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CONSERVATION GENETICS OF BULL TROUT 507

Abstract
The bull trout Salvelinus confluentus is a broadly distributed char in northwestern North America that has

undergone significant population declines. This species is currently protected under the Endangered Species Act
across its range in the coterminous United States. To clarify patterns of phylogenetic structure and to assist with
identification of conservation units, we examined genetic variation within and among 75 representative bull trout
populations sampled throughout the USA. Genealogies from a 520-base-pair portion of the mitochondrially encoded
NADH dehydrogenase 1 gene (ND-1) revealed reciprocal monophyly between coastal and interior lineages that
differed by 1.34% in DNA sequence. The geographic distribution of the two lineages was divided by the Cascade
Mountains, a pattern that likely reflects postglacial dispersal from separate glacial refugia. Analysis of microsatellite
variation revealed that 76% of populations had an estimated effective population size less than 50 and indicated
high divergence among populations caused by genetic drift (average genetic differentiation index FST = 0.32) and
mutation (average genetic differentiation index RST = 0.58). Concordant phylogeographic and phylogenetic patterns
observed with microsatellite and mitochondrial DNA analyses provided evidence for two to six bull trout lineages
that largely reflect historic patterns of gene flow and isolation among populations. These lineages can be further
subdivided into finer-scale units due to the extremely low dispersal among populations and small effective population
sizes. In fact, Bayesian analysis of population structure identified an optimal solution of 69 genetically different
groups. Based on these results, we believe that conservation efforts should ideally be focused on the 118 bull trout
core areas originally identified in the draft Endangered Species Act recovery plan, which are broadly defined as
metapopulations. We provide examples of how other data, such as unique life history forms and ecological setting, can
be used in combination with our genetic results to refine the U.S. Fish and Wildlife Service’s hierarchical conservation
strategy for bull trout.

The bull trout Salvelinus confluentus is a wide-ranging char
that is distributed throughout northwestern North America from
Nevada to the Yukon Territory (Figure 1). In the USA, bull
trout have experienced significant population declines, includ-
ing the extirpation of all populations in California by 1974
(Moyle 2002). Introduction of nonnative brook trout S. fonti-
nalis, hydroelectric dam construction, road building, and log-
ging are major contributors to bull trout population declines in
the USA (USFWS 2002). In 1998, the U.S. Fish and Wildlife
Service (USFWS) listed all bull trout populations in the coter-
minous USA as threatened under the Endangered Species Act
(ESA; USFWS 1999).

Distribution, diversity, and genetic structure of bull trout have
been shaped in large part by the complex geological history of
northwestern North America. During the Wisconsinan glacial
period beginning approximately 70,000 years ago, fish in this
region occupied refugia at the edge of the glacial advance (Pielou
1991; Taylor et al. 1999). Three independent phylogeographic
studies provide evidence that during this period, bull trout occu-
pied “coastal” and “interior” refugia that were separated by the
Cascade Mountains (Taylor et al. 1999; Spruell et al. 2003; Tay-
lor and Costello 2006). Studies of rainbow trout Oncorhynchus
mykiss and mountain whitefish Prosopium williamsoni show
genetic patterns similar to those observed in bull trout, suggest-
ing that these species also occupied coastal and interior refugia
(McCusker et al. 2000; Whiteley et al. 2006a). These studies
highlight the major role of glacial events and habitat recoloniza-
tion in influencing population structure and distribution of fish
species in this region.

Whiteley et al. (2004) demonstrated that contemporary eco-
logical and life history characteristics of bull trout influence the
geographic scale at which population structuring occurs in this

species. For example, bull trout are obligate coldwater spawn-
ers (requiring water temperatures < 8◦C) and their spawning
habitat is generally found only in high-elevation headwaters
(McPhail and Baxter 1996). Bull trout express a variety of life
history strategies: residents remain in their natal streams; fluvial
and adfluvial individuals migrate into larger tributaries or lakes,
respectively, for greater feeding opportunities; anadromous indi-
viduals migrate to salt water to feed and mature; and amphidro-
mous individuals traverse salt water to feed in nonnatal rivers,
reversing the journey to spawn (McPhail and Baxter 1996). Bull
trout home to their natal spawning grounds with high precision,
and their persistence depends on migration corridors to support
their usage of different portions of basins during different life
history stages. Migrations are often complex because stream
headwaters are often difficult to access and have highly vari-
able environments. In fact, some of these spawning locations
are only accessible during the spring and fall because of low
summer streamflow levels (Rieman and Dunham 2000). Even if
dispersing individuals reach the spawning grounds, males may
need to compete for mates and females must select suitable sites
for spawning (Whiteley et al. 2004). These life history features
of bull trout and the characteristics of their habitats reduce the
probability of gene flow among populations spawning in differ-
ent streams.

Most populations of bull trout are small in size and are con-
nected to a metapopulation via low rates of dispersal among
populations (Costello et al. 2003; Spruell et al. 2003). This
metapopulation structure influences the pattern of neutral ge-
netic divergence within and among populations: high rates of
genetic drift occur within populations, and low rates of gene
flow occur among populations (Whiteley et al. 2006b). Popula-
tion genetic studies of bull trout have consistently documented
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508 ARDREN ET AL.

FIGURE 1. Map of the bull trout’s native range and an expanded section detailing sampling locations in this study. Samples from 75 locations represented all
major U.S. river basins that contain bull trout. Sampling locations are indicated by white squares, and each square’s position on the map corresponds to bull trout
spawning and juvenile rearing habitat within each stream. Black bold lines represent the glacial maximum extent for the Cordilleran Ice Sheet in the coterminous
United States (Ehlers and Gibbard 2004). Population number codes are defined in Table 1.

this pattern of population structure, reporting high levels of
genetic divergence among populations at both broad and fine
geographic scales (Spruell et al. 1999; Costello et al. 2003;
Warnock et al. 2010).

Bull trout were originally considered for protection under
the ESA as five distinct population segments (DPSs): (1) Kla-
math River, (2) Columbia River, (3) Jarbidge River, (4) St. Mary
River–Belly River (Saskatchewan River), and (5) Coastal–Puget
Sound (USFWS 1999). To comply with ESA guidelines requir-
ing DPS designations to be used “sparingly” (USFWS 1996),
the USFWS grouped all populations of bull trout in the cotermi-
nous United States under one DPS (USFWS 1999). The USFWS
also determined that for the purposes of protections under the
ESA, bull trout in Canada are separate from bull trout in the
United States (USFWS 1999). Since the original designation of
five DPSs and the subsequent designation of a single DPS for
the coterminous USA, new data have become available, sug-
gesting that neither of these original groupings best represents
the evolutionary relationships among bull trout populations in
the USA (Taylor et al. 1999; Spruell et al. 2003; Taylor and
Costello 2006).

To best protect bull trout populations across the landscape,
the draft bull trout recovery plan (USFWS 2002) used a hier-
archical conservation structure to prioritize recovery actions at

different evolutionary and geographic scales. More specifically,
the plan divided the original five DPSs (USFWS 1999) into
27 recovery units, which were further subdivided into 118 core
areas that contained the approximately 600 local populations
remaining in the USA. The DPSs were used to gauge recovery
progress and delisting decisions. Recovery units were defined
by using a combination of biological and political information
in an attempt to foster local management actions. Core areas
represent biological units that are best described as metapopu-
lations comprised of one to multiple local populations of bull
trout. Recovery units were identified as the primary focus for
managing recovery efforts, and teams of local biologists devel-
oped detailed recovery plans for each unit (USFWS 2002). In
2008, the USFWS identified the need to refine this hierarchal
conservation strategy and integrate new information concerning
evolutionary relationships among bull trout populations in order
to identify the appropriate number and geographic boundaries
of DPSs or recovery units necessary for the optimal protection
of bull trout under the ESA (USFWS 2008).

In this study, we provide new genetic information based on
microsatellite DNA and mitochondrial DNA (mtDNA) that will
aid in the designation of bull trout conservation units. Bull
trout were examined from all major river basins in the coter-
minous USA to characterize phylogenetic relationships among
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CONSERVATION GENETICS OF BULL TROUT 509

TABLE 1. Sampling locations, population codes, and sample sizes for microsatellite (msat) and mitochondrial DNA (mtDNA) analyses for 74 bull trout
populations sampled in a rangewide analysis of genetic variation in the United States (WA = Washington; OR = Oregon; MT = Montana; BC = British Columbia;
ID = Idaho; NV = Nevada; R. = River; Lk. = lake; Cr. = Creek; NF = North Fork; MF = Middle Fork; SF = South Fork; WF = West Fork; EF = East Fork; L.
= lower; U. = upper).

