such as hydro-
logic and temperature regimes) interact with the
physiological or life history characteristics of native
trout, non-native trout, and their hybrids (see also,
Ostberg and Rodriguez 2006). In particular, Weigel
et al. (2003) found that the level of introgression was
most strongly related negatively to elevation and pos-
itively to stream width.
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Conservation implications and conclusions

A critical issue in conservation biology today is the
identification of conservation units to be targeted for
management and protection (Moritz 1994; Crandall
et al. 2000). Hybridizing taxa are not currently pro-
tected under the US Endangered Species Act (ESA;
USFWS 1999, 2003) and their consideration has been
on a case-by-case basis for separate taxa (USFWS
2003; Allendorf et al. 2004). Our study found relatively
low levels of introgression in most tributaries and
nearly pure YCT-genotype individuals in all upper
elevation reaches. While we only examined levels of
RBT introgression based on seven nuclear loci, each
with a single, species-specific allele, a power analysis
(cf. Kanda et al. 2002; Rubidge and Taylor 2005) based
on an average of 45 individuals collected from each
sampling reach, indicates the probability of detecting
1% introgression with seven loci as being greater than
99%. Indeed, only 5 of 1,236 individuals were classified
as either RBT-genotype (n =2) or YCT-genotype
(n = 3) based on the 14 nuclear alleles, but had the
mtDNA haplotypes of the opposite parental species.
This result suggests that individuals identified as YCT-
genotype are, for the most part, lacking in large num-
bers of RBT alleles. Thus, based upon criteria used
recently by USFWS for WCT, where populations int-
rogressed with 20% or less non-WCT genes are con-
sidered as pure (USFWS 2003), the populations of
YCT in the SFSR watershed should be considered a
stronghold of pure YCT individuals and targeted for
conservation with a high priority.

Because our study represents the first detailed
genetic survey of levels of introgression in the SFSR
watershed, our estimates represent a measure of
introgression at one time point, 2003-2004, with no
baseline measures of introgression in this part of the
SFSR watershed with which to compare. It therefore
cannot be determined whether introgression is declin-
ing or increasing in this system. In the absence of
strong selection against hybrid genotypes, introgressed
YCT populations will persist indefinitely (as is evi-
denced by the continued presence of RBT introgressed
individuals 20 years after the cessation of stocking).
Identifying and protecting the remaining non-intro-
gressed populations is therefore an important consid-
eration for fisheries managers.

Based on evidence from this study, management
agencies should, at least in part, focus their conserva-
tion efforts on preserving the integrity of streams
above the 1,800 m elevation mark and prioritize those
stream reaches for preservation. The placement of fish
weirs in the 1,700-1,850 m region should be considered
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to protect the non-hybridized YCT populations from
downstream invasion by dispersing introgressed indi-
viduals carrying RBT alleles. Indeed, such weirs are
already in place in lower reaches of Palisades, Burns
Canyon, and Rainey creeks (personal communication,
W. Schrader, Idaho Fish & Game, Idaho Falls, Idaho).

Some mainstem areas of the SFSR and the lower
reaches of nearby tributaries had relatively high levels
of RBT and introgressed individuals. Ignoring such
regions of the SFSR, would allow core areas of RBT
and hybrids to persist and potentially reinvade new
habitats. Altering the release of water from Palisades
Reservoir such that it mimics a more natural flow cycle
will aid in scouring the gravel bars below the reservoir
of RBT spawning sites. However, one of the implica-
tions of selecting against mainstem spawning RBT is
that it might select for those individuals that do spawn
in tributaries. Fish weirs will help reduce tributary
spawning RBT and reduce contact with YCT spawners.
In addition to weirs, increasing harvest of RBT-geno-
type individuals by removing any kill limits on these
non-native trout will help to eliminate them from the
watershed. Clearly, the SFSR will require a multifac-
eted approach in order maintain a diverse series of
large inter-connected populations, and establishing
regular, future temporal sampling regimes will be
important in determining the status of the invasion, i.e.,
increasing or declining (e.g., Rubidge et al. 2001).

In conclusion, this study has shown the importance
of using genetic techniques in determining the intro-
gression status of hybridized trout populations, and has
identified important geographic patterns to the spread
of the invasion from which fisheries managers can
target their efforts. The identification of YCT-geno-
type populations in the SFSR watershed system illus-
trates how genetic studies can uncover remaining,
relatively pure populations of native species, and help
to stop their further genetic erosion.
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