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Can common species provide valuable information for

conservation?
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Abstract

To demonstrate the importance of genetic data for multispecies conservation approaches,
we examined the distribution of genetic variation across the range of the mountain white-
fish (Prosopium williamsoni) at microsatellite and allozyme loci. The mountain whitefish
is a common species that is particularly well suited for accurately revealing historical
patterns of genetic structure and differs markedly from previously studied species in
habitat requirements and life history characteristics. As such, comparing the population
genetic structure of other native fishes to similar data from mountain whitefish could
inform management and conservation strategies. Genetic variation for mountain whitefish
was hierarchically distributed for both allozymes and microsatellites. We found evidence
for a total of five major genetically differentiated assemblages and we observed subdivision
among populations within assemblages that generally corresponded to major river basins.
We observed little genetic differentiation within major river basins. Geographic patterns
of genetic differentiation for mountain whitefish were concordant with other native species
in several circumstances, providing information for the designation of conservation units
that reflect concordant genetic differentiation of multiple species. Differences in genetic
patterns between mountain whitefish and other native fishes reflect either differences in
evolutionary histories of the species considered or differences in aspects of their ecology
and life history. In addition, mountain whitefish populations appear to exchange genes
over a much larger geographic scale than co-occurring salmonids and are likely to be
affected differently by disturbances such as habitat fragmentation.
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Introduction

There is a growing consensus that single species conser-
vation efforts do not adequately protect the biological and
landscape needs of multiple species within threatened
ecosystems (Lambeck 1997; Roberge & Angelstam 2004).
Consequently, there has been a recent trend in conser-
vation strategies towards shifting from single-species to
multispecies approaches (Lambeck 1997; Freudenberger &
Brooker 2004). These efforts consider the habitat require-
ments of multiple species to prioritize conservation efforts
(Roberge & Angelstam 2004).
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Considering genetic data from multiple species in
threatened ecosystems might be particularly informative
for multispecies conservation approaches. To date, genetic
comparisons among species have generally occurred among
large-scale regional genetic groups in the context of com-
parative phylogeography (Bermingham & Moritz 1998;
Froufe et al. 2003; Hoffmann & Baker 2003; Avise 2004;
Dick et al. 2004; Satoh et al. 2004; Schoenswetter et al. 2004;
Carstens et al. 2005; Michaux et al. 2005) or at very fine
spatial scales (Turner & Trexler 1998; McDonald ef al. 1999;
King & Lawson 2001; Dawson et al. 2002; Brouat ef al. 2004;
Castric & Bernatchez 2004; Whiteley et al. 2004), but few
attempts have been made to compare species at all hier-
archical levels of biological organization (from populations
through ecosystem and landscape levels). More detailed
comparisons of patterns and geographic scale of genetic
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differentiation at multiple hierarchical levels are needed
to make genetic comparisons more informative for com-
prehensive conservation efforts. For example, species
may exhibit similar large-scale patterns of genetic differ-
entiation, but differ markedly at a finer geographic scale.
Alternatively, similarity of patterns of genetic relationships
at a fine scale may contrast with differences at large and
intermediate spatial scales. Detailed genetic comparisons
of multiple species at multiple hierarchical levels in a given
landscape would allow us to more broadly consider con-
servation options and more accurately assign conservation
priorities.

Historical genetic relationships among populations of
threatened and endangered species often remain unclear.
It can be difficult to obtain large enough samples from all
relevant populations and regions due to the fact that these
species may be extirpated in some areas, occur at low
abundance where present, and sampling might put
populations at even greater risk. In systems where genetic
relationships among populations of threatened species are
unclear, comprehensive hierarchical genetic analyses of
additional species that accurately reveal historical relation-
ships might be especially useful.

Species most likely to reveal historical population rela-
tionships are widely distributed across the range of the
ecosystem of interest, have not been transplanted within
their native range, do not hybridize with other species, and
have large populations. Wide-ranging species allow the
largest possible scope of comparison. Transplantation
and hybridization can obscure historical genetic patterns
(Allendorf et al. 2001), as can genetic drift in recently con-
tracted or chronically small populations. In addition, for
species with large populations, it is easier to collect adequate
samples and these species are amenable to invasive tech-
niques such as allozyme analysis, which may permit direct
comparison to existing data. Consequently, we suggest
that abundant, widely distributed species will often
provide an informative complement to genetic studies of
imperiled taxa, especially in systems where comparisons
to previously analysed species are possible. Genetic data
from abundant species may also provide an opportunity to
disentangle the effects of historical and contemporary
factors on genetic patterns of rare species.

