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Abstract: We used radiotelemetry to assess spatial and temporal spawning distributions of native westslope cutthroat trout
(Oncorhynchus clarkii lewisi; WCT), introduced rainbow trout (Oncorhynchus mykiss; RBT), and their hybrids in the
upper Flathead River system, Montana (USA) and British Columbia (Canada), from 2000 to 2007. Radio-tagged trout
(N = 125) moved upriver towards spawning sites as flows increased during spring runoff and spawned in 29 tributaries.
WCT migrated greater distances and spawned in headwater streams during peak flows and as flows declined, whereas
RBT and RBT hybrids (backcrosses to RBT) spawned earlier during increasing flows and lower in the system. WCT hy-
brids (backcrosses to WCT) spawned intermediately in time and space to WCT and RBT and RBT hybrids. Both hybrid
groups and RBT, however, spawned over time periods that produced temporal overlap with spawning WCT in most years.
Our data indicate that hybridization is spreading via long-distance movements of individuals with high amounts of RBT
admixture into WCT streams and stepping-stone invasion at small scales by later generation backcrosses. This study pro-
vides evidence that hybridization increases the likelihood of reproductive overlap in time and space, promoting extinction
by introgression, and that the spread of hybridization is likely to continue if hybrid source populations are not reduced or
eliminated.

Résumé : La radiotélémétrie nous a servi à évaluer la répartition spatiale et temporelle de la fraie chez la truite fardée in-
digène du versant occidental (Oncorhynchus clarkii lewisi; WCT), la truite arc-en-ciel (Oncorhynchus mykiss; RBT) intro-
duite et leurs hybrides dans le réseau hydrographique supérieur de la Flathead au Montana (É.-U.) et en Colombie-
Britannique (Canada) de 2000 à 2007. Les truites porteuses d’une étiquette radio (N = 125) se sont déplacées vers l’amont
vers les sites de fraie durant la crue printanière et ont frayé dans 29 tributaires. Les WCT ont migré sur de plus grandes
distances et ont frayé dans les cours d’eau les plus en amont durant les débits maxima et durant la réduction des débits,
alors que les RBT et les hybrides RBT (rétrocroisés avec RBT) ont frayé plus tôt durant l’augmentation des débits et plus
en aval dans le bassin. Les hybrides WCT (rétrocroisés avec WCT) ont eu une fraie intermédiaire dans le temps et
l’espace à celles des WCT, des RBT et leurs hybrides RBT. Cependant, les deux groupes d’hybrides et RBT ont frayé du-
rant des périodes qui chevauchent la fraie des WCT la plupart des années. Nos données indiquent que l’hybridation se
propage grâce aux déplacements sur de longues distances vers les cours d’eau à WCT d’individus qui possèdent un fort
complément de RBT et par une invasion par degrés par les générations subséquentes rétrocroisées. Notre étude fournit des
preuves que l’hybridation augmente la probabilité de chevauchement reproductif dans le temps et l’espace, ce qui favorise
l’extinction par introgression; la propagation de l’hybridation va vraisemblablement continuer à moins que la source de
populations d’hybrides ne soit réduite ou éliminée.

[Traduit par la Rédaction]

Introduction
Invasive species threaten the biodiversity of aquatic eco-

systems worldwide (Mack et al. 2000) and are considered
the second greatest threat to biodiversity loss in North
America (Mooney and Cleland 2001). Hybridization (inter-

breeding of individuals from genetically distinct popula-
tions) between introduced and native taxa can be a major
consequence of species introductions, especially when non-
native species hybridize with rare or endangered species,
threatening their persistence (Rhymer and Simberloff 1996).
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Hybridization with introduced species has been a major
factor in the decline and extinction of many native fishes
throughout North America (Miller et al. 1989). Although
natural hybridization can lead to evolutionary novelty and
speciation in many plants and some vertebrate species (Ar-
nold 1997; Barton 2001), human-mediated hybridization
and introgression (gene flow between populations with indi-
viduals that hybridize) can lead to the extinction of native
genotypes and the loss of locally adapted gene complexes
and ecological adaptations (Rhymer and Simberloff 1996;
Allendorf et al. 2001). Therefore, understanding the invasion
patterns and mechanisms that permit and constrain hybrid-
ization is required for conservation of aquatic biodiversity
and developing recovery and management programs for na-
tive species at risk of hybridization with introduced taxa.

Hybridization is more common in fish than in any other
vertebrate taxa (Leary et al. 1995; Allendorf et al. 2001).
Many fishes have external fertilization and similar mating
behaviors, facilitating interbreeding. In undisturbed ecosys-
tems, reproductive isolation is maintained primarily by spa-
tial and temporal reproductive isolation. However, such
barriers to interbreeding are lost in the face of habitat dis-
turbance and introduction of nonnative species (Allendorf et
al. 2001). This is particularly true for salmonids in which
widespread introgression among native and nonnative taxa
has replaced native species over large areas throughout their
native ranges, which is suspected to lead to a loss of behav-
ioral and ecological adaptations in native populations (Al-
lendorf and Leary 1988; Rhymer and Simberloff 1996).
Reproductive behavior is intimately linked to salmonid life
histories, which represent long-term adaptations to the natu-
ral environment. Thus, reproductive behavior is considered
to be a critical trait influencing the persistence of native sal-
monid populations. The consequences of human-mediated
hybridization on salmonid reproductive behavior, however,
are poorly understood.

Introgressive hybridization with introduced rainbow trout
(Oncorhynchus mykiss; RBT) is considered one of the great-
est threats facing many native salmonid populations world-
wide (Behnke 1992; Leary et al. 1995). Widespread
transplanting of RBT outside their native range has caused
local extirpations or reductions of native salmonids in nearly
all drainages in which they have been introduced, and the
rate of introductions has dramatically increased over the
past 50 years due to intentional and unintentional releases
(Fuller et al. 1999). Along with habitat loss and degradation,
introgressive hybridization with RBT has played a major
role in the demise of all subspecies of cutthroat trout (Onco-
rhynchus clarkii; Allendorf and Leary 1988; Gresswell
1988; Young 1995). Hybridization and introgression with in-
troduced RBT threatens the westslope cutthroat trout (Onco-
rhynchus clarkii lewisi; WCT) with genomic extinction, the
loss of genotypes across the entire genome that are perma-
nently lost by hybridization (Allendorf and Leary 1988; Al-
lendorf et al. 2004). Westslope cutthroat trout are highly
divergent from the other major cutthroat trout subspecies
(coastal (Oncorhynchus clarkii clarki), Yellowstone (Onco-
rhynchus clarkii bouvieri), and Lahontan (Oncorhynchus
clarkii henshawi) cutthroat trout; Loudenslager and Gall
1980; Leary et al. 1987; Allendorf and Leary 1988), and
their geographic range is the largest of the 13 interior sub-