Major watershed State Basin Population Code N (msat) N (mtDNA) Year(s) sampled

Coastal–Puget Sound WA Hoh R. Hoh R. 1 60 16 2002–2004
WA Elwha R. Elwha R. 2 61 16 2005, 2006
WA Skokomish R. NF Skokomish R. 3 24 16 2003
WA Puyallup R. Carbon R. 4 31 14 2006
WA Skagit R. Sauk R. 5 21 11 1998–2004
WA Skagit R. Illabot Cr. 6 43 15 1997–2000
WA Chester Morse Lk. Cedar R. 7 48 14 2002

Upper Columbia R. WA Methow R. Goat Cr. 8 48 16 2002, 2005
WA Entiat R. Entiat R. 9 23 16 2002, 2005
WA Wenatchee R. French Cr. 10 21 16 2002, 2005

Middle Columbia R. WA Yakima R. Rattlesnake Cr. 11 44 16 2001–2003
WA Yakima R. MF Ahtanum Cr. 12 29 16 2001
WA Yakima R. American R., Union Cr. 13 41 16 2001–2003
OR Umatilla R. NF Umatilla R. 14 31 16 2004
WA Walla Walla R. Mill Cr. 15 25 15 2000
WA Walla Walla R. NF Touchet R. 16 23 15 2003–2004
OR John Day R. Baldy Cr. 17 30 16 1995
OR John Day R. Call Cr. 18 30 16 1995
OR John Day R. Clear Cr. 19 28 16 1995
OR Deschutes R. Shitike Cr. 20 78 9 2005
OR Deschutes R. Whitewater R. 21 50 16 2007
OR Deschutes R. Canyon Cr. 22 46 16 2007
OR Deschutes R. Odell Lk. 23 55 16 2005
WA Klickitat R. Trapper Cr. 24 14 7 2000
WA Klickitat R. Clearwater Cr. 25 15 6 2000
OR Hood R. Clear Branch R. 26 28 16 2004

Lower Columbia R. OR Willamette R. Anderson Cr. 27 48 16 2005
OR Willamette R. Roaring R. 28 39 16 2005
WA Lewis R. Swift Reservoir 29 49 12 2002

Columbia R. headwaters MT Kootenai R. Grave Cr. 30 30 16 2005
MT Kootenai R. O’Brien Cr. 31 27 16 2005
MT Kootenai R. West Fisher Cr. 32 18 16 2005
BC Kootenai R. Wigwam R. 33 30 15 2005
ID Pend Oreille R. Upper Priest R. 34 49 16 2003
BC Pend Oreille R. S. Salmo R. 35 65 16 2002, 2005
ID Lk. Pend Oreille Grouse Cr. 36 50 15 2007
ID Lk. Pend Oreille EF Lightning R. 37 42 16 2007
MT Clark Fork R. EF Bull R. 38 48 17 2007
MT Clark Fork R. Fish Cr. 39 56 15 2005
MT Bitterroot R. Meadow Cr. 40 27 16 2003
MT Blackfoot R. NF Blackfoot R. 41 45 5 2005
MT L. Flathead R. SF Jocko R. 42 61 27 2004, 2005
MT Swan Lake Lion Cr. 43 78 14 2006

St. Mary R. MT St. Mary R. Boulder Cr. 44 50 16 2006
MT St. Mary R. Lee Cr. 45 51 16 2006
MT St. Mary R. Kennedy Cr. 46 50 16 2006

Coeur d’Alene R. ID St. Joe R. Medicine Cr. 47 47 11 2008
ID St. Joe R. Wisdom Cr. 48 31 16 2008
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510 ARDREN ET AL.

TABLE 1. Continued.

Major watershed State Basin Population Code N (msat) N (mtDNA) Year(s) sampled

Lower Snake R. ID NF Clearwater R. Placer Cr. 49 33 16 2003
ID Lochsa R. Crooked Fork Cr. 50 28 16 2001
ID SF Clearwater R. Crooked R. 51 22 18 2000

Upper Snake R. ID SF Salmon R. Rice Cr. 52 54 16 2002
ID MF Salmon R. Bearskin Cr. 53 35 16 2006
ID U. Salmon R. Yankee Fork R. 54 30 14 2007
ID U. Salmon R. Germania R. 55 48 15 2004
ID Lemhi R. Hayden R. 56 53 16 2004
ID Pahsimeroi R. Patterson Cr. 57 28 16 2003
ID Little Lost R. Badger Cr. 58 29 16 2003

Lower Snake R. WA Tucannon R. Tucannon R. 59 46 16 2002–2004
WA Asotin Cr. NF Asotin Cr. 60 29 16 2005, 2006
OR Grande Ronde R. Lostine R. 61 23 14 1995
OR Grande Ronde R. SF Wenaha R. 62 28 15 1995
OR Grande Ronde R. NF Catherine Cr. 63 25 0 1995
OR Imnaha R. NF Imnaha R. 64 28 15 1995

Upper Snake R. OR Malheur R. Little Crane Cr. 65 48 16 2005
OR Malheur R. Meadow Fork Cr. 66 44 16 2003
ID Deadwood R. Deadwood R. 67 26 13 2004
ID Payette R. Wapiti Cr. 68 33 15 2005
ID Boise R. Boardman Cr. 69 46 13 2003–2007
ID Boise R. Crooked R. 70 20 9 2003
NV Jarbidge R. Dave Cr. 71 29 16 2006
NV Jarbidge R. WF Jarbidge R. 72 61 16 2006

Klamath River OR U. Sprague R. Deming Cr. 73 31 16 2007
OR U. Klamath Lk. Sun Cr. 74 40 16 2007
OR Sycan R. Long Cr. 75 35 16 2005

Total 2,890 1,114

evolutionary lineages, population genetic patterns across the
landscape, and levels of genetic diversity within populations.
Our results revealed bull trout genetic assemblages that reflect
both historical and current connections among populations. In-
terpretation of our results, in combination with careful consider-
ation of ecological and life history information, allows for iden-
tification of conservation units at DPS to recovery unit scales.

METHODS

Study Area and Sample Collection
In total, 2,890 bull trout from 75 populations were included

in this study (Table 1; Figure 1). These 75 populations were
selected to provide a geographically representative sample of
the populations remaining in the coterminous USA. Because
subadult and adult bull trout have been observed to migrate
large distances during the period between spawning events
(Fraley and Shepard 1989; Mogen and Kaeding 2005), most of
the sampled individuals were juvenile fish (0–2 years old) col-
lected near adult spawning grounds. Samples were assembled

from the repositories of state agencies, tribal agencies, univer-
sities, and federal agencies. The majority of these samples were
collected between 2003 and 2008. We tested all presumed bull
trout genetic samples for evidence of hybridization with brook
trout by using the methods of DeHaan et al. (2010). Populations
were classified into geographic regions based on their location
within major watersheds (Figure 1). Samples were obtained
from all major watersheds in the U.S. portion of the bull trout
range. We also included data from three Dolly Varden S. malma
collected from the Kogrukluk River, Alaska, as an outgroup
comparison for the mtDNA analysis.

Sequencing of Mitochondrial DNA
Genomic DNA was extracted from fin tissue by using the Qi-

agen DNeasy tissue kit (Qiagen, Valencia, California). Extracted
DNA was sent to Polymorphic DNA Technologies (Alameda,
California) for sequencing of a region of the mitochondrial
genome that included part of the NADH dehydrogenase 1 (en-
zyme code 1.6.5.3; IUBMB 1992), isoleucine transfer RNA, and
glutamine transfer RNA genes (ND-1+). See Appendix 1 of the
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online version of this article for more details on the methods
used to sequence ND-1+.

Analyses of Mitochondrial DNA Sequence Data
Sequence contigs for the ND-1+ region (520 base pairs [bp])

were generated, collated, aligned, and edited with Sequencher
version 4.8 (Gene Codes Corp.) and Lasergene version 7.0
(DNASTAR Corp). We used DNASP version 4.10.9 (Rozas
et al. 2003) and the methods of Nei (1987) to estimate nu-
cleotide diversity (π) and haplotype diversity (Hd) within pop-
ulations. To test for genetic subdivision of sequence variation
at ND-1+ among populations, we used Arlequin version 3.11
(Excoffier et al. 2005) to conduct an analysis of molecular vari-
ance (AMOVA; Excoffier et al. 1992). The AMOVA allowed
us to evaluate variance estimates between geographic regions,
among populations within a region, and within populations. The
input matrix for the AMOVA was obtained by calculating the
number of bp differences between haplotypes in pairwise com-
parisons. Significance of the variance estimates was obtained by
use of a randomization procedure (1,000 permutations).