River systems in western North America have been
the focus of intense conservation efforts (Policansky &
Magnuson 1998; McClure et al. 2003; Mebane et al. 2003).
Conservation issues range from habitat fragmentation
due to a variety of sources (e.g. dams and road building) to
water-quality issues related to activities such as mining
and forest use (e.g. Kareiva et al. 2000; Levin & Tolimieri
2001; Collins & Montgomery 2002). Genetic patterns for
four salmonids with large distributions in inland freshwater
systems (bull trout, Salvelinus confluentus; cutthroat trout,
Oncorhynchus clarki; rainbow trout, Oncorhynchus mykiss;

and Chinook salmon, Oncorhynchus tschawytscha) have
been described in detail from this region and have been
used in part to determine conservation and management
priorities (e.g. NOAA 2003). Genetic variation is distributed
hierarchically for these species across this region. At the
largest geographic scale, major cohesive genetic groups
have been observed for all four species (Fig. 1). These
groups are likely to be largely the result of the historical
effects of glaciation, where populations resided in several
refugia from which they dispersed to colonize previously
ice-covered regions (Fig. 1; McPhail & Lindsey 1986;
Taylor etal. 1999, 2003; McCusker et al. 2000; Teel et al.
2000; Costello et al. 2003). In addition, all four species tend
to be subdivided at a fine geographic scale, with significant
genetic differences often occurring among tributaries within
major river basins (Allendorf & Utter 1979; Allendorf &
Leary 1988; Wenburg ef al. 1998; Spruell et al. 1999, 2003;
Taylor etal. 1999, 2003; McCusker et al. 2000; Teel et al.
2000; Costello et al. 2003; Waples et al. 2004).

Conservation efforts for fishes in western North America
have proceeded largely in a single-species manner. For the
four species mentioned, there has not been an attempt to
compare and contrast patterns of genetic differentiation.
In addition, for some of these species, transplantation and
anthropogenic-induced hybridization may obscure histor-
ical genetic patterns (e.g. Allendorf & Leary 1988). Genetic
data from a common species with the desirable attributes
for comparative genetic analyses mentioned above may
be valuable as a step towards a more comprehensive con-
servation approach. Furthermore, because all four species
tend to be genetically subdivided on a small geographic
scale, they offer a limited view of the geographic scale of
genetic differentiation of all of the native fishes in this region.
Genetic analysis of a species likely to differ in geographic
scale of subdivision may offer an alternative perspective
that can broaden the scope of conservation and manage-
ment planning.

The mountain whitefish (Prosopium williamsoni) co-occurs
with the four species mentioned above and fits our criteria
for a useful common species for comparative genetic
analysis. Mountain whitefish have not been translocated
within their native range and do not occur sympatrically
with other Prosopium species in most of their range,
precluding hybridization with other species (with the
exception of one population revealed during the course of
this study, described below). Mountain whitefish are
abundant and invasive sampling is unlikely to have a
negative demographic influence. This species occurs
throughout western North America in most major river
basins (McPhail & Lindsey 1970) and has experienced the
same geomorphological influences as other native fishes.
Thus, it is likely that patterns of the genetic structure of
mountain whitefish will reflect historical connectivity
among river basins throughout western North America
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(McPhail & Troffe 2001). Furthermore, mountain whitefish
differ in ecological aspects from previously analysed
species because they reside and spawn primarily in larger
rivers, they appear to have less habitat specificity through-
out their life cycle, and they have larger N, (Whiteley et al.
2004). Thus, the geographic scale of genetic differentiation
may differ between mountain whitefish and these other
species. Genetic patterns for mountain whitefish, while
they will not solely define conservation units for native
fishes in western North America, could provide comple-
mentary information that would improve conservation
prioritization and provide an example of the advantages of
multispecies conservation genetic approaches.

In this study, we used allozymes and microsatellites to
examine the hierarchical distribution of genetic variation
across the range of the mountain whitefish. We answered
the following questions: What is the genetic structure of
mountain whitefish in western North America? How do
patterns of genetic differentiation compare among native
fish species in western North America? How does the
geographic scale of genetic differentiation compare
among species? Finally, do these data provide additional
insight for management of native fishes in western North
America?
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(c) Cutthroat trout

Fig. 1 Postglacial dispersal and range maps
of five wide-ranging native salmonids in
western North America. Map of hypothes-
ized dispersal routes (a) is adapted from
McPhail & Lindsey (1986). The southern
extent of glaciation is shown with a solid
line in (a). Range maps are from Behnke
(2002). A summary of existing genetic data
for large-scale genetic groups within species’
ranges are shown in panels c—f. Cutthroat
trout genetic data (c) are from Allendorf &
Leary (1988) and Taylor ef al. (2003) and
common names of six currently recognized
cutthroat trout subspecies mentioned in
the text are shown. Bull trout genetic data
(d) are from Taylor ef al. (1999) and Spruell
et al. (2003). Chinook salmon genetic data
(e) are summarized in Waples et al. (2004).
Rainbow trout genetic data (f) are from
Allendorf & Utter (1979) and McCusker
et al. (2000). In (f), northern populations
tend to be a mix of coastal (dark grey area)
and inland (light grey area) genetic groups.
This mixture is portrayed by an interme-
diate shade of grey in the northern region,
which does not represent a third genetic
group. Note that actual ESUs for both
rainbow trout and Chinook salmon reflect
fine-scale genetic subdivision within the
groups shown here (e.g. Waples et al. 2004).