species, encompassing the Columbia, Fraser, Missouri, and
Hudson Bay drainages of the United States and Canada
(Behnke 1992). Westslope cutthroat trout historically occu-
pied a wide variety of aquatic habitats, from small head-
water streams to large rivers and lakes. However, native
populations have dramatically declined due to habitat degra-
dation, fragmentation, overexploitation, and hybridization
and competition with nonnative trout. Consequently, nonhy-
bridized populations of WCT currently inhabit less than
10% of their historic range in the United States (Shepard et
al. 2005) and less than 20% of their historic range in Canada
(Committee on the Status of Endangered Wildlife in Canada
(COSEWIC) 2006). Many of the remaining nonhybridized
populations are restricted to headwater areas above upstream
dispersal barriers (Shepard et al. 2005). Consequently, hy-
brid forms are the dominant taxa in most drainages where
WCT were native.

The timing and location of breeding are the primary iso-
lating mechanisms between naturally sympatric salmonid
species. However, the rapid increase of human-mediated hy-
bridization in many salmonid species suggests that little re-
productive segregation exists between naturally allopatric
taxa. Although WCT co-evolved with resident and anadro-
mous forms of RBT in portions of the Columbia River basin
(Behnke 1992), either spatial or temporal reproductive seg-
regation has limited natural hybridization between these
fishes (Brown et al. 2004; but for an exception, see Bettles
et al. 2005). In contrast, many studies have shown that intro-
ductions of nonnative RBT commonly result in widespread
introgression and loss of native genotypes in WCT popula-
tions (Allendorf et al. 2001; Rubidge and Taylor 2004; Ost-
berg and Rodriguez 2006) and other subspecies of cutthroat
trout (Gresswell 1988; Young 1995). The apparent lack of
reproductive isolation between the introduced and native
trout is assumed to be the result of their failure to evolve
isolating mechanisms in allopatry. However, few studies
have tested this assumption in the natural environment.

Although the upper Flathead River system in Montana
and British Columbia (Fig. 1) is considered a range-wide
stronghold for WCT, the long-term persistence of nonhybri-
dized populations in the drainage is threatened by the recent
spread of nonnative RBT introgression (Hitt et al. 2003;
Boyer et al. 2008; Muhlfeld 2008). The drainage presents a
unique opportunity to examine spawning dynamics among
hybridized and nonhybridized taxa as a full range of paren-
tals and introgressed individuals are present in the system.
Understanding the factors affecting reproductive isolation
between parental and hybrids in a recently invaded system
will aid in the identification of the primary reproductive
mechanisms in the spread of hybridization and may identify
the major sources of nonnative admixture (proportion of
nonnative alleles in individuals or populations) in the sys-
tem. To examine differences in reproductive behavior among
RBT, WCT, and their hybrids, we used radiotelemetry in the
upper Flathead River system from 2000 to 2007. We hy-
pothesized that hybrids and RBT would spawn earlier and
lower in the system compared with nonhybridized WCT, but
the spawning distributions would vary spatially and tempo-
rally. Additionally, we hypothesized that hybridization is
spreading by long-distance movements of individuals with
high amounts of nonnative RBT admixture into nonhybridized
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WCT populations. Our objectives were (i) to identify RBT
and hybrid source populations, (ii) to compare the timing, lo-
cation, and movements of spawning by RBT, WCT, and
their hybrids, and (iii) to describe the patterns of spatial and
temporal overlap among parental taxa and hybrid types.

Materials and methods

Study area and populations
The upper Flathead River drainage originates in the

Rocky Mountains of British Columbia, Canada, and north-
western Montana, USA, and includes Flathead Lake and the
North Fork, Middle Fork, South Fork, and mainstem Flat-
head rivers (Fig. 1). The drainage area is approximately
18 400 km2 and is in the headwaters of the upper Columbia
River basin. We implanted prespawning fish with radio
transmitters from the confluence of the Middle and North
Fork rivers downstream to the mainstem near Kalispell
(Fig. 1). Hydropower and flood-control operations from

Hungry Horse Dam in the South Fork partially regulate the
lower 69 km of the mainstem (Fig. 1), resulting in the stor-
age of spring runoff and flow augmentation during the
summer, fall, and winter months. This reach supports the
highest abundances of WCT � RBT fluvial hybrids in the
river and lake system (Muhlfeld et al. 2003).

WCT exhibit both resident (remaining in natal streams
throughout life) and migratory life history strategies in the
Flathead Lake and River system, but migratory forms are
most common (Shepard et al. 1984; Liknes and Graham
1988; Muhlfeld et al. 2000). Migratory WCT rear in their
natal stream for 1–4 years and then migrate downstream as
subadults to Flathead Lake (adfluvial) or the mainstem riv-
ers (fluvial). Adult WCT generally overwinter in the lower
river or the lake and then migrate upstream during high
spring flows and spawn in tributaries. In contrast, RBT and
WCT � RBT hybrids display a fluvial life history in the
mainstem (Muhlfeld et al. 2003), but little was known about
their spawning behaviors prior to this study.

Fig. 1. Study area location and sample site identification in the upper Flathead River system in Montana (MT, USA) and British Columbia
(Canada). Sample site codes correspond to Table 1.
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Timing and location of spawning
We used radiotelemetry to monitor the movements and

spawning behavior of WCT, RBT, and WCT � RBT hy-
brids from 2000 to 2007 in the upper Flathead River system,
Montana (USA) and British Columbia (Canada). In 2000,
2001, 2006, and 2007, we tagged fish that visually appeared
to be WCT, RBT, and hybrid trout, whereas in 2002, 2003,
and 2005, we exclusively targeted hybrids and RBT. Mor-
phological characters used for identification were spotting
pattern, body coloration, and the presence or absence of red
or orange slashes below the gill covers (Behnke 1992). Pre-
spawning fish were randomly captured in the mainstem Flat-
head River using jet-boat electrofishing at night during
February and early March. Captured fish that met the 2%
body to transmitter – body weight ratio (Winter 1983) were
anaesthetized with tricaine methane sulfonate (MS-222), sur-
gically implanted with transmitters according to the methods
described by Muhlfeld et al. (2003), held for 1–5 h after tag-
ging, and released near their capture location. We selected
individuals greater than 300 mm total length in which ma-
turing gonads could be visually identified with an otoscope

through the surgical incision. Transmitters emitted a unique
code in the 148.780 MHz frequency range (with 5 s burst
rates), had expected battery lives of 110 days (2000–2005)
and 472 days (2006–2007), and weighed 6.7 g (air weight)
and 10 g, respectively. A fin clip was collected from each
fish during surgery, preserved in 95% ethanol, and analyzed
at the Conservation Genetics Laboratory at the University of
Montana, Missoula, to estimate degree of admixture.