Statistical parsimony networks among haplotypes were com-
puted with the program TCS version 1.13 (Clement et al. 2000).
These intraspecific gene genealogies were generated with the
methods of Templeton et al. (1992). In plotting the parsimony
networks, we accounted for the number of times a haplotype
was observed and the locality from which it was sampled.

Phylogenetic relationships among unique ND-1+ haplotypes
were examined by using Bayesian methods implemented in
the program MrBayes version 3.1 (Huelsenbeck and Ronquist
2001). We used a general time reversible (GTR) model for all
MrBayes runs, and the base frequencies, gamma distribution,
proportion of invariant sites, and rate matrix were determined
empirically. Runs in MrBayes consisted of four Monte Carlo
Markov chains that were 1,000,000 generations long with sam-
pling every 100 generations after a burn-in of 50,000 genera-
tions. To estimate Bayesian posterior probabilities or Bayesian
support values for a given clade, a consensus tree from the last
10,000 trees generated by MrBayes was constructed by using the
strict majority rule options of the program Phylogenetic Anal-
ysis using Parsimony (PAUP; Swofford 1999). If 95% or more
of the sampled trees contained a given clade, we considered it
to be significantly supported by our data.

Genotyping of Microsatellite Loci
Genomic DNA was extracted from a 1-mm2 piece of fin tis-

sue or a single scale by placing the sample into 200 µL of 5%
chelex containing proteinase K (3.4.21.64) at 0.2 mg/mL, in-
cubating it for 2 h at 56◦C, boiling it for 8 min at 100◦C, and
vortexing it for 30 s. All individuals were genotyped at a suite
of 15 microsatellite loci. Details on loci examined, polymerase
chain reaction conditions, and multiplex sets used can be found
in Table A.2.1 in Appendix 2 of the online version of this article.
After polymerase chain reaction was completed, electrophero-
grams for each fish were generated by using an ABI 3130xl

Genetic Analyzer (Applied Biosystems, Inc., Foster City, Cal-
ifornia). Automated electrophoresis was carried out in accor-
dance with the manufacturer’s protocols. The G5 filter set was
used to produce electropherograms, and electrophoretic data
were analyzed with the program GeneMapper version 4.0 (Ap-
plied Biosystems, Inc.). After data collection was completed,
10% of all samples were re-analyzed (including DNA extrac-
tion) to estimate the error rates associated with microsatellite
genotyping.

Analyses of Microsatellite Data
Within-population diversity.—For each locus and popula-

tion, the expected heterozygosity (HE), observed heterozygos-
ity (HO), and average number of alleles observed (A) were
estimated in the program GENETIX version 4.05 (Belkhir
et al. 2004). Average allelic richness (AR) for each popula-
tion was estimated by using the program HP-RARE version
1.0 (Kalinowski 2005). Conformance of genotypic frequencies
to Hardy–Weinberg equilibrium (HWE) was evaluated by us-
ing the methods of Guo and Thompson (1992) via the program
GENEPOP version 4.0.7 (Rousset 2007). Tests for gametic link-
age disequilibrium (D) at all pairs of loci in each collection were
also calculated in GENEPOP with 10,000 dememorizations,
1,000 batches, and 10,000 iterations/batch. Statistical signifi-
cance levels used to detect deviations from HWE or D ratios
were adjusted for the number of simultaneous tests by the se-
quential Bonferroni correction (Rice 1989). The allele permu-
tation test in FSTAT version 2.9.3.2 (Goudet 2001) was used to
test for differences between regional groups of populations in
the mean values of AR, HE, and the genetic differentiation index
FST.

We estimated contemporary effective population size (Ne) of
each population by using the linkage disequilibrium method of
Waples (2006) as implemented in the program LDNE (Waples
and Do 2008). This method estimates the effective number of
breeding adults that parented the sampled population. All alle-
les with frequencies less than 0.02 (i.e., Pcritical = 0.02) were
excluded from this analysis, and the jackknife procedure was
used to estimate the confidence intervals (CIs) associated with
the point estimates of Ne for each population.

Population structure.—The level of genetic variation among
populations was estimated as FST by using the θ statistic of Weir
and Cockerham (1984). Pairwise FST values between popula-
tions and associated P-values were calculated in ARLEQUIN.
Estimates of FST over all sample locations (and associated 95%
CIs generated by bootstrap sampling over loci) were calculated
in FSTAT version 2.9.3.2.

Testing for different ancestral histories between bull trout
populations was accomplished by comparing the amount of ge-
netic difference among populations caused by variance in allelic
identity (as measured by FST) and the amount of genetic differ-
ence caused by variance in allelic size (as measured by RST).
Under the null hypothesis (RST = FST), genetic differentiation of
populations is caused by drift; under the alternative hypothesis
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512 ARDREN ET AL.

(RST > FST), stepwise mutations at microsatellite loci have also
contributed to differentiation (Hardy et al. 2003). This approach
is useful for discriminating between populations that have been
separated for hundreds of years (i.e., where drift is the major
factor influencing genetic differentiation) and populations that
have been separated for thousands of years (i.e., where mutation
and drift both influence genetic differentiation). The program
SPAGeDi version 1.2 (Hardy and Vekemans 2002) was used
to calculate RST, and standard error estimates from SPAGeDi
(based on jackknifing loci) were used to calculate 95% CIs
for the average pairwise RST estimate over all populations. For
testing whether FST and RST were equal within populations or
whether pairwise FST and RST estimates between populations
were greater than zero, we used the false discovery rate method
of Narum (2006) to account for multiple tests by setting an
experimentwise α of 0.05.

A principal components analysis (PCA) was performed to
find major genetic patterns in the data set and to provide a mul-
tivariate representation of genetic relationships among popula-
tions. A matrix of allele-sharing distances (Stephens et al. 1992)
was calculated by using the software POPULATIONS (Langella
2002). A PCA was then performed in GENALEX version 6.0
(Peakall and Smouse 2006), and the first two principal compo-
nent scores were plotted. Genetic relationships among popula-
tions were also inferred by generating an unrooted neighbor-
joining (NJ) dendrogram based on Cavalli-Sforza and Edwards’
(1967) chord distances. Confidence in the observed topology of
the NJ dendrogram was assessed via the bootstrap procedure in
PHYLIP version 3.6 (Felsenstein 1992) based on 1,000 resam-
pled replicates across loci. The consensus NJ dendrogram was
generated in PHYLIP.

We used hierarchical AMOVA (Excoffier et al. 1992) to
assess the relative contributions of genetic differences among
groups, genetic differences among populations within groups,
and genetic variation within populations to total molecular
variance. The program ARLEQUIN was used to conduct the
AMOVA. Each AMOVA was carried out based on allelic iden-
tity (FST) differences, and the significance values for different
hierarchical levels were tested with 1,000 permutations.

A nonspatial Bayesian clustering approach was conducted in
Bayesian Analysis of Population Structure (BAPS) version 5.2
(Corander et al. 2008) to detect underlying genetic structure of
the 75 populations sampled. This method treats the microsatel-
lite allele frequencies and the number of genetically diverged
populations as random variables. We chose to cluster groups of
individuals so that BAPS used the population of origin for each
sampled individual as a prior probability in a genetic mixture
model. Population clusters (K = number of clusters) were iden-
tified that resulted in groups of populations that resembled each
other as much as possible based on allele frequencies (i.e., pan-
mictic groups). The posterior mode distribution was estimated
for all potential combinations of K from 1 to 75 by using the
stochastic optimization algorithm of Corander et al. (2006). The
K with the highest global optimum as measured by loge(ml) val-

ues (loge[ml] = natural logarithm of the marginal likelihood of
the data) was identified as the optimal partition of population
clusters. A detailed description of the Bayesian model used in
BAPS is given by Corander and Marttinen (2006).

The BAPS program was also used to explore the data set
for evidence of large genetic assemblages of bull trout. The
fixed-K option in BAPS was used to find posterior optima for
fixed values of K from 2 to 5 based on the nonspatial genetic
mixture model. For each fixed value of K, the model was fitted by
using 10 replicate runs to identify K clusters of populations that
optimized the genetic similarity within clusters and maximized
the genetic differences among clusters. The estimated posterior
probabilities for each fixed K were measured by loge(ml) values.