Yellowstone

Colorado

500 km

Methods

Samples

We obtained samples from throughout the range of the
mountain whitefish (Table 1; Fig. 2). Where possible, we
obtained whole fish for tissues for both allozyme analysis
and for DNA extraction and subsequent microsatellite
analysis. For each population sample, care was taken to
include fish from multiple size classes to maximize the
probability of analysing unrelated individuals. Most sites
included fish from multiple nearby collection locations
within a river. We were able to obtain samples from a
wider geographic range for microsatellite analysis than
for allozyme analysis, partly due to problems with
international transport of whole frozen fish from Canadian
sites.

Allozymes

We performed horizontal starch gel electrophoresis
according to the procedures of Leary & Booke (1990) on
fish collected from 29 locations (Table 1). We screened
products of 32 loci coding for enzymes from muscle, liver,
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Table 1 Genetic diversity and sample statistics for each mountain whitefish population. Populations are arranged from north to south and
within major rivers, from downstream to upstream. Alphanumerical codes correspond to Fig. 2. N is sample size. Hg is average expected

heterozygosity within sites

Allozymes Microsatellites
Latitude (°N)/ Mean number Mean number
Location N longitude (°W) Hg of alleles Hg of alleles
Mackenzie River
A. Liard River, BC
1. Fort Nelson River
a. Prophet River 19 57.7/123.4 — — 0.215 1.83
2. Kechika River 27 59.2/127.6 — — 0.268 3.00
a. Gataga River 21 58.6/126.9 - - 0.220 3.00
B. Peace River
1. Smoky River, AB
a. Wapiti River 29 55.7/118.8 — — 0.237 2.00
b. Kakwa River 20 54.3/119.5 - - 0.230 2.00
2. Finlay River, BC
a. Thutade Lake 19 56.8/127.0 — — 0.091 1.83
3. Parsnip River, BC 18 55.2/123.1 - — 0.310 3.50
Stikine River
C. Klappan River, BC 15 58.0/129.7 — — 0.186 1.67
Fraser River
D. Chilliwack, BC 17 49.2/121.9 - - 0.454 3.33
E. Siska Fish Wheel, BC 10 50.2/121.6 — — 0.481 3.17
F. Thompson River, BC
1. Bonaparte River
a. Machete Lake 20 51.4/120.6 - - 0.212 2.00
2. North Thompson River
a. Eagle Creek 10 51.9/120.9 — — 0.482 3.33
3. South Thompson River
a. Oliver Creek 12 51.1/120.1 - - 0.356 2.67
G. Bridge River, BC
1. Carpenter Reservoir 25 50.9/122.5 — — 0.329 3.50
Olympic Peninsula
H. Hoh River, WA 23 47.8/124.2 - - 0.165 1.83
I. N. F. Skokomish River, WA 30 47.5/123.4 — — 0.138 1.33
Columbia River Basin
J. Lewis River, WA
1. Swift Reservoir 32 46.1/122.2 — — 0.389 4.33
K. Willamette River, OR 34 46.7/123.2 0.030 1.36 0.343 4.17
L. Deschutes River, OR
1. Warmsprings River 32 449/121.1 — — 0.413 4.50
M. Walla Walla River, WA
1. Touchet River 17 46.1/118.7 — — 0.303 2.33
N. Snake River
1. Clearwater River, ID
a. Lolo Creek 21 46.4/116.2 - - 0.190 2.17
b. S. F. Clearwater River 23 45.8/115.5 - - 0.272 3.00
c. Lochsa River 20 46.5/114.8 — — 0.339 3.83
2. Grande Ronde River, OR
a. Lostine River 27 45.5/117.4 0.040 1.36 0.301 3.50
3. Salmon River, ID
a. S. F. Salmon River 36 44.7/115.7 — — 0.324 3.83
b. Pahsimeroi River 28 44.6/113.9 0.031 1.21 0.350 3.33
c. Salmon River at Chalis 25 445/114.2 0.045 143 0.392 4.00
4. Malhuer River, OR 26 43.9/117.0 — — 0.361 2.83
© 2006 The Authors
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Table 1 Continued