Radio-tagged fish were relocated three to five times per
week during the spring spawning period from a jet boat,
from vehicle access points along the stream, and by foot us-
ing a Lotek scanning receiver (model SRX-400, Lotek Wire-
less Inc., Newmarket, Ontario) equipped with an ATS three-
element Yagi antenna (Advanced Telemetry Systems Inc.,
Isanti, Min.). Aerial surveys were conducted to locate fish
that were missing for more than 1 week and to survey re-
mote and inaccessible areas throughout the upper portions
of the river system, including British Columbia (Canada),
Waterton–Glacier International Peace Park, and the Bob
Marshall Scapegoat Wilderness complexes (Fig. 1). When
logistically possible, observers walked spawning streams to
gain a more accurate location and to document redd con-
struction. Additionally, four permanent telemetry ground sta-
tions were installed near the mouths of the North Fork,
Middle Fork, South Fork, and mainstem Flathead rivers,
which continuously monitored fish movements within
250 m of the antenna. Each ground station consisted of a
Lotek data-logging receiver equipped with an ATS three-
element directional Yagi antenna powered by a 12V deep-
cycle marine battery. Georeferenced locations were ob-
tained at each fish location using a global positioning sys-
tem (GPS) unit (TSC1 Asset Surveyor, Trimble Navigation
Limited, Sunnyvale, California). In a geographic informa-
tion system (GIS), the point locations were overlaid on a
hydrography layer for analysis of distance moved, which
were calculated between consecutive locations.

We were physically unable to identify the exact timing
and location of spawning for radio-tagged fish due to high
and turbid flows, inclement weather conditions (which pre-
cluded some aerial surveys), and the extensive size and
complexity of the stream system. Therefore, we assumed
that a fish had spawned if it made a pronounced (>5 km),
rapid (between consecutive relocations) movement (upriver
or downriver) from its release location in the mainstem into
a tributary or the mouth of a tributary or made a movement
to a tributary within 5 km of its tagging location. All re-
maining fish were classified as nonspawners.

Spawning and movement behavior was characterized by
measuring eight variables including beginning migration
date, beginning migration temperature (8C), beginning mi-
gration flow (m3�s–1), spawning date (day of year), spawning
temperature, spawning flow, migration period (days), and
migration distance (km). Migration was defined as an up-
stream or downstream movement greater than 5 km from
the fish’s tagging location. The beginning date of migration
for each individual fish was considered to be the median
date between the day when a fish migrated and the previous
location. Spawning location was defined as the farthest ex-
tent of a fish’s migration. Migration distance was defined as
the fluvial distance between the location from which fish be-
gan their migration and the spawning location (Henderson et

Table 1. The number of radio-tagged fish that spawned in each
stream in the upper Flathead River system from 2000 to 2007.

No. of radio-tagged spawners

Code Site name WCT
WCT
hybrid

RBT
hybrid RBT

1 Mill 1
2 Taylors 1 7 4
3 Abbot 18 28
4 Ivy 1 3
5 Rabe 4 8
6 First 1
7 Steamer 1
8 Third 1(F1) 2 2
9 Dutch 2 2 1

10 Anaconda 3 1
11 Coal (NF) 1 1(F1)
12 Moran 1
13 Hay 1 1
14 Red Meadow 2
15 Akokala 2 1
16 Tepee 3
17 Starvation 1
18 Kishenehn 1
19 Sage 4
20 Burnham 1
21 Cauldrey 1
22 Commerce 3
23 Rubideau 1
24 McDonald 1
25 Lincoln 1 1 1
26 Coal (MF) 1
27 Granite 1
28 Lodgepole 1
29 Schafer 2

Note: Sites are coded in approximate order of ascending upstream
distance. Acronyms: WCT, westslope cutthroat trout; RBT, rainbow
trout; WCT hybrid, WCT � RBT hybrids backcrossed to WCT; RBT
hybrid, backcrosses to RBT; F1, first-generation hybrid; NF, North
Fork stream; MF, Middle Fork stream.
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al. 2000). Migration period was defined as the time (days)
from the beginning date of migration until the first reloca-
tion of the fish at or near its observed or likely spawning lo-
cation. Spawning date was calculated as the midway point
between migration period ending date and when it left its
spawning location. Spawning period for each study group
(defined below) extended from the date that the first fish
spawned until the last fish spawned in a particular group.
Mean daily water temperature and discharge data were ob-
tained from the US Geological Survey station on the main-
stem Flathead River near Columbia Falls, Montana.

Genetic analyses
We used paired interspersed nuclear elements polymerase

chain reaction (PINE PCR) techniques to assess the hybrid-
ization status of each fish tagged from 2000 through 2003
(Appendix A, Table A1; Spruell et al. 2001; Kanda et al.
2002). We used combinations of primer pairs to evaluate
specific regions (‘‘fragments’’) of anonymous DNA for each
taxon. Six dominant nDNA fragments were examined for
RBT and seven for WCT (Spruell et al. 2001). For fish
tagged from 2005 to 2007, we took advantage of a new
nDNA technique that increased the ability to detect non-
native alleles in individual fish by using a combination of
seven diagnostic co-dominant indel loci (Occ34, Occ35,
Occ36, Occ37, Occ38, Occ42, Om55 (Ostberg and Rodri-
guez 2004)) and six diagnostic co-dominant microsatellite
loci (Ssa408 (Cairney et al. 2000); Oki10 (Smith et al.
1998); Omm1037-1, Omm1037-2, Omm1050 (Rexroad et al.
2002); Omy0004 (Holm and Brusgaard 1999); Omy1001
(Spies et al. 2005)). For the PINES and indel–microsatellite
data, we calculated a hybrid index (HI) for each fish (Ap-
pendix A, Fig. A1). Statistical power to differentiate between
parental types and early generation hybrids is high, with
seven diagnostic co-dominant markers. For example, the
probability that a first-generation backcross would be mis-
classified as a first-generation (F1) hybrid is less than 0.01
(Boecklen and Howard 1997). However, reliable discern-
ment between parental types and later generation back-
crosses requires many diagnostic loci (Floate et al. 1994).
The hybrid index, therefore, likely overestimates parental
types and underestimates the number of individuals of hybrid
ancestry in populations containing later generation hybrids.