RESULTS

Mitochondrial DNA Diversity, Geographic Distribution
of Haplotypes, and Phylogenetic Analysis

We examined 520 bp of ND-1+ in 1,114 bull trout sampled
from 74 populations; mtDNA data were not available for North
Fork Catherine Creek (population 63). Twenty-one variable sites
were observed, and 27 bull trout haplotypes were resolved. The
Dolly Varden (n = 3) that were included as the outgroup con-
tained only two haplotypes, both of which were unique to them.
Bull trout haplotypes differed at 4.7 nucleotides on average (π
= 0.91%; SD = 0.07), while Dolly Varden haplotypes differed
from bull trout haplotypes at 9.3 nucleotides on average (π =
1.81%; SD = 0.31). The Dolly Varden haplotypes were sepa-
rated from bull trout by a minimum of six inferred haplotypes
(Figure 2A).

Two divergent bull trout haplogroups were observed with
fixed differences at a minimum of 3 of the 520 sites (Figure 2A).
We designated these haplogroups as “interior” and “coastal”
groups after Taylor et al. (1999). The interior group included
haplotypes 4–8, 11–15, 19, 20, 22–24, 26, and 27. The coastal
group included haplotypes 1–3, 9, 10, 16–18, 21, and 25. Dolly
Varden included haplotypes 28 and 29. Haplotypes differed by
6.9 nucleotides on average between interior and coastal groups
(π = 1.34%; SD = 0.17). Within the interior group, haplotypes
differed at 2.7 nucleotides on average (π = 0.53%; SD = 0.05);
coastal group haplotypes differed by 2.6 nucleotides on average
(π = 0.49%; SD = 0.06).

Bull trout populations were characterized by low levels of
mtDNA diversity within populations. Of the 74 populations ex-
amined, 43 were fixed for a single haplotype (Table A.2.2).
Bull trout from Odell Lake (population 23) were fixed for a
unique haplotype (haplotype 11). Within-population π aver-
aged 0.07%; the highest value (π = 0.69%) was observed in
the South Fork Clearwater River in Idaho (population 51; Ta-
ble A.2.3). The highest Hd was observed in the North Fork
Blackfoot River in Montana (population 41); 90% of these fish
contained unique haplotypes, although the small sample size (n
= 5 fish) sequenced from this population has the potential to
bias the estimate. The within-population Hd averaged over all
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CONSERVATION GENETICS OF BULL TROUT 513

FIGURE 2. (A) Statistical parsimony network for the 27 bull trout and 2 Dolly Varden ND-1+ haplotypes observed in this study. Each connection is a single
mutational step; open circles represent inferred haplotypes, and numbered circles represent observed haplotypes. Color codes represent the geographic region
where haplotypes were observed (colors correspond to those in panel B), and the circle size is proportional to the number of individuals with that haplotype. The
interior lineage is represented by white or by gray shading (haplotypes 4–8, 11–15, 19, 20, 22–24, 26, and 27); the coastal lineage is represented by black shading
(haplotypes 1–3, 9, 10, 16–18, 21, and 25). Dolly Varden included haplotypes 28 and 29. Numbers inside the circles correspond to the haplotype identification
numbers listed in Table A.2.2 in Appendix 2 of the online version of this article. Past connections between the upper Columbia River–Yakima River and the Clark
Fork River are highlighted with interior haplotypes that are shaded in gray. (B) Geographical distribution of mitochondrial DNA haplotypes is depicted for 74 of
the 75 bull trout populations examined in this study.

populations was 0.17. Much higher levels of mtDNA diversity
were observed when samples were pooled across all localities
(mean π = 0.50, SD = 0.02; Hd = 0.70, SD = 0.01).

There was a strong association between the geographical area
from which individuals were collected and haplogroup member-
ship. With a few exceptions, the interior haplotypes were found
to the east of the Cascade Mountains and the coastal haplo-
types were found to the west of these mountains (Figure 2B).
Exceptions to this pattern occurred where the Columbia River
divides the Cascade Mountains (Columbia River Gorge). Popu-
lations in the Columbia River Gorge appear to have been colo-
nized by both the interior and coastal haplogroups. For example,
the downstream-most interior population in the Columbia River
system was in the Hood River basin (population 26), which is
downstream of the upstream-most coastal populations located
in the Deschutes River basin at the eastern edge of the Cascade
Mountains (populations 21–23). We also observed populations
that contained a mixture of coastal and interior haplotypes in
the lower Columbia River (Lewis River: population 29), middle
Columbia River (Deschutes River: population 20), lower Snake
River (North Fork Clearwater River: population 49; South Fork
Clearwater River: population 51), and upper Snake River (Dead-
wood River: population 67; Payette River: population 68).

Log-likelihood values for sampled trees in MrBayes sta-
bilized after approximately 30,000 generations, and the con-
sensus tree revealed a highly supported monophyletic lineage
of ND-1+ haplotypes (99% support) that matched the coastal
haplogroup observed in the maximum parsimony analysis
(Figure 3). Another lineage, which was weakly supported (52%
support), matched the interior haplogroup observed in the max-
imum parsimony analysis. Additional nested groups of haplo-
types were observed in the coastal lineage: haplotypes 2, 3, 16,
21, 25, 9, and 10 (95% support); and haplotypes 3, 16, 21, and 25
(96% support). Three well-supported groups of haplotypes were
identified in the interior lineage: haplotypes 5, 11, and 15 (90%
support); haplotypes 13 and 27 (76% support); and haplotypes
22, 23, and 24 (87% support). Positions of three groups of haplo-
types within the interior lineage were not resolved, whereas the
four-haplotype group in the coastal lineage was nested within
the larger group of haplotypes (Figure 3).

Patterns of Population Genetic Structure
at Microsatellite Loci

We observed moderate to high levels of polymorphism in the
2,890 bull trout that were genotyped across all 15 microsatellite
loci. We did not observe any genetic evidence for the presence
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514 ARDREN ET AL.

FIGURE 3. Consensus tree from Bayesian analysis of the 27 bull trout ND-1+ haplotypes observed in 75 bull trout populations sampled from throughout the
western United States; Dolly Varden (haplotypes 28 and 29) are included as the outgroup. Localities and number of occurrences for each haplotype are shown
in Figure 2. Values above the branches represent percentage Bayesian posterior probabilities or Bayesian support values that exceeded 50%. Major geographic
regions are shown to the right of the tree.

of bull trout × brook trout hybrids in the sample collection. The
value of A ranged from 3 to 48 alleles/locus with an average of 26
alleles/locus (Table A.2.1). Moderate levels of genetic diversity
were observed within the 75 bull trout populations examined.
Expected heterozygosity averaged 0.57 and ranged from 0.32 in
Upper Klamath Lake (population 74) to 0.76 in the Clark Fork
River (population 39; Table A.2.3). The A within a population
averaged 5.81 alleles/locus and ranged from 2.60 alleles/locus
in Upper Klamath Lake (population 74) to 9.47 alleles/locus
in Swan Lake (population 43). The Skagit River (population 5)
had the highest rarefaction measure of AR using a sample of 22
genes (AR

22) at 6.97, while Upper Klamath Lake (population
74) had the lowest AR

22 at 2.23.
Most collections had genotype frequencies that conformed

to HWE and D expectations for a randomly mating population.

Populations from the Methow River (population 8), Clark Fork
River (population 39), lower Flathead River (population 42),
and St. Mary River (population 45) were the only populations
that deviated from HWE expectations at more than two loci
and exhibited significant D at more than 10 pairs of loci (Table
A.2.3). We kept these four populations in the study because all
had HO values that were equal to or greater than HE and all had
low Ne, suggesting that deviations from HWE were probably
caused by issues associated with small population size (Waples
and Faulkner 2009). For these four sample collections, the de-
viations from HWE could also have been due to sampling error
in which related individuals were collected from a single juve-
nile age-class over a small geographic sampling area (Allendorf
and Phelps 1981). However, we believe this Allendorf–Phelps
effect is unlikely to have caused the HWE deviations in these
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CONSERVATION GENETICS OF BULL TROUT 515

FIGURE 4. Allele frequency distribution at the microsatellite locus Sfo18 in 75 bull trout populations. Frequency of the two alleles observed at this locus for
each population is represented by the size of the colored bars (white = 145-base-pair [bp] allele; gray = 151-bp allele). The width of each bar is proportional to
the number of fish sampled. Major watersheds (top of panel) are coastal–Puget Sound; upper, middle, and lower Columbia River; Columbia River headwaters; St.
Mary River; Coeur d’Alene River and upper and lower Snake River; and Klamath River. Population number codes are defined in Table 1.

populations because multiple age-classes were sampled over a
number of geographic locations within each stream. Remaining
deviations were randomly distributed among populations, loci,
and pairs of loci. Genotyping error was an unlikely cause for the
deviations from HWE because the overall error rate was very
low (0.93%).