Allozymes Microsatellites
Latitude (°N)/ Mean number Mean number
Location N longitude (°W) Hg of alleles Hg of alleles
5. Boise River, ID
a. South Fork Boise River 20 43.4/115.6 0.031 1.21 0.460 3.33
6. Big Wood River, ID 20 43.5/114.3 0.002 1.07 0.000 1.00
7. Snake River-Menan, ID 41 43.8/112.0 0.014 1.21 0.394 4.83
8. South Fork Snake River, ID 32 43.7/111.8 0.021 1.29 0.402 4.33
9. Teton River, ID 33 43.8/111.2 0.008 1.07 0.291 2.67
10. Henry’s Fork Snake River, ID 41 44.4/111.4 0.002 1.07 0.288 2.17
O. Big Lost River, ID
1. Lower Big Lost River 26 43.4/113.5 0.026 1.14 0.000 1.00
2. Upper Big Lost River 32 44.2/113.9 0.022 1.14 0.000 1.00
P. Yakima River, WA 22 47.2/120.9 0.038 1.29 0.350 4.17
Q. Clark Fork River, MT
1. Cabinet Gorge Dam 16 48.1/116.1 0.030 1.21 0.462 3.50
2. Flathead River
a. Mainstem Flathead River 30 48.4/114.2 0.024 1.21 0.501 3.17
b. Doctor Lake 22 47.2/113.5 — — 0.343 217
3. Ninemile Creek 30 47.0/1144 — — 0.497 3.83
4. Rattlesnake Creek 91 46.9/114.0 — — 0.522 4.17
5. Milltown Dam 20 46.9/113.9 — — 0.522 3.33
6. Blackfoot River
a. North Fork Blackfoot River 50 47.0/113.1 — — 0.538 4.50
7. Rock Creek 42 46.6/113.7 — — 0.511 3.67
8. Bitterroot River 143 46.3/114.1 0.029 1.21 0.528 4.67
R. Pend Oreille River, BC
1. Confluence with Columbia River 20 49.5/117.7 0.037 1.21 0.431 3.50
S. Beaver Creek, BC 25 49.7/117.7 — — 0.411 3.67
T. Kootenay River, BC
1. Kootenay Lake 21 49.5/116.8 0.033 1.21 0.395 3.83
2. Bull River 20 49.7/115.2 0.015 1.14 0.085 1.17
Saskatchewan River
U. Bow River, AB 24 50.0/111.7 0.025 1.14 0.214 217
Missouri River
V. Yellowstone River, MT 40 45.5/110.6 0.021 1.29 0.356 3.33
W. Judith River, MT
1. Big Spring Creek 20 47.1/109.5 — — 0.412 2.67
2. South Fork Judith River 22 46.8/110.3 0.048 1.29 0.428 217
X. Gallatin River, MT 21 459/111.5 0.030 1.36 0.490 4.17
Y. Madison River, MT 30 45.0/111.6 0.027 1.29 0.465 3.67
Z. Jefferson River, MT
1. Bighole River 30 459/113.2 0.019 1.14 0.509 4.17
Bonneville Basin
AA. Logan River, UT 34 41.8/111.8 — — 0.269 3.50
AB. Weber River, UT 31 419/111.5 0.000 1.00 0.361 3.33
AC. Bear River, UT 31 40.9/110.5 0.000 1.00 0.320 2.00
Lahontan Basin
AD. Walker River, CA, NV 33 38.2/119.1 0.013 1.21 0.090 1.33
AE. Truckee River, NV 12 39.6/119.6 0.018 1.21 0.114 1.33
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Fig.2 Map of mountain whitefish range (shaded area). Black
circles represent locations that were analysed with microsatel-
lites, white circles represent sites that were analysed with both
allozymes and microsatellites. Letter codes correspond to
Table 1.

or eye tissue and found evidence of genetic variation at
14 loci. We followed Shaklee et al. (1990) for nomenclature
of enzymes, loci, and alleles. Enzyme Commission (EC)
numbers follow IUBMBNC (1992) and are as follows:
adenylate kinase (EC 2.7.4.3; AK-1,2%), alcohol dehydro-
genase (EC 1.1.1.1; ADH?), aspartate aminotranserase (EC
2.6.1.1; sAAT-1*%, sAAT-2*, sAAT-3*, sAAT-4%), creatine
kinase (EC 2.7.3.2; CK*-A1), cytosol nonspecific dipeptidase
(EC 3.4.13.18; PEPA-1*, PEPA-2%), glyceraldehyde-3-
phosphate dehydrogenase (EC 1.2.1.12; GAPDH-34%);
glycerol-3-phosphae dehyrogenase (EC 1.1.1.8; G3PDH-
1,2*); hexosaminidase (EC 3.3.1.52; HEX*); isocitrate
dehydrogenase (NADP+) (EC 1.1.1.42; sSIDHP-1,2*); L-lactate
dehydrogenase (EC 1.1.1.27; LDH-A1*, LDH-A2*, LDH-B1*,
LDH-B2*, LDHC*); malate dehyrogenase (EC 1.1.1.37;