Fish were classified into four groups based on their HI
(Appendix A, Fig. A1). Individuals were classified as non-
hybridized WCT if they had a HI of zero using either PINEs
or indel–microsatellites. Individuals were classified as non-
hybridized RBT if they had a HI of 13 (PINEs) or 26
(indel–microsatellites). F1 hybrids were those fish with a HI
of 6 using PINEs (RBT phenotypes were detected at only
the six loci where the presence of the fragment is character-
istic of RBT) and 13 using indel–microsatellites, but were
heterozygous at all loci. Post-F1 hybrids with higher propor-
tions of WCT than RBT alleles were classified as back-
crosses to WCT (WCT hybrids) and those with a higher
proportion of RBT than WCT alleles were classified as
backcrosses to RBT (RBT hybrids). The two F1s monitored
during the study were grouped with the WCT hybrids be-
cause their movement and spawning behavior were similar
and to increase the samples size in that category. Although
fish classified as RBT have diagnostic RBT alleles at all

loci, recent genetic studies in the system indicate that these
individuals may have originated from a private RBT hatch-
ery (see Discussion) or from a stream (Abbot Creek) con-
taining a hybrid swarm with 92% RBT admixture.
Therefore, some of the fish classified as nonhybridized
RBT may have contained a few WCT alleles. Finally, the
sample size of fish with low levels of RBT admixture was
lower than the samples sizes of WCT and fish with high
amounts of RBT admixture. This was due, in part, to our
field identification and preferential selection of fish with
morphological characteristics of parental types and high
proportions of RBT admixture.

Confirmation of morphological identification
We assessed whether morphological characteristics could

be used to accurately predict the genetic status of adult fish in
the field. Each fish was visually classified as either a WCT or
a RBT hybrid and then genotyped using PINEs or indel–
microsatellites (see above) to assess the percentage of fish
that were correctly classified based on their individual multi-
locus phenotype (PINEs) or genotype (indel–microsatellites).
We used data collected for the years in which we simulta-
neously tagged WCT and RBT hybrid spawners and non-
spawners (N = 98 fish). Molecular analyses revealed an
overall correct classification of 93%; four fish that were
morphologically classified as WCT were genetically identi-
fied as WCT hybrids, and three fish visually classified to
be WCT hybrids were genetically identified as WCT.

We were unable to genotype 11 radio-tagged fish. Thus,
the genetic status of these fish was only visually determined.
Of the fish visually classified as WCT (N = 5), all were esti-
mated to have spawned in streams containing nonhybridized
WCT populations (Hitt et al. 2003; Boyer et al. 2008). Sim-
ilarly, of the fish visually identified as RBT (N = 6), all
were observed spawning in Abbot Creek, a stream contain-
ing individuals with high amounts of RBT admixture (92%;
Boyer et al. 2008). Thus, based on the population-level ge-
netics data and the high accuracy of correctly classifying ge-
netic status using morphological characteristics, we believe
that the visual estimates of taxonomic identity for these 11
fish were likely reliable and unbiased.

Statistical analyses
Because some of the eight dependent spawning and

movement variables were significantly correlated (Appendix
A, Table A2), multivariate analyses were used to simultane-
ously test for group differences on all the response variables,
all of which met the assumptions of normality and homoge-
neity of variance (Zar 1996). First, we used a multivariate
general linear model (GLM multivariate) to test whether
there were significant effects due to genetic status (group),
year, and sex, which were entered as fixed effects with in-
teraction terms. Next, we used multivariate analysis of var-
iance (MANOVA) to assess differences among groups for
the eight spawning variables. Individual analyses of variance
(ANOVAs) were used to test for differences in each spawn-
ing variable among groups, and post-hoc pairwise compari-
sons were conducted using Tukey’s tests. For all analyses,
statistical significance was determined at an alpha level of
0.05. Statistical analyses were conducted using SPSS, ver-
sion 10.1.4 (Norusis 1990).
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Results
We obtained spawning information on 27 WCT, 11 WCT

hybrids, 36 RBT hybrids, and 51 RBT from 2000 through
2007 (Tables 1–2). Spawning individuals were found an
average of 26 times (standard deviation, SD = 9) during
spring (March–June). Radio-tagged fish ranged in total
length from 317 to 545 mm (means: WCT = 417 mm,
WCT hybrids = 445 mm, RBT hybrids = 409 mm, and
RBT = 404 mm) and in weight from 254 to 1527 g (means:
WCT = 766 g, WCT hybrids = 805 g, RBT hybrids = 674 g,
and RBT = 629 g).

The majority of radio-tagged fish made upriver migrations
(98%) and spawned in a total of 29 tributaries to the main-
stem, North Fork, and Middle Fork Flathead rivers (Table 1).
Only two fish moved downriver to access spawning tributa-
ries to the mainstem. There was no evidence of radio-tagged
fish using mainstem or side-channel areas for spawning.

Behavioral differences in spawning and migration
We simultaneously assessed the fixed effects of group,

year, and sex on the eight spawning variables using multi-

variate GLM (Fig. 2). There were significant differences in
the spawning and movement variables among groups
(MANOVA, Wilks’ l = 0.207, F[21,213] = 7.425, P <
0.0001) and years (MANOVA, Wilks’ l = 0.152, F[42,350] =
4.119, P < 0.0001), but not between male and female fish
(MANOVA, Wilks’ l = 0.837, F[7,74] = 2.063, P = 0.058).
WCT spawned at higher flows in 2006 and 2007 as com-
pared with 2000 and 2001 (ANOVA, P < 0.001), but none
of the other seven spawning migration variables was signifi-
cantly different across years (ANOVA, P > 0.05). RBT and
RBT hybrids spawned significantly later (ANOVA, P <
0.001) and at higher flows (ANOVA, P < 0.001) in 2002,
likely due to a protracted and higher spring runoff. Addition-
ally, there were no significant interactions among the fixed
effects (group, year, and sex) in the overall model. There-
fore, we combined the data for all years and genders for sub-
sequent analyses.

MANOVA found overall differences in spawning and mi-
gration behaviors among the study groups (Wilks’ l =
0.164, F[21,330] = 13.804, P < 0.0001; Table 2; Fig. 2) for
five of the eight spawning and migration variables: the flow

Table 2. Summary statistics for radio-tagged fish monitored in the upper Flathead River drainage from 2000 through
2007.