Average pairwise FST indicated substantial genetic subdivi-
sion among bull trout populations in the USA (FST = 0.32; 95%
CI = 0.26–0.40). All pairwise FST estimates were significantly
greater than zero (P < 0.05). Pairwise FST values ranged from
a low of 0.03 between West Fisher Creek (population 32) and
Wigwam River (population 33) in the Kootenai River basin to
a high of 0.62 between Call Creek (population 18) in the John
Day River basin and Upper Klamath Lake (population 74). The
average pairwise RST of 0.58 (95% CI = 0.52–0.64) was signif-
icantly larger than the average pairwise FST values, indicating
that populations have been isolated long enough for mutation to
have played a role in generating allelic variation among popu-
lations. See Table A.2.4 for a complete matrix of pairwise FST

and RST estimates.
Distribution of alleles at Sfo18 showed a strong geographic

pattern that closely paralleled the geographic distribution of the
interior and coastal haplogroups (Figures 2B, 4). Single-locus
AMOVA results revealed that 90% of the genetic variance at
Sfo18 was explained by differences between the coastal and
interior populations (P < 0.001). Populations in coastal–Puget
Sound, Klamath River, lower Columbia River, and Deschutes
River were fixed or nearly fixed for the 145-bp allele at the Sfo18
locus. Alternatively, the 151-bp allele was fixed or nearly fixed
in populations from the upper Columbia, Coeur d’Alene, and
Snake River basins. Exceptions to this pattern were observed
in the middle and lower Columbia River as some populations
contained both the 145- and 151-bp alleles (i.e., populations
17, 20, 26, and 29). In addition, most of the populations in the
Columbia River headwaters contained both of the Sfo18 alleles.
The most notable exceptions to the geographic pattern observed
between the two Sfo18 alleles were populations from the St.
Mary River basin that were nearly fixed for the 145-bp allele
(the coastal allele) but had an interior mtDNA haplotype.

The first three axes of the PCA cumulatively explained 72%
of the genetic variation. The first axis accounted for 39% of

the total genetic variation and distinguished the coastal and
interior lineages (Figure 5). The second axis accounted for 19%
of the genetic variation and distinguished two major groups
within the interior lineage: (1) upper Columbia River and the
Columbia River headwaters and (2) middle Columbia and Snake
rivers. The St. Mary River (populations 44–46) and Hood River
(population 26) populations clustered with the coastal group.

The NJ dendrogram (Figure 6) generally grouped popula-
tions by major watershed (e.g., Clark Fork River or Deschutes
River). The most striking feature of the dendrogram was the
presence of long terminal branches among local populations.
These long terminal branches are characteristic of populations
that have very limited gene flow with other populations (e.g.,

FIGURE 5. Plot of the first two principal component (PC) scores using allele-
sharing distances calculated from allele frequencies at 15 microsatellite loci for
75 bull trout populations (population number codes [next to each data point] are
defined in Table 1). The PC1 differentiated populations from the coastal and in-
terior lineages (outlined with a solid line); PC2 differentiated the interior lineage
into the (1) upper Columbia River and Columbia River headwaters populations
and (2) middle Columbia River and Snake River populations (demarcated with
a dotted line).
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516 ARDREN ET AL.

FIGURE 6. Genetic differentiation of 75 bull trout populations from the United States, as shown in an unrooted neighbor-joining dendrogram based on Cavalli-
Sforza and Edwards (1967) chord distances calculated from allele frequencies at 15 microsatellite loci. Bootstrap percentages (based on 1,000 replicates) provide
a measure of statistical confidence for each of the indicated clusters. Numbers leading to each cluster represent the percentage of times the sample group clustered
together in the simulated random sampling replicates. Only bootstrap values above 60% are shown. Population number codes are defined in Table 1. Shapes next
to each population code correspond to genetic cluster membership for each population-based Bayesian analysis (conducted in Bayesian Analysis of Population
Structure [BAPS] software), wherein the number of clusters (K) was fixed at 2–5. Geographic distributions of BAPS clusters are shown in Figure 7. Major
watersheds (indicated at the right side of the panel) are the Columbia River headwaters and upper Columbia River; middle Columbia and lower Snake rivers; upper
Snake River; St. Mary, Willamette, and Klamath rivers; and Deschutes River, lower Columbia River, and coastal–Puget Sound.

Klamath River: populations 73–75). Larger genetic assemblages
were also detected in the dendrogram, such as the coastal and
interior groups characterized in the mtDNA analysis. The inter-
nal branches of the dendrogram supporting these larger genetic

assemblages were often short and were characterized by low
bootstrap support.

Genetic clustering of populations by use of BAPS identified
a K-value of 69 as the optimal partition of population clusters

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
S
 
F
i
s
h
 
&
 
W
i
l
d
l
i
f
e
 
S
e
r
v
i
c
e
]
 
A
t
:
 
1
2
:
2
6
 
1
4
 
A
p
r
i
l
 
2
0
1
1



CONSERVATION GENETICS OF BULL TROUT 517

FIGURE 7. Bayesian analysis (conducted in Bayesian Analysis of Population Structure [BAPS] software) of 75 bull trout populations resulted in an optimum
partition of 69 population groups (P > 0.99). To visualize larger genetic assemblages, we clustered populations in BAPS with the number of clusters (K) fixed at
(A) 2, (B) 3, (C) 4, and (D) 5. Population membership in clusters is shown in Figure 6.

(P > 0.99; loge[ml] = −127,063). Most populations grouped
independently in the solution of K = 69. However, there were
four clusters made up of multiple populations in this solution:
cluster 1 included tributaries to the Skagit River (populations 5
and 6); cluster 2 encompassed tributaries to the Klickitat River
(populations 24 and 25); cluster 3 contained tributaries to the
Kootenai River (populations 30–32); and cluster 4 included the
St. Joe River (populations 47 and 48). The solution of K = 69
was very stable and was obtained in all 10 replicate runs of
BAPS.

Larger genetic assemblages were identified by using the
fixed-K option in BAPS (Figure 6). Clusters of populations
identified by BAPS are displayed in association with the NJ
dendrogram to facilitate comparison of these results. There was
a high degree of similarity between clusters of populations in the
NJ dendrogram and clusters of populations identified in BAPS.
For K-values of 2 (loge[ml] = −201,509) and 3 (loge[ml] =
−193,976), the composition of BAPS clusters and the compo-

sition of dendrogram clusters were identical. For K-values of 4
(loge[ml] = −185,495) and 5 (loge[ml] = −180,779), only the
clustering of populations 11 and 13 from the Yakima River dif-
fered between the dendrogram and BAPS results. Distributions
of BAPS and dendrogram clusters were highly correlated to the
geographic regions where the populations were sampled (Figure
7). Coastal and interior population clusters were identified at a
fixed K of 2, with the exception of the St. Mary River populations
(populations 44–46), which clustered with the coastal popula-
tions (Figure 7A). At a fixed K of 3, the Klamath, Willamette,
and St. Mary River populations formed a distinct cluster (Fig-
ure 7B). Populations from the upper Columbia River, Columbia
River headwaters, and Coeur d’Alene River formed a cluster
that was distinct from the middle Columbia and Snake River
populations at a fixed K equal to 4 (Figure 7C). The middle
Columbia and lower Snake River populations formed a cluster
that was distinct from the upper Snake River populations at a
fixed K of 5 (Figure 7D).
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518 ARDREN ET AL.