sMDH-A1,2*, sMDH-B1,2*); malic enzyme (NADP+) (EC
1.1.1.40; mMEP-1*, sMEP-1*); phosphoglucomutase (EC
5.4.2.2.; PGM-1*, PGM-2*); superoxide dismutase (EC 1.15.1.1;
sSOD-1*) and tripeptide animopeptidase (EC 3.4.11.4;
PEPB?*). Tissues were kept frozen until dissection. We used
the electrophoresis buffers described in Leary et al. (1993).
Stains used to reveal the position of enzymes in the gels
after electrophoresis were from Harris & Hopkinson (1976)
and Allendorf et al. (1977). An Arlee strain rainbow trout
(Oncorhynchus mykiss) from the Jocko River State Fish
Hatchery, Arlee, Montana (maintained by the Montana
Department of Fish, Wildlife & Parks), was run on each gel
as a mobility standard. We scored alleles at the malate
dehydrogenase isolocus, MDHB-1,2*, as products from
two separate loci and assumed that all observed variation
occurred at one locus (Leary & Book 1990).

Microsatellites

The general methods used for polymerase chain reaction
(PCR) and visualization of subsequent PCR products
followed Spruell et al. (1999), Neraas & Spruell (2001), and
Whiteley et al. (2004). DNA was extracted from either fin
clips or liver tissue by standard methods. We visualized
fluorescently labelled PCR products on acrylamide gels
using a Hitachi FMBIO II fluorescent imager and used a
MapMarker LOW (BioVentures) ladder along with indi-
viduals of known genotypes as standards for scoring. We
used six of the eight loci (COCL4, SSA14, SSA456, ONES,
SFO8-1, and SFO8-2) from Whiteley et al. (2004) because
these six loci could be scored reliably across the range of
the mountain whitefish. PCR reagent concentrations varied
among loci and are available from the authors upon request,
as are allele frequencies and all individual genotypes for
both marker types.

Data analysis

Allele frequencies, deviations from Hardy-Weinberg
expectations, linkage disequilibrium, observed (Hg) and
expected (Hp) heterozygosities per locus and population,
mean within-population expected heterozygosity (H),
mean number of alleles per population, pairwise exact tests
for genic differentiation, F-statistics and pairwise Fg;'s
were calculated using GENEPOP 3.4 (Raymond & Rousset
1995) and rsTAT 2.9.3.2 (Goudet 1995, 2001). We used 6
(Weir & Cockerham 1984) for estimates of Fq;. Confidence
intervals (95%) for multilocus Fqp estimates were generated
by bootstrap sampling over loci (Goudet et al. 1996). We
used the sequential Bonferroni procedure to adjust multiple
tests for linkage disequilibrium within populations (Rice
1989). We tested to determine if the amount of within-
population genetic variation (arcsine transformed Hg and
untransformed mean number of alleles) detected by
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allozymes and microsatellites was correlated using a
Spearman rank correlation test.

We calculated F24; for both microsatellites and allozymes
to determine if the greater heterozygosity observed with
microsatellites might have contributed to a downward bias
in our estimate of population differentiation. With F2¢, all
loci are treated as bi-allelic by using the frequency of the
most common allele and pooling the frequencies of all
others McDonald 1994; Allendorf & Seeb 2000). We used
sPAGEDI (Hardy & Vekemans 2002) to calculate Rqy for
microsatellites and to test for significant differences
between Rgp and Fgr. Rgp values significantly greater than
Fgr values suggest that stepwise-like mutation processes
have occurred at a locus (Hardy ef al. 2003). We used
standard error estimates from SPAGEDI to calculate 95%
confidence intervals for Rgr.

In the Kechika River sample, we observed microsatellite
alleles outside the normal size range for alleles at several
loci for three individuals. This population lies within a
zone of sympatry with the round whitefish (Prosopium
cylindraceum; McPhail & Lindsey 1970). We used paired
interspersed nuclear element-PCR (PINE-PCR) (Spruell
et al. 2001) to test the hypothesis that these three fish were
hybrids between mountain whitefish and round whitefish.
These three fish appeared to be F,’s because all fragments
diagnostic for both mountain whitefish and round white-
fish were present in each fish. We removed these three fish
from subsequent analyses (Allendorf et al. 2001). We did
not detect any further evidence of hybridization between
mountain whitefish and other species.