Group N
Mean length
(mm)

Mean weight
(g)

Mean spawning
date (month/day) SD (days)

Mean distance
(km) SD

2000
WCT 7 410 (51) 720 (342) 6/7 15 118 32
RBT 9 392 (24) 573 (120) 5/3 7 20 14

2001
WCT 5 392 (39) 615 (205) 6/9 9 105 7
WCT hybrid 1 464 933 5/6 77
RBT hybrid 7 380 (22) 527 (101) 5/11 16 19 20
RBT 9 410 (31) 666 (160) 5/6 7 13 11

2002
WCT hybrid 1 442 920 6/3 50
RBT hybrid 9 417 (55) 735 (313) 5/23 16 15 7
RBT 11 390 (27) 579 (140) 5/22 18 27 25

2003
WCT hybrid 1 435 781 5/25 67
RBT hybrid 8 410 (37) 632 (154) 5/3 14 22 33
RBT 12 410 (59) 628 (347) 5/5 15 18 17

2005
RBT hybrid 7 413 (26) 690 (170) 4/23 10 10 4
RBT 6 423 (36) 778 (177) 4/29 13 17 9

2006
WCT 3 474 (53) 1082 (374) 6/3 20 99 35
WCT hybrid 1 465 901 5/7 1
RBT hybrid 3 447 (48) 974 (357) 4/17 7 5 5
RBT 2 420 (14) 624 (85) 4/26 14 18 4

2007
WCT 12 419 (37) 776 (222) 5/29 11 109 23
WCT hybrid 7 441 (31) 760 (145) 5/11 18 48 23
RBT hybrid 2 395 (28) 588 (153) 5/12 4 50 4
RBT 2 402 (22) 541 (85) 4/30 8 16 10

Note: For mean length and mean weight, the number in parentheses is the standard deviation. Acronyms: WCT, westslope cut-
throat trout; RBT, rainbow trout; WCT hybrid, WCT � RBT hybrids backcrossed to WCT; RBT hybrid, backcrosses to RBT; SD,
standard deviation.
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at which they began migrating (ANOVA, F[3,121] = 5.016,
P = 0.003), migration period (ANOVA, F[3,121] = 14.738,
P < 0.0001), migration distance (ANOVA, F[3,121] =
140.329, P < 0.0001), spawning date (ANOVA, F[3,121] =
21.106, P < 0.0001), and spawning temperature (ANOVA,
F[3,121] = 27.338, P < 0.0001). Tukey’s post-hoc compari-
sons revealed that WCT differed from RBT and RBT hy-
brids in the flow at which they began migrating (P < 0.01),
migration period (P < 0.0001), migration distance (P <
0.0001), spawning date (P < 0.0001), and spawning temper-
ature (P < 0.0001). Conversely, no differences were found
between RBT and RBT hybrids for any of these five varia-
bles (P > 0.05). Furthermore, there were significant differen-
ces between WCT and WCT hybrids for spawning date (P =

0.001), migration period (P = 0.012), spawning temperature
(P = 0.017), and migration distance (P < 0.001). However,
WCT hybrids only differed between RBT and RBT hybrids
for migration distance (P < 0.001) and RBT hybrids for
spawning temperature (P = 0.036).

WCT spawned during peak flows and as flows declined
following peak spring runoff (May and June) and a mean
water temperature of 9 8C (Fig. 3). In contrast, RBT and
RBT hybrids spawned during increasing and peak spring
flows (April and May) and as temperatures rose to about
6 8C. WCT hybrids spawned throughout spring runoff (April
and May) and at intermediate temperatures (mean = 7.6 8C).
All groups of fish began migrations on the rising limb of the
hydrograph at similar flows and temperatures (Figs. 2a–2c).

Fig. 2. Comparisons of movement and spawning characteristics (±95% confidence interval, CI) for eight variables: (a) beginning migration
date (day of year), (b) beginning migration temperature (8C), (c) beginning migration flow (m3�s–1), (d) spawning date (day of year), (e)
spawning temperature (8C), (f) spawning flow (m3�s–1), (g) migration period (days), and (h) migration distance (km). For each measurement,
means that do not share letters are significantly different (Tukey’s test, P < 0.05). Acronyms: WCT, westslope cutthroat trout; RBT, rain-
bow trout; WCT hybrid, WCT � RBT hybrid trout backcrossed to WCT; RBT hybrid, WCT � RBT hybrid trout backcrossed to RBT.
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Mean spawning date for WCT (3 June) was significantly
later that those of WCT hybrids (13 May), RBT hybrids (5
May), and RBT (7 May) (Figs. 2d and 3). Additionally,
WCT spawned at significantly warmer temperatures (means:
WCT = 9.2 8C, WCT hybrids = 7.6 8C, RBT hybrids =
6.2 8C, and RBT = 6.3 8C; Fig. 2e). Migration period for
WCT was about twice (mean = 52 days) as long as for
RBT and hybrids (means: WCT hybrids = 33 days, RBT hy-
brids = 26 days, and RBT = 28 days; Fig. 2g), likely be-
cause WCT migrated significantly farther upriver (mean =
110 km) to access spawning tributaries (Fig. 2h) as com-
pared with WCT hybrids (48 km), RBT hybrids (18 km),
and RBT (19 km).

Spatial and temporal overlap in spawning
Despite the differences in spawning behavior among the

groups of fish, some temporal and spatial overlap occurred
(Figs. 3–4). The long spawning periods produced temporal
overlap between WCT and hybrid trout in 2001 and 2007
and between WCT and RBT in 2000 (Fig. 4). No temporal
overlap was found between WCT and the other groups in
2006, possibly due to small samples sizes that limit the abil-
ity to draw inferences that year (N = 9 fish); the observed
spawning periods increased with the more fish we tagged.
For all years combined, RBT had the longest spawning pe-
riod (11 March – 20 June) relative to the other groups:
RBT hybrids (4 April – 14 June), WCT hybrids (19 April –
3 June), and WCT (9 May – 25 June) (Fig. 4).

Fig. 3. The spawning periods and mean spawning dates (diamonds) for each taxa as related to the hydrograph and thermograph at Columbia
Falls in the mainstem Flathead River in (a) 2001 and (b) 2007. Acronyms: WCT, westslope cutthroat trout; RBT, rainbow trout; WCT
hybrids, WCT � RBT hybrid trout backcrossed to WCT; RBT hybrids, WCT � RBT hybrid trout backcrossed to RBT. Solid lines represent
flow and dotted lines represent temperature. Sample sizes (number of fish) are in parentheses.
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Distribution of spawning locations varied geographically
among the four groups of fish. WCT spawned in headwater
tributaries, RBT and RBT hybrids spawned in the lower
drainage, and WCT hybrids generally spawned in the middle
portion of the drainage, overlapping with WCT spawning lo-
cations (Table 1; Fig. 1). Furthermore, we found evidence
that hybridization is spreading upstream via long upstream
movements of a few individuals with a high proportion of
RBT admixture. Two RBT males made long-distance migra-
tions and spawned in tributaries used by radio-tagged WCT
during the study. One RBT migrated 73 km upriver and
spawned in the lower section of Hay Creek in 2002, the
same general location that a WCT used for spawning in
2000. Similarly, in 2002, a RBT made an upriver movement
of 67 km and spawned in Lincoln Creek, the same stream
that was used by a WCT and a WCT hybrid for spawning

in 2007. Also during the study, we tracked two F1 hybrids
representing previous matings of parental taxa. One F1 hy-
brid moved 67 km upriver and spawned in Coal Creek
(North Fork) in 2003, which is the same stream that a WCT
used for spawning in 2006, and the remaining F1 hybrid
spawned in a tributary near the confluence of the North
Fork and mainstem Flathead rivers in 2002, along with sev-
eral other RBT and RBT hybrids during the study. Finally,
individuals with a high proportion of RBT admixture made
long-distance movements to spawning areas that WCT hy-
brids used for spawning; four fish migrated a mean distance
of 55 km and spawned in Dutch and Anaconda creeks.