TABLE 2. Hierarchical analysis of molecular variance for mitochondrial DNA (mtDNA) and microsatellite DNA diversity observed within and among 75 bull
trout populations sampled throughout the species’ range in the United States. All variance components were significant (P < 0.001).

mtDNA Microsatellites

Geographical arrangement Variance component df
Percentage of

variation df
Percentage of

variation

Coastal vs. interiora Among regions 1 84.63 1 9.59
Among populations within regions 72 9.67 73 26.21
Within populations 1,040 5.70 5,705 64.20

Coastal vs. interior vs. upper
Columbia River—Columbia River
headwaters

Among regions 2 79.76 2 9.06

Among populations within regions 71 11.87 72 25.27
Within populations 1,040 8.37 5,705 65.67

3 BAPS clustersb Among clusters 2 75.09 2 10.98
Among populations within clusters 71 17.73 72 24.95
Within populations 1,040 7.18 5,705 64.07

4 BAPS clustersb Among clusters 3 67.82 3 10.57
Among populations within clusters 70 22.47 71 23.66
Within populations 1,040 9.71 5,705 65.77

5 BAPS clustersb Among clusters 4 64.51 4 11.07
Among populations within clusters 69 24.84 70 22.68
Within populations 1,040 10.66 5,705 66.26

Major watershedsc Among watersheds 10 52.47 10 12.26
Among populations within

watersheds
63 36.06 64 20.91

Within populations 1,040 11.47 5,705 66.83

aHood River was grouped with the interior for the mtDNA analysis and with the Coastal group for the microsatellite analysis. St. Mary River populations were grouped with interior
for both mtDNA and microsatellite analyses. Any populations that had a mixture of Interior and Coastal haplotypes were placed into groups based on the most common haplotype.

bPopulations included in each BAPS (Bayesian Analysis of Population Structure) cluster are listed in Figure 6.
cPopulation groupings into major watersheds are listed in Table 1.

Analysis of Molecular Variance Based on Mitochondrial
DNA and Microsatellite Data

The AMOVA based on mtDNA variation partitioned most of
the variation among regions in six arrangements (Table 2). The
greatest percentage of variation (85%) was explained when pop-
ulations were grouped based on the coastal and interior regions.
Grouping by major watersheds explained the least amount of
variation (52%). Conversely, AMOVA based on microsatellite
data partitioned the greatest amount of genetic variation within
populations and the least amount of variation among regions,
BAPS clusters, or major watersheds (Table 2). In all six ar-
rangements of populations examined in the microsatellite-based
AMOVA, a greater proportion of variance was explained by dif-
ferences among populations within a region than by differences
among regions.

Spatial Organization of Genetic Diversity and Population
Structure

We observed differences in the average AR and HE diver-
sity statistics for microsatellite loci between coastal and interior
population groups. Populations were placed into coastal (n =
20) and interior (n = 55) groups based on designations deter-
mined in the NJ dendrogram and BAPS (Figure 6); the excep-
tion was the St. Mary River populations, which were placed

into the interior group. Populations from the interior exhibited a
higher AR (4.78) and a higher HE (0.59) than coastal populations
(AR = 3.94; HE = 0.51; P < 0.01 for both comparisons). We
also observed differences in the population genetic structure at
the scale of coastal and interior population groupings. Based
on FST, interior populations were less differentiated from each
other (FST = 0.27) than were coastal populations (FST = 0.36;
P = 0.01). Average pairwise RST was 0.61 (95% CI = 0.53–0.69)
among the coastal populations and 0.51 (95% CI = 0.43–0.59)
among the interior populations.

Estimates of Effective Population Size
Point estimates for contemporary Ne were below 50 fish in

76% of the 75 populations examined (Figure 8). The Hoh River
(population 1) and Skagit River (population 5) had point es-
timates of infinity, so only the lower bound of each 95% CI
is displayed in Figure 8. Most populations that had point esti-
mates of Ne above 100 are known to have large census sizes
(e.g., Hoh River: population 1; Skagit River: population 5; De-
schutes River: population 22). Lee Creek (population 45) from
the St. Mary River basin had the smallest Ne of 6.5 (95% CI =
3.8–9.3).
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CONSERVATION GENETICS OF BULL TROUT 519

FIGURE 8. Estimates of effective population size (Ne; with 95% confidence
intervals; Waples 2006) for 75 bull trout populations in the United States.
Population number codes (population ID) are defined in Table 1.

DISCUSSION
New genetic data have been collected for 75 bull trout pop-

ulations throughout the species’ range in the USA (Figure 1).
Results of this work have dramatically increased our power to
characterize population structure and understand the evolution-
ary history of this threatened species. Genetic diversity for bull
trout in the USA was distributed in a hierarchal fashion across
the major watersheds; most of the diversity occurred among ma-
jor geographic regions based on mtDNA and within populations
based on microsatellite DNA (Table 2). This pattern of genetic
relationships observed among regions and populations has oc-
curred in response to historical factors associated with glaciation
and contemporary factors associated with bull trout life history
and ecology. These historical and contemporary forces have re-
sulted in two highly differentiated evolutionary lineages, each
consisting of distinct genetic assemblages.

Zoogeography of Bull Trout in the Western United States
There is now a considerable body of evidence—including

the data in our study—that supports the existence of coastal and
interior evolutionary lineages of bull trout across the species’
native range. For instance, there are morphological, life history,
allozyme, mtDNA, ribosomal DNA, and microsatellite DNA
data that divide bull trout into these two evolutionary lineages
partitioned across coastal and interior landscapes, tending to fall
along the crests of the Coast Mountains and Cascade Mountains
(Cavender 1978; Leary et al. 1993; Williams et al. 1997; Taylor
et al. 1999; Haas and McPhail 2001; Spruell et al. 2003; Taylor
and Costello 2006). In addition, a “coastal–interior” division in
parts or all of this area is a common observation for a variety of
other taxa and represents an area showing a well-known break
in faunal composition (Taylor et al. 1999; Shafer et al. 2010).
Such concordance among traits and across taxa in subdivisions
between interior and coastal groups strongly suggests that a
general phenomenon is operating to generate such a division
(Avise 2000), and this result also highlights the importance of

recognizing the two lineages in the conservation of bull trout
(Taylor et al. 1999).

Broad-scale phylogeographic patterns observed for bull trout
in this study cannot be explained only by simple vicariance
caused by the rise of the Coast and Cascade Mountain crests,
which occurred 2–5 million years ago (Shafer et al. 2010). Our
results support a more complex history that has been shaped
by mountain orogeny and heavily influenced by more recent
historic events, such as dispersal and secondary contact between
fish from the coastal and interior regions. We also observed
genetic patterns that were consistent with additional refugia
within the larger coastal and interior refugia that likely existed
during the Wisconsinan Glaciation.

The origin of the coastal and interior evolutionary lineages
was suggested by Taylor et al. (1999) to be based on the isolation
of bull trout in and subsequent dispersal from two major areas,
the Chehalis River and lower Columbia River valleys, which
operated as independent glacial refugia during the Wisconsinan
Glaciation (McPhail and Lindsey 1986). Postglacial dispersal
of coastal bull trout from the Chehalis River refuge appears to
have extended southward to the Klamath River basin (Taylor
et al. 1999; present study) and northward to approximately the
Squamish River in southwestern British Columbia (Taylor and
Costello 2006). Such dispersal was probably aided by the docu-
mented ability of coastal bull trout populations to enter and dis-
perse through marine environments (Kraemer 2003; Brenkman
and Corbett 2005). Alternatively, given that the current range
of bull trout extends well south of the maximum extent of the
Wisconsinan ice sheets (e.g., Klamath River), it is possible that
postglacial dispersal southward was not as extensive or as neces-
sary as northward dispersal because bull trout would presumably
have been able to persist in these southern watersheds during
glaciation (Haas and McPhail 2001). The subdivision within
the coastal lineage that resulted in the Klamath River bull trout
being distinguishable from other coastal-lineage fish is consis-
tent with this idea. This was most strongly indicated when the
analysis with BAPS was restricted to the identification of three
to five groups (Figures 6, 7). Previous allozyme analyses (Leary
et al. 1993; Leary and Allendorf 1997) indicated the existence
of a fixed difference at one locus between bull trout from the
Klamath River drainage and those from the Columbia River
drainage and Puget Sound–Olympic Peninsula area. Thus, it
appears that bull trout in the Klamath River drainage have been
reproductively isolated from all other bull trout—with the pos-
sible exception of those in the Willamette River drainage—for
an extended period of time.

The starlike pattern observed in the ND-1+ statistical par-
simony network (Figure 2A) and the polytomous relationship
of these haplotypes among interior populations (Figures 2B,
3) are consistent with the interior lineage undergoing a recent
geographic expansion. These genetic patterns were probably
caused by the widespread dispersal of bull trout after the Wis-
consinan glacial retreat and subsequent isolation of populations
to cold lakes, rivers, and headwaters as aquatic habitats warmed
to present-day levels (Smith et al. 2002). These dispersal and
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isolation events provided many opportunities for founder events
and bottlenecks, which may have contributed to the extensive
population subdivision among interior populations as observed
in this and other studies (McPhail and Lindsey 1986; Leary et al.
1993; Taylor et al. 1999; Costello et al. 2003; Spruell et al. 2003).