Principal components analysis (PCA) based on sample
allele frequencies was used to examine range-wide patterns
of population differentiation and to define cohesive genetic
assemblages (equivalent to major phylogeographic groups).
We excluded one allele at each locus to account for non-
independence among alleles within loci for both marker
types. For allozymes, the PCA is based only on loci that
were polymorphic (frequency < 0.99) in at least one
population. We used spss 11 (SPSS Inc.) for PCA analyses.

We used an analysis of molecular variance (AMova,
Excoffier et al. 1992), performed with ARLEQUIN 2.001
(Schneider et al. 2000) to investigate how genetic variation
was partitioned based on several geographical arrangements.
Initially we pooled sites within regions defined by PCA for
both allozymes (three PCA groups) and microsatellites
(five PCA groups). We also tested alternative arrangements,
including pooling sites based on the four primary glacial
refugia proposed by McPhail & Lindsey (1986) and
observations from other native fishes in this region (Figs 1
and 2; coastal ‘Cascadia’, all sites west of the Cascade and
Coastal Mountains; inland ‘Cascadia’, all sites east of the
Cascade and Coastal Mountains and west of the Contin-
ental Divide; upper Missouri River; and the upper Snake
River, all sites upstream of Shoshone Falls and from the

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

Bonneville and Lahontan Basins). In addition, we pooled
sites based on genetic patterns observed for the cutthroat
trout (Allendorf & Leary 1988). We used the cutthroat trout
because it occupies the most similar range to that of the
mountain whitefish (Fig. 1; Behnke 2002). We used four
geographical groups to partition mountain whitefish genetic
data that corresponded to sites within the range of the
coastal cutthroat trout (Oncorhynchus clarki clarki), the west-
slope cutthroat trout (Oncorhynchus clarki lewisi), the Lahontan
cutthroat trout (Oncorhynchus clarki henshawi), and we con-
servatively combined the Yellowstone (Oncorhynchus clarki
bouvieri) and Bonneville cutthroat trout (Oncorhynchus
clarki utah) into the fourth group (Fig. 1). Finally, we pooled
sites within major watersheds (Table 1, Fig. 2). Each letter
in Fig. 2 represents a similarly sized watershed that was
used as a separate group for this analysis. We treated sites
T1 and T2 from the Kootenay River as separate groups
because they are separated by a waterfall barrier to fish
passage. Sites R and S were considered together as one group
because they are close together in the upper mainstem
Columbia River. Sites N7 and N8 were also considered
together as one group because they are close together in the
Snake River. For the watershed aAMova, there were 24
allozyme groups and 43 microsatellite groups (Table 2).

To further describe the scale and patterns of genetic
differentiation among mountain whitefish populations,
we constructed dendrograms based on microsatellite and
allozyme allele frequencies. We used PHYLIP 3.5 (Felsenstein
1993) to calculate Cavalli-Sforza & Edwards’s (1967) genetic
distance (CSE) with the GENDIST module. We used the
NEIGHBOUR module to construct a upGMaA (Unweighted
Pair Group Method with Arithmetic Mean) dendrogram.
CONSENSE was used to generate a consensus tree with
bootstrap values from 1000 replicate data sets created in
SEQBOOT. We chose to analyse genetic divergence between
populations using CSE because it is drift based and does
not assume any models of mutation (Takezaki & Nei
1996).

We used BaPs 2.0 (Bayesian Analysis of Population
Structure, Corander et al. 2003, 2004) for defining fine-scale
population relationships and as a complementary approach
for defining population groups within PCA and dendrogram-
determined cohesive genetic assemblages. We used the
group method, where the geographic location of each
population sample was used as a prior and individuals were
not allowed to move among samples sites, for clustering
predefined populations based on multilocus tests of allele
frequency differences. We chose the group-clustering method
because mountain whitefish populations are confined to
river basins and it is not possible for gene flow to directly
occur among many of the populations we analysed. We
ran BAPs five times for 105 iterations with a burn-in period
of 20 000. Panmictic population groups defined by the
data partitions with the highest posterior probability for
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Table 2 Analysis of molecular variance (Amova) for allozymes and microsatellites. Arrangements pooled samples by either PCA-defined
groups, the four primary glacial refugia hypothesized by McPhail & Lindsey (1986), patterns observed for subspecies of the cutthroat trout,

or major watersheds (see text for details)

Geographical arrangement Number of groups

Variance component

Percentage of variation*

Allozymes

PCA groups 3
Four refugia 4
Cutthroat trout subspecies 4
Major watersheds 24

Microsatellites

PCA groups 5
Four refugia 4
Cutthroat trout subspecies 4
Major watersheds 42

Among groups 65.9
Among sites within groups 10.8
Within sites 233
Among groups 51.0
Among sites within groups 23.2
Within sites 25.8
Among groups 37.5
Among sites within groups 36.6
Within sites 25.9
Among watersheds 64.4
Among sites within watersheds 5.5
Within sites 30.1
Among groups 31.3
Among sites within groups 14.6
Within sites 54.1
Among groups 22.7
Among sites within groups 19.8
Within sites 57.5
Among groups 23.2
Among sites within groups 21.2
Within sites 55.6
Among watersheds 33.6
Among sites within watersheds 4.1
Within sites 62.3

*P < 0.0001 for all variance components.

microsatellites and allozymes separately were plotted onto
the map of western North America.