However, the majority of RBT and RBT hybrids spawned
in tributaries in the lower portions of the drainage (Table 1;
Fig. 1). These streams included (in order of use) Abbot,
Rabe, Taylors, Ivy, Third, Dutch, Anaconda, and Mill
creeks. Abbot Creek supported a high proportion of spawn-
ing by RBT and RBT hybrids (52%), indicating that this lo-
cation is the main source of introgression in the study area
(Table 1). The spawning behaviors of several radio-tagged
RBT and RBT hybrids suggest that a former private RBT
hatchery (Sekokini Springs) that ceased operations in 1997
(see Discussion), located about 2 km downstream of the
confluence of the Middle and North Forks near Abbot
Creek, is likely the original source of the recent proliferation
of hybridization in the upper Flathead River system. Three
RBT and two RBT hybrids made pronounced upstream mi-
grations to the upper mainstem Flathead River and then dis-
played short upriver and downriver movements in close
proximity to the hatchery site, suggesting that they origi-
nated from the hatchery, before apparently spawning in
Rabe Creek. Moreover, the majority of RBT and RBT hy-
brids spawned in streams in close proximity (±5 km) to the
hatchery during the study.

Discussion

Conservation of native biota requires understanding the
invasion patterns and the mechanisms that promote extinc-
tion by hybridization. In North America, many populations
of native cutthroat trout are threatened by introgressive hy-
bridization with nonnative salmonids, yet prior to our study,
little was known about the reproductive factors influencing
the spread of hybridization in the natural environment. Our
data illustrate that contact between previously allopatric spe-
cies results in hybridization and introgression due to incom-
pletely evolved reproductive isolation mechanisms. The
timing and location of spawning varied spatially and tempo-
rally producing zones of contact (e.g., hybrids zones; Barton
and Hewitt 1985) between parental species, which results in
loss of integrity of the native cutthroat trout gene pool. The
spawning distributions and movement patterns indicate
that hybridization is being promulgated upstream via
long-distance movements of individuals with high amounts
of RBT admixture (the continent–island invasion model;
Arnold 1997). Additionally, the spatial distribution of later
generation backcrosses suggests that hybridization is also
spreading by dispersal between neighboring populations
(the stepping-stone invasion model; Kimura and Weiss
1964). Combined, these data suggest that hybrid source
populations are contributing to the spread of hybridization

Fig. 4. Spawning periods and mean spawning dates (diamonds) of
125 radio-tagged trout during 2000–2003 and 2005–2007: 27 west-
slope cutthroat trout (solid lines), 11 WCT � RBT hybrids back-
crossed to WCT (dashed–dotted lines), 36 WCT � RBT hybrids
backcrossed to RBT (dotted lines), and 51 rainbow trout (broken
lines). Sample sizes are provided in Table 2. The diamonds with no
lines represent the spawning date of individual fish.
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in the system and provide evidence that hybridization in-
creases the likelihood of reproductive overlap in time and
space, promoting extinction by introgression (Rhymer and
Simberloff 1996).

Spatial and temporal distribution of spawning
Based on the spatial distribution of spawning, we found

that most RBT and RBT hybrids spawned in tributaries in
lower elevations, nonhybridized WCT spawned in the head-
water reaches, and WCT hybrids were distributed intermedi-
ately in the drainage. However, the spawning distributions
also revealed that WCT experience spatial and temporal
overlap in spawning with RBT and individuals with various
RBT ancestries, mostly in the lower and middle portions of
the drainage. These results are consistent with many genetic
studies that have been conducted in situations in which RBT
are introduced into waters containing native cutthroat trout
(Gunnell et al. 2008; Metcalf et al. 2008) and WCT (Weigel
et al. 2003; Rubidge and Taylor 2004; Ostberg and Rodri-
guez 2006) populations. Our telemetry results also corrobo-
rate recent genetic studies in the system that found gametic
disequilibrium at some of the spawning sites and a decrease
in the proportion of RBT admixture with increasing distance
from lower elevation tributaries (Hitt et al. 2003; Boyer et
al. 2008). Similarly, Henderson et al. (2000) found that the
majority of spawning Yellowstone cutthroat trout demon-
strated spatial and temporal overlap with RBT and hybrids
in lower portions of the South Fork Snake River in Idaho.

The observed spatial distribution of hybrids and parental
species appears attributable to upriver invasion of individu-
als with high amounts of RBT admixture into nonhybridized
WCT populations. The purported illegal release of an esti-
mated 70 000 RBT individuals in 1997 from a private hatch-
ery in the lower portion of the drainage likely played a
significant role in the recent proliferation of introgression in
the system. The vast majority of radio-tagged RBT and RBT
hybrids spawned in a relatively few streams located near the
probable release point, and some of these individuals ap-
peared to be returning to the hatchery to spawn in the early
spring. The observed gradient of hybridization and spawning
distributions, however, may not simply be the result of the
initial release location, as RBT typically use low-elevation
areas of systems in which they are introduced (Fausch et al.
2001), possibly because RBT have higher thermal tolerances
(Bear et al. 2007), greater metabolic and growth require-
ments (Robinson 2007), better swimming abilities (Seiler
and Keeley 2007), and high variation in habitat use (Raleigh
et al. 1984). For instance, in the east slopes of the Rocky
Mountains where RBT have been stocked extensively over
a wide range of elevations, Paul and Post (2001) found that
RBT are most common at lower elevations where they often
compete for food resources and hybridize with native salmo-
nid populations.