Populations within the coastal lineage had more phylogenetic
structuring among ND-1+ haplotypes (Figures 2A, 3) and lower
levels of genetic diversity (i.e., AR and HE) on average than were
exhibited by interior populations. The magnitude of population
genetic structure (based on FST) was larger among populations
in the coastal lineage than among populations in the interior lin-
eage. In addition, average pairwise RST was much higher than
FST among coastal populations, indicating that many of these
populations have been isolated from one another for sufficient
periods to permit mutation to play a major role in their differ-
entiation. These significant differences in patterns of mtDNA
and microsatellite DNA diversity are consistent with the greater
isolation and lower genetic diversity, on average, for the coastal-
lineage populations in comparison with the interior lineage.

In the lower Columbia and Snake rivers, we observed evi-
dence for colonization of a few populations by a mixture of fish
from coastal and interior lineages. For example, mtDNA data
clearly identified the Hood River population (population 26) as
belonging to the interior lineage (Figure 2), while microsatellite
data clearly identified it as belonging to the coastal lineage (Fig-
ures 5–7). We also observed both coastal and interior mtDNA
haplotypes in populations from the Lewis River (population 29)
and the South Fork Clearwater River (population 51; Figure
2). Rare coastal-lineage mtDNA haplotypes 17 and 18 were
only observed in two Snake River populations, suggesting pre-
Wisconsinan glacial contact between these two lineages (i.e.,
Payette River: population 68; North Fork Clearwater River: pop-
ulation 49; Table A.2.2; Figure 2). Fossil evidence confirms the
presence of bull trout in the Snake and Columbia River drainages
of Idaho over the past 3 million years (Smith et al. 2002).

One puzzling aspect of the geographic distribution of the
coastal and interior lineages is the characterization of bull trout
from the St. Mary River watershed as having microsatellite
DNA allele frequencies more similar to those of coastal bull
trout, whereas in terms of mtDNA and geographic location they
were clearly interior-lineage fish. The St. Mary River is now
an interior drainage tributary to the South Saskatchewan River,
which eventually flows into Hudson Bay; the St. Mary River
represents the eastern range of bull trout in the USA. One possi-
bility for this curious result is that under the “two-group” model
for microsatellite DNA, the interior populations are typically
not fixed for an assemblage of interior-lineage microsatellite al-
leles. Rather, they tend to have a combination of “interior” and
“coastal” alleles, with a much higher frequency of “interior”
alleles. In contrast, coastal populations tend to contain only
“coastal” alleles (i.e., the coastal–Puget Sound populations).
Given the isolated headwater position of the St. Mary River
populations, it is possible that these populations were founded
by means of headwater stream transfers from western-draining
interior waters during glacial periods. Because of founder ef-

fects and genetic drift, the St. Mary River populations may now
by chance have an unusually high frequency of “coastal” alle-
les at some loci. Headwater transfers have been suggested to
have occurred in other areas across the range of bull trout, and
they have been used to explain what otherwise would appear to
be anomalous distributions of the interior lineages of bull trout
along the Pacific coast of Canada (Taylor and Costello 2006)
and in the John Day River (Columbia River basin; Spruell et al.
2003). Alternatively, it is possible that the anomalous relation-
ship of the St. Mary River populations with coastal bull trout
based on microsatellites is a result of homoplasy at Sfo18 (Spru-
ell et al. 2003; Figure 4). However, omission of Sfo18 from the
analysis did not change the placement of the St. Mary River
populations into the coastal group (data not shown). Thus, it
strongly appears that this represents a situation in which genetic
drift and founder effects via headwater transfer have obscured
evolutionary relationships.

Based on the current geographic distribution of bull trout
populations, the genetic similarity observed between Klamath
and Willamette River populations provides another apparently
anomalous pattern in our results. This pattern may simply reflect
a spurious relationship among the populations in these two river
basins caused by genetic drift and homoplasy at microsatel-
lite loci. Alternatively, historical populations of bull trout in
the Rogue and Umpqua rivers could have been the source of
founders for bull trout populations in the upper Willamette River.
The Rogue, Umpqua, and upper Klamath rivers all drain his-
toric Mt. Mazama in Oregon, and the Willamette and Umpqua
rivers are adjacent basins. It is possible that headwater transfers
among these rivers resulted in the genetic similarity observed
between the Willamette and Klamath River bull trout today. Un-
fortunately, we cannot test this hypothesis because bull trout are
not currently found in the Rogue and Umpqua rivers. Absence
of bull trout in these two river drainages could have been caused
by the collapse of Mt. Mazama, which formed Crater Lake, dur-
ing an enormous eruption approximately 7,000 years ago that
devastated the Rogue and Umpqua rivers (Bacon 1983). In ad-
dition, the fish genus Oregonichthys (chubs; Cyprinidae) is only
found in the Umpqua and Willamette rivers, indicating a shared
history among these river basins (Markle et al. 1991).

For the populations of the upper Columbia, Kootenai, and
Clark Fork rivers, the postglacial colonization of these areas
was followed by the formation and flooding of glacial Lake
Missoula (Haas and McPhail 2001). This created natural-barrier
waterfalls that have isolated these populations from the lower
Columbia River for approximately 10,000 years (McPhail and
Lindsey 1986). A sharp discontinuity in the geographic dis-
tribution of interior haplotypes was observed between (1) the
Coeur d’Alene and Clark Fork River basins and (2) the Snake,
St. Mary, Kootenai, and middle Columbia River basins; this
discontinuity was consistent with the isolation of these areas
for the past 10,000 years. The Coeur d’Alene and Clark Fork
River basins contained a nearly exclusive set of haplotypes
(haplotypes 5 and 11–15) that were closely related to haplo-
type 4 (Figure 2; Table A.2.2). Haplotype 4 was observed at a
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frequency of 4% in the Coeur d’Alene and Clark Fork River
basins, whereas it was the most common haplotype observed
among the Snake, St. Mary, Kootenai, and middle Columbia
River basins, where it was found at a frequency of 83%. Of the
four common haplotypes observed in the Pend Oreille and Clark
Fork River populations, only one was found in a single popu-
lation sampled in the Snake River drainage. Populations from
the upper and middle Columbia River on the east side of the
Washington Cascade Mountains (populations 8–12) contained
a mixture of haplotypes 4 and 5, suggesting that this region has
been a contact zone between (1) the Coeur d’Alene and Clark
Fork River basins and (2) the middle Columbia and Snake River
basins (Figure 2; Table A.2.2).

A striking result of this study is the level of genetic distinction
among local populations of bull trout. Among the 75 populations
sampled in this study, BAPS identified 69 discrete genetic clus-
ters as the optimal solution. Populations that were sampled from
the same river basin were often—but not always—the only ones
that grouped together. The dendrogram also provides a visual
representation of genetic distinction among populations as being
larger in many cases than the differences observed among major
genetic assemblages (Figure 6). These results indicate that gene
flow rarely occurs among the major river basins. This finding is
consistent with previous studies, which have indicated that bull
trout home with high fidelity to their natal spawning grounds
(Spruell et al. 1999; Neraas and Spruell 2001). It is important
to note that the 75 populations sampled in this study represent
less than half of the 118 identified bull trout core areas and the
over 600 local populations in the coterminous USA (USFWS
2002). Consequently, our estimate of 69 genetic clusters would
probably have been higher if the sampling of local populations
had been more geographically extensive.

Genetic Diversity within Populations
Most of the sampled populations (77%) had an estimated

Ne of below 50 fish, suggesting that many of these populations
experience high rates of genetic drift and are at risk of inbreed-
ing depression (Figure 8; Rieman and Allendorf 2001). These
results underscore the importance of interconnected stream net-
works that allow for genetic exchange among populations to
maintain viable bull trout populations (Rieman and Dunham
2000). Even a rate of gene flow as low as 1 migrant/generation
among populations can be enough to maintain genetic diver-
sity within a bull trout metapopulation that has 1,000 adults
spawning each year (Rieman and Allendorf 2001).