Pairwise genetic distances were plotted against pairwise
geographic distances to further analyse the geographic
scale of gene flow for mountain whitefish. We limited our
analysis to populations in the contiguous Columbia River
basin and to those within the Inland Cascadia genetic
group (see below). Furthermore, we limited our analysis to
microsatellite data because they provided much stronger
resolution of fine-scale genetic differentiation. We measured
river channel distances among sites using a geographic
information system (GIS). We analysed patterns with and
without two sites located above impassable waterfalls, the
Big Wood (N6) and Bull (T2) Rivers, and one site from a
high mountain lake, Doctor Lake (Q2b), because genetic
differentiation of these sites from all others was clearly not
due to geographic distance alone. We used Mantel tests
implemented by the program 18D (Isolation by Distance,
Bohonak 2003) to test the significance of the relationship
between genetic and geographic distance matrices. Tests
were performed with and without log-transformation of

geographic distances and using both Fgp and Fgp/(1 - Fgp)
(Rousset 1997).

We compared the relationship between genetic and
geographic distances for mountain whitefish to bull trout
data collected over the same geographic scale within the
Columbia River (mean geographic distance among sample
locations * SE was 1091 * 38.0 km for mountain whitefish
and 1065.9 +19.3 km for bull trout). We used bull trout for
this comparison because this is the only other native
species for which microsatellite data from throughout the
Columbia River were available. We used genetic data from
Spruell et al. (2003) and included all sites that occurred in
the equivalent of the Inland Cascadia group but excluding
sites in the lower Columbia River east of the Continental
Divide (N = 45). Lower Columbia River sites were excluded
for both species because they belong to a different major
genetic group (see below) and were clearly not isolated
from other populations by distance alone. We collected
geographic distances between the midpoints of sampling
reaches using a GIS. The same methodology described
above was used to analyse patterns of isolation by distance.
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Results

Variation within populations

Allozymes. Fourteen of the 32 allozyme loci screened were
polymorphic. We found a total of 37 alleles for the 794 indi-
viduals analysed from 29 sites. Mean within-population
expected heterozygosity (Hg) ranged from zero to 0.048
and mean number of alleles ranged from 1.00 to 1.43
(Table 1). The Weber (AB) and Bear (AC) Rivers from the
Bonneville Basin in Utah had no genetic variation and the
Big Wood River (N6) and Henry’s Fork of the Snake River
(N10), both upstream of barrier waterfalls, had highly
reduced genetic variation.

None of the polymorphic allozyme loci showed evidence
of significant departures from Hardy—Weinberg propor-
tions. Of 159 tests for linkage disequilibrium, seven were
significant (P < 0.05), where eight significant tests were
expected by chance (o = 0.05). There was no pattern of
significant linkage disequilibrium within any of the popu-
lation samples or for any of the locus pairs across populations.

Microsatellites. For microsatellites, we observed a total of
142 alleles at six loci for the overall sample of 1769 individuals
from 62 sites. The mean number of alleles per locus was 19.8
(range: 7-61 alleles). Hg ranged from 0 to 0.538 (Table 1). The
mean number of alleles per population ranged from 1.00 to
4.83 (Table 1). The Big Lost (O) and Big Wood (N6) Rivers,
both of which are isolated populations, had no genetic
variation. The Bull River (T2) and Thutade Lake (B2a), both
isolated above waterfalls, and the high mountain Doctor
Lake (Q2b) also had reduced genetic variation (Table 1).

Seventeen of 275 tests showed evidence for significant
deviations from Hardy-Weinberg proportions with micro-
satellites (14 significant tests were expected by chance at
o = 0.05). No consistent patterns within loci across popula-
tions or within populations across loci were observed, except
in the case of ONES in populations from the upper Missouri
River. Four of six sites from the upper Missouri River had
significant departures from Hardy-Weinberg proportions
at this locus. In each of these four cases there was a deficit
of heterozygotes (positive Fig), suggesting that a null allele
might occur in this geographic region at this locus. However,
we did not observe any potential null homozygotes and
assumed that a null allele, if present, was at low frequency
and would not have a large influence on genetic patterns.