We did not find any evidence of radio-tagged fish using
mainstems or side-channel habitats for spawning. It is possi-
ble that these habitats are not suitable for spawning in this
system due to high and sporadic water velocities that wash
away fry (Fausch et al. 2001), reduce emergence success
(Weaver and Fraley 1993), and provide suboptimal nursery
habitat during the first year of growth (Shepard et al. 1984).
In contrast, in the South Fork Snake River in Idaho, Hender-

son et al. (2000) found complete spatial and temporal over-
lap between introduced RBT and native Yellowstone
cutthroat trout within side channels in the mainstem. Also,
DeRito (2004) reported that RBT spawned in side channels
to a greater extent than Yellowstone cutthroat trout in the
Yellowstone River, Montana, but that spatial overlap oc-
curred in one side channel used by the parental taxa and hy-
brids. However, unlike our findings, DeRito (2004) found
minimal evidence of temporal overlap in tributaries used for
spawning.

Radiotelemetry was useful for identifying streams in which
hybridization is occurring and for understanding how hybrid-
ization is spreading in this large, interconnected system. We
found that most RBT and RBT hybrids spawned in streams in
the lower drainage and that Abbot Creek, which contains a
hybrid swarm with a 92% RBT admixture, likely serves as a
major source of RBT introgression in the upper Flathead
River system. These results are consistent with recent genetic
studies in this system (Boyer et al. 2008) and nearby Koote-
nay River system (Rubidge and Taylor 2005) that found a
significant negative correlation in the proportion of RBT ad-
mixture with upstream distance from hybrid sources.

Spawning behavior
Our study also provides evidence that individuals with

low and high levels of RBT admixture differ in spawning
behavior compared with nonhybridized WCT. Our findings
indicate that (i) WCT display significantly different spawn-
ing behaviors than RBT and hybrids, (ii) F1 hybrids and in-
dividuals backcrossed to WCT display spawning and
movement characteristics generally intermediate to those of
WCT and RBT and RBT hybrids, and (iii) hybrids back-
crossed to RBT behave similarly to RBT. The spawning be-
haviors of native WCT probably represent adaptations to the
environment, which have been selected for at least since the
Wisconsin glacial period (~14 000 years ago). WCT may
possibly migrate during high spring flows to access the full
extent of available habitat and spawn as flows decline to
minimize sediment deposition (Weaver and Fraley 1993)
and substrate scour (Fausch et al. 2001) and to avoid high
water velocities that wash away trout fry (Fausch et al.
2001). Our data suggest that hybridization may produce ear-
lier spawning times, leading to earlier emergence times, and
possibly reduced recruitment success. Loss of local adapta-
tions may be especially detrimental to indigenous species
during periods of extreme environmental conditions, such as
fire, drought, and winter flooding (Leary et al. 1995; Allen-
dorf et al. 2004).

Increased straying rates in the invasive taxon can contrib-
ute to extinction of native species by hybridization. Native
WCT populations exhibit a high degree of genetic diver-
gence over short geographical distances (Allendorf and
Leary 1988; Boyer et al. 2008), indicating low straying rates
among populations. Conversely, the rapid spread of hybrid-
ization indicates a high rate of dispersal and gene flow from
hybrid and RBT sources. Our data indicate that hybridiza-
tion is spreading upriver, in part, by long-distance move-
ments of individuals with high amounts of RBT admixture
that likely strayed into streams containing nonhybridized
WCT, which corroborates conclusions from a recent genet-
ics study in the system (Boyer et al. 2008).
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Hybridization and reproductive segregation may be dy-
namic events that vary temporally due to abiotic factors,
such as river discharge and temperature, and in many sys-
tems, hybridization has rapidly increased over short time
frames (Hitt et al. 2003; Rubidge and Taylor 2004). For ex-
ample, temporal genetic analyses in the Flathead system re-
vealed that hybridization was detected at 57% of the sites
sampled from 1998 to 2001, and new RBT introgression
was documented in 7 of 11 (73%) sites that were determined
to be nonhybridized in 1984. In 2002, a high flow year, we
found that RBT and RBT hybrids spawned significantly
later than in all other years, and coincidentally or not, we
observed long-distance spawning movements by two RBT
males into streams containing nonhybridized WCT, facilitat-
ing interbreeding among parental types (Muhlfeld et al.
2009a). Similarly, DeRito (2004) found evidence of tempo-
ral variation in spawning among years in the Yellowstone
River system; RBT and hybrids spawned earlier with earlier
peak spring runoff, increasing the likelihood of overlap with
later-spawning Yellowstone cutthroat trout.

Limitations
Differences in spawning characteristics of cutthroat trout

and hybrids may also be attributed to the current spatial dis-
tribution of hybridization in the system. Prior to the intro-
duction of RBT in the system, WCT likely used spawning
tributaries in lower elevations presently dominated by RBT
and hybrids. Therefore, it is plausible that some of the ob-
served differences in spawning behavior (e.g., migration dis-
tance and migration period) may be due, in part, to the fact
that WCT now persist predominately in higher-elevation
tributaries. Additionally, we were unable to measure water
temperature and flow within spawning tributaries, and these
environmental cues may have differed from the measured
variables in the mainstem. Nonetheless, the major differen-
ces in spawning behavior appear to be related to temperature
and flow, as WCT consistently spawned in streams as flows
declined following peak runoff and as stream temperatures
approached 9 8C, which is consistent with other studies
(Bjornn and Mallet 1964; Shepard et al. 1984; Schmetterling
2001). Photoperiod may also be an important factor linked
to spawning time, as recent research has identified a gene
in RBT that is linked to a spawning time quantitative trait
locus (see Leder et al. (2006) and references therein). This
could explain, in part, why spawning date is significantly
different between WCT and individuals with some amount
of RBT admixture.

The purpose of the hybrid index classification was to de-
scribe the multilocus phenotype or genotype of individuals.
Because of the random reshuffling of alleles during sexual
reproduction, the power to discriminate between parental
types and later generation hybrids is a function of the num-
ber of marker loci used (Boecklen and Howard 1997). With
13 diagnostic nuclear PINE or indel–microsatellite loci,
there is much less than a 1% chance that a first-generation
backcross would be misidentified as an F1. The ability to
distinguish between nonhybridized parental species and
later-generation backcrosses, however, is more problematic.
For example, if an individual fish has 10% of its genes
from RBT, there is a 6% chance that it would possess no
RBT alleles at the 13 diagnostic indel–microsatellite loci. In

contrast, with the six PINE diagnostic loci, the presence of
the fragment being characteristic of RBT, there is a 28%
chance that no RBT alleles would be detected in such an in-
dividual. Consequently, because of this sampling error, we
probably overestimated the number of pure parental types
and underestimated the number of hybrids. This may explain
the fact that the RBT and RBT hybrids differed little in
spawning characteristics.