Challenges for Bull Trout Conservation
The Odell Lake (population 23) population from the De-

schutes River basin provides a good example of challenges as-
sociated with bull trout conservation. Odell Lake bull trout have
been isolated for the past 5,500 years by a lava flow. All fish are
fixed for a unique haplotype (haplotype 10; Table A.2.2), con-
firming that this population has been evolving independently for
thousands of years. This long period of isolation provides an op-

portunity for the evolution of novel traits in the Odell Lake bull
trout population (Costello et al. 2003). In fact, this is the only
native adfluvial population in the state of Oregon. Current esti-
mates of adult population size are extremely low; 10 redds/year,
on average, were observed from 1996 to 2009. This low popu-
lation size is caused in large part by interactions with nonnative
fish, such as hybridization with brook trout, competition with
lake trout S. namaycush, and potential bull trout redd superim-
position by introduced kokanee Oncorhynchus nerka (Weeber
et al. 2010). Our estimates of within-population genetic diversity
suggest that Odell Lake bull trout are at a high risk of extinction
with an Ne of 15 fish (95% CI = 10–24 fish) and low values for
AR (2.75) and HE (0.38). We suggest that (1) this population and
others occupying unique habitats and exhibiting similar charac-
teristics of low Ne and potentially high extinction risk should be
monitored for signs of inbreeding depression and (2) a careful
study should be conducted to determine whether the Odell Lake
population has evolved unique attributes.

Identification of Units for Conservation
Our data corroborate and extend previous results that iden-

tify distinct coastal and interior evolutionary lineages of bull
trout (Figures 2–5). Consequently, at a minimum conserva-
tion programs should recognize the existence of these two lin-
eages and attempt to conserve a diversity of populations in
each lineage. There is also evidence for genetic assemblages
within the coastal and interior lineages. A previous study by
Spruell et al. (2003) found evidence for three genetic assem-
blages: coastal, upper Columbia River, and Snake River. In
the present study, the same three genetic groupings were sup-
ported by both the mtDNA and microsatellite data (Figures 2–5).
Higher levels of genetic variability found in this study increased
power to identify genetic units in addition to the three group-
ings reported by Spruell et al. (2003). Our results provide evi-
dence for 2–69 genetic assemblages of bull trout for which the
geographic distributions are generally consistent with the bio-
geography of the Pacific Northwest. These groups represent a
combination of historical connections among populations from
these major watersheds and metapopulation structure within
watersheds.

In 1996, the USFWS developed a policy for identification
of DPSs for protection under the ESA (USFWS 1996). In the
most basic form, the 1996 DPS policy focuses on three ele-
ments to designate a DPS: (1) the discreteness of a unit, (2) the
significance of that unit to the taxon, and (3) the conservation
status of the unit. One key question for identifying bull trout
DPSs or recovery units based on genetic data presented in this
study is “At what hierarchical level do the population groupings
identified with genetic data become significant to the taxon?”
The 1996 DPS policy provides three significance criteria that
are relevant with regard to bull trout: (1) persistence of the unit
in an ecological setting that is unusual or unique for the taxon,
(2) evidence that loss of the unit would result in a significant
gap in the range of the taxon, and (3) evidence that the unit
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FIGURE 9. (A) Six U.S. Fish and Wildlife Service (USFWS) draft bull trout recovery units (shaded polygons) identified in 2010 and the results of Bayesian
spatial analysis (conducted in Bayesian Analysis of Population Structure [BAPS] software) for a fixed K-value of 5 clusters (indicated by shapes corresponding
to those in Figures 6 and 7D); and (B) the USFWS hierarchical conservation strategy used in Endangered Species Act recovery planning for bull trout in the
coterminous USA (DPS = distinct population segment).

differs markedly in its genetic characteristics relative to other
populations of the same species. Below, we provide examples of
how the USFWS could use all three of these criteria for analysis
of potential DPS units for bull trout.

Bull trout in the coastal–Puget Sound area represent a good
example of persistence in an ecological setting that is unusual
or unique for the taxon. In the USA, this is the only area where
bull trout co-occur with Dolly Varden. Dolly Varden and bull
trout can hybridize and produce fertile progeny, but hybrids
are rarely observed because of the evolution of ecological seg-
regation between the species. In ecological segregation, Dolly
Varden have become small-stream residents in the headwaters

of drainages and bull trout have become migratory forms that
primarily use the lower portions of the drainages (Taylor 2004).
Coastal–Puget Sound is also the only area in the USA that has
anadromous bull trout populations. Access to the ocean and
estuary environments clearly represents a unique ecological set-
ting for the species (Haas and McPhail 2001; Brenkman and
Corbett 2005). These unique attributes of life history and eco-
logical setting for bull trout in coastal–Puget Sound should be
considered in a DPS analysis for the species.

Bull trout in the Klamath and St. Mary River basins pro-
vide good examples of geographically and genetically discrete
units that, if lost, could result in a significant gap in the range
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of the taxon. We suggest that biologists use the approach of
Waples et al. (2007) to determine whether loss of the Kla-
math or St. Mary River bull trout populations would create a
significant range gap that would increase the extinction risk
for bull trout in the USA. These two areas could also meet
unique ecological setting or genetic significance criteria for
bull trout as described under the 1996 DPS policy (USFWS
1996).

Reciprocal monophyly observed between the coastal and in-
terior lineages of bull trout suggests that these two lineages
satisfy the genetic significance criterion of differing markedly
in genetic characteristics relative to other populations of the
species. It is likely that these two lineages have been diverging
from one another for tens to hundreds of thousands of years
and may have evolved differences at adaptive phenotypic traits
(e.g., Zink 2004). The loss of either of these lineages would
probably be permanent relative to human time frames. Evidence
that significant morphological differences have evolved between
these two lineages was presented in a multivariate morphomet-
ric analysis that independently identified the coastal and interior
lineages of bull trout described in our genetic-based study (Haas
and McPhail 2001).

Designation of DPSs for bull trout should take into account
multiple significance criteria. For example, bull trout popula-
tions on the east side of the Cascade Mountains in Washington
State (Methow, Entiat, and Wenatchee rivers) form a genetic
unit with the Kootenai, Pend Oreille, and Clark Fork River
populations; this was probably caused by the historical connec-
tion of these rivers during high-water conditions as the glaciers
receded approximately 10,000 years ago. The connection be-
tween these two regions no longer exists, and the populations
in Washington are primarily fluvial and co-exist with anadro-
mous salmon and steelhead (anadromous rainbow trout), which
provide unique and seasonally available food resources, such
as eggs and smolts. In contrast, the Kootenai, Pend Oreille,
and Clark Fork River populations are primarily adfluvial and
exist with coadapted assemblages of westslope cutthroat trout
Oncorhynchus clarkii lewisi and mountain whitefish or pygmy
whitefish P. coulterii. This example demonstrates that certain
groups of bull trout have shared an evolutionary past but do not
share a present evolutionary relationship.

It is important to remember that sociopolitical and legal
factors not considered in our discussion will also influence
DPS designations. For example, it may be more efficient to
have a single DPS for the coterminous USA and to manage
coastal and interior lineages of bull trout as different conser-
vation units in the bull trout recovery plan. Evaluating all po-
tential DPS configurations and alternative conservation strate-
gies for bull trout under the ESA is beyond the scope of this
paper. We hope our examples illustrate the useful science-
based information that is currently available to evaluate po-
tential bull trout DPS configurations by use of the 1996 DPS
policy.

Current Status and Conservation Units for U.S. Bull Trout
In a recent 5-year review of bull trout conservation status,

the USFWS determined that bull trout should remain listed un-
der the ESA as threatened throughout the coterminous U.S.
DPS (USFWS 2008). The 5-year review states that the US-
FWS should, “. . .develop a number of Recovery Units for
bull trout (perhaps 5–10 for management purposes) that con-
tain assemblages of core areas that retain genetic and ecologi-
cal integrity. . .” (USFWS 2008). In an effort to develop these
recovery units, the USFWS applied relevant factors from its
1996 DPS policy to examine the genetic findings presented in
this study. After consulting with biologists from states, federal
agencies, and Native American tribes, the USFWS identified
six draft recovery units for bull trout in the coterminous USA
(USFWS 2010). These draft recovery units reflect the genetic
clustering shown in BAPS for a K-value of 5 (Figure 7D) but
with slight modifications to account for additional biologically
based criteria, such as ecological setting (Figure 9A). These six
draft recovery units were used to inform designation of critical
habitat for bull trout by providing a context for deciding which
habitats are essential for recovery (USFWS 2010). The USFWS
is finalizing the recovery plan for bull trout by using a hierarchal
conservation strategy (Figure 9B) in which conservation efforts
at the local population level will serve to restore core areas (i.e.,
metapopulations) and maintain critical habitat in enough recov-
ery units that bull trout in the coterminous U.S. DPS are no
longer threatened with extinction.
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