Of 643 tests for linkage disequilibrium, 33 were signifi-
cant, where 32 were expected by chance (o = 0.05). There
was no significant pattern of linkage disequilibrium within
any of the population samples or between any locus pairs
across populations. Only two tests remained significant
after correcting for multiple tests within a population,
SSA14 and COCL4 for Lolo Creek (N1a) and COCL4 and
SFO8-1 for Big Spring Creek (W1).
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Comparison of markers. Within-population genetic variation
(both Hg and mean number of alleles) was significantly
correlated between allozymes and microsatellites. The
Spearman rank correlation p value for Hg was 0.395
(P =0.037) and for mean number of alleles, p = 0.583
(P =0.002). Only in several populations were amounts of
within-population genetic variation highly dissimilar
between marker types. These include the Big Lost River
(O), which had no microsatellite variation but moderate
allozyme variation and the three Bonneville Basin sites
(AA-AC), which had no allozyme variation but moderate
microsatellite variation (Table 1).

We did not find evidence for significant linkage disequi-
librium between microsatellite and allozyme loci. Of 396
total tests, 10 were significant (P < 0.05), where 20 were
expected by chance (o = 0.05). There was no pattern of
significant linkage disequilibrium within any of the
population samples or for any of the locus pairs across
populations.

Divergence among populations

Broad geographic subdivisions

Allozymes. There was a large degree of genetic subdivision
across the range of mountain whitefish with allozymes
(Fgr = 0.689,95% C.1.0.340, 0.863; F25; = 0.698,95% C10.343,
0.867). For the 29 sites analysed, principal components
analysis revealed what appear to be three primary clusters
of populations (cohesive genetic assemblages; Fig. 3a).
These assemblages corresponded to the upper Missouri
River (V-Z; Table 1, Fig. 2), the upper Snake River (including
two sites from Utah; N7-10, O, AB, AC), and the Cascadia
region (sensu McPhail & Lindsey 1986; K, N2, N3b & c, N5,
N6, P, Q1, 2a & 8, R, T, U). The most genetically divergent
upper Snake sites came from the Big Lost River (O). The
one site analysed with allozymes west of the Cascade
Mountains (K) was not differentiated from other Cascadia
sites. A dendrogram based on CSE genetic distances depicted
the same three cohesive genetic assemblages as were revealed
by PCA (data not shown).

The amMovA partitioned a greater proportion of variation
among groups and less variation among sites within groups
when sites were pooled based on PCA results than when
they were pooled based on the four refugia arrangement
(Table 2). Only a slightly greater proportion of variation
was partitioned among PCA groups as among watersheds
when sites were pooled by major watersheds. Less varia-
tion was partitioned among sites within watersheds for
the watershed geographical arrangement than among
sites within the PCA groups (PCA groups arrangement;
Table 2). The arrangement based on cutthroat trout sub-
species had the least amount of variation partitioned
among groups and the most partitioned among sites with
groups (Table 2).
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Fig. 3 Principal components analysis of (a) allozymes, (b, ¢) microsatellites, and (d) microsatellites and allozymes combined. Numbers in
parentheses are the proportion of variation attributable to each component. Symbols correspond to major genetic assemblages mentioned
in text. In (a), the Coastal Cascadia site (solid square) that clusters with Inland Cascadia sites (open circles) is shown to allow comparison
to microsatellite results (panels b and c), despite the lack of genetic differentiation observed for the coastal site with allozymes.

Microsatellites. The mean global Fgp for microsatellites was
0.369 (95% C1 0.343, 0.393). The mean global F2 was slightly
greater (0.434, 95% CI 0.386, 0.466). The mean global Rq;
estimate for microsatellites (0.237) had an extremely large
95% confidence interval (-0.538, 1.012). Rg was significantly
greater than Fg at ONES (0.849 > 0.388; one-sided P = 0.003)
and at SFO8-1 (0.727 > 0.379; one-sided P = 0.003) indicating
that stepwise-like mutations contributed to among-
population differentiation at these two loci. The large
variation in overall Rq; was primarily due to the low value
(0.165) observed for SSA456.

Principal components analysis of microsatellite allele
frequencies revealed five cohesive genetic assemblages for
the 62 sites analysed (Fig. 3b, c). The five major assemblages

contained populations found in (i) the upper Snake River,
including sites in Utah (N7-10, O, AA-AC; Table 1, Fig. 2);
(ii) the upper Missouri River (V-Z); (iii) rivers that lie
between the Cascade Mountains and the Continental Divide
and extend from Nevada to northern British Columbia and
Alberta (‘Inland Cascadia’; A-G, L, M, N1-6, P-U); (iv) rivers
to the west of the Cascade Mountains, excluding the
Olympic Peninsula (“Coastal Cascadia’; ] & K); and (v) rivers
of the Olympic Peninsula (H & I). The upGma dendrogram
based on CSE distances and microsatellite allele frequen