Conservation implications
Although nonhybridized WCT populations still exist, our

data indicate that many of these populations are at high risk
of genetic introgression. The spatial and temporal differen-
ces in spawning between WCT and RBT and hybrids are
not absolute and, thus, are likely not strong enough to pre-
clude further hybridization. Environmental factors may also
not be strong enough to constrain invasion and subsequent
introgression in this system and others (Hitt et al. 2003; Ru-
bidge and Taylor 2005; Muhlfeld et al. 2009b). Moreover,
when reproductive overlap occurs and hybrid progeny are
produced, hybridization may spread and genomic extinction
of parental taxa can occur, even when hybrid offspring ex-
perience reduced fitness due to the ‘‘ratchet effect’’ whereby
all progeny of hybrids will be hybrids (Epifanio and Philipp
2001; Allendorf et al. 2004). Muhlfeld et al. (2009a) found
that small amounts of hybridization markedly reduced the
reproductive success of native WCT in a recently invaded
stream (Langford Creek) in the Flathead system. Hybridiza-
tion appears to be spreading, however, due to relatively high
reproductive success of F1 hybrids and high reproductive
success of a few males with high levels of admixture, which
corroborates our telemetry data.

Currently, there are no official policy guidelines for treat-
ing hybrids under the Endangered Species Act (ESA; Allen-
dorf et al. 2004, 2005). Recent debate has focused on
establishing a clear definition on what constitutes a ‘‘pure’’
species and what level of anthropogenic introgression is ac-
ceptable to maintain the evolutionary legacy of this subspe-
cies (Allendorf et al. 2005; Campton and Kaeding 2005).
This study provides insight into this ongoing debate by link-
ing genetic status with behavioral characteristics of nonhy-
bridized WCT and hybrid fish during spawning. Our data
revealed that hybrids backcrossed to WCT and RBT differed
in spawning behavior compared with nonhybridized WCT,
suggesting that hybridization may change local adaptations
in native WCT populations by producing earlier spawning
times.

Currently, hybridizing taxa are not protected under the
ESA and their consideration has been determined on a case-
by-case basis. Populations with up to 20% nonnative genetic
admixture were classified as WCT under the unit considered
for listing in a recent status review (US Fish and Wildlife
Service (USFWS) 2003). A primary concern with protecting
hybrid populations is that inclusion of these populations as
WCT may threaten the persistence of this subspecies by pro-
tecting hybrid sources and allowing further introgression and
loss of ecological adaptations (Allendorf et al. 2004). Our
results suggest that introgressive hybridization erodes dis-
crete reproductive behavior of the native taxon and that hy-
bridization is spreading from source hybrid populations in
lower portions of the system. Eradication or suppression of
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hybrid populations, therefore, may be required as an effec-
tive management strategy for reducing the spread of hybrid-
ization. Proactive conservation measures, such as removing
adults during spawning and installing barriers to migration
(Fausch et al. 2006), are being implemented in the Flathead
and other systems to slow or stop the spread of hybridiza-
tion. Alternatively, in situations where there are still parental
individuals present, a selective removal program may be an
effective option to constrain or prevent introgression. The
ability to accurately visually determine the identity of non-
hybridized and hybrid fish is necessary for this approach to
be successful. Our results suggest that morphological pheno-
typic characteristics may provide a reasonably accurate and
cost-effective means of identifying adult hybrids with high
proportions of RBT admixture in the field; however, mor-
phological identification of individuals with low to moderate
amounts of admixture can be unreliable (Leary et al. 1984;
Behnke 1992; Weigel et al. 2002). Prior to using field iden-
tification, we recommend that biologists first compare the
accuracy of the characteristics that they have chosen with
genetic identification of individuals with varying levels of
admixture (e.g., Weigel et al. 2002).

Genetic studies in this system (Hitt et al. 2003; Boyer et
al. 2008) and others (Weigel et al. 2003; Rubidge and Tay-
lor 2005) have concluded that in the absence of physical mi-
gration barriers, continued introgression with introduced
trout will likely lead to the genomic extinction of WCT.
Our telemetry results provide additional support for this pre-
diction. Our study demonstrates that introductions of RBT
into previously allopatric populations of WCT may result in
genetically admixed populations because of a breakdown in
reproductive segregation in time and space, promoting ex-
tinction by introgression. We conclude that introgression is
likely to continue to spread unless populations with high
amounts of nonnative genetic admixture are reduced or
eliminated.
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Appendix A

Table A1. Paired interspersed nuclear element polymerase chain reaction (PINE PCR) fragments used for the detec-
tion of Oncorhynchus mykiss introgression.a,b

Taxon
PINE fragment
number

No. of base
pairs Primer pair Primer pair type

O. mykiss 1 70 Hpa1 5’/Hpa1 3’ SINEs
2 66 Hpa1 5’/Hpa1 3’ SINEs
3 369 Fok1 5’/Tc1 SINE and transposon
4 230 Fok1 5’/Tc1 SINE and transposon
5 395 Hpa1 5’/33.6+2 SINE and Jeffreys’ core fragment
6 266 Hpa1 5’/33.6+2 SINE and Jeffreys’ core fragment

O. clarkii lewisi 1 153 Hpa1 5’/Hpa1 3’ SINEs
2 72 Hpa1 5’/Hpa1 3’ SINEs
3 69 Hpa1 5’/Hpa1 3’ SINEs
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(Table A2 appears on the next page.)

Table A1 (concluded).

Taxon
PINE fragment
number

No. of base
pairs Primer pair Primer pair type

4 366 Fok1 5’/Tc1 SINE and transposon
5 110 Fok1 5’/Tc1 SINE and transposon
6 388 Hpa1 5’/33.6+2 SINE and Jeffreys’ core fragment
7 148 Hpa1 5’/33.6+2 SINE and Jeffreys’ core fragment

Note: SINE, small interspersed nuclear elements.
aKanda et al. 2002. Trans. Am. Fish. Soc. 131(2): 312–319. doi:10.1577/1548-8659(2002)131<0312: MGMIHB>2.0.CO;2.
bSpruell et al. 2001. Copeia, 2001(4): 1093–1099. doi:10.1643/0045-8511(2001)001[1093:DOHBBT]2.0.CO;2.

Fig. A1. Hybrid index scores of 125 radio-tagged westslope cut-
throat trout, rainbow trout, and hybrids based on paired inter-
spersed nuclear element polymerase chain reaction (PINE PCR) of
(a) 13 dominant nDNA fragments (N = 80 fish) and (b) a combi-
nation of six co-dominant indel loci and seven co-dominant micro-
satellite loci (N = 45 fish). The hybrid index score is calculated as
the number of nonnative rainbow trout alleles in each fish.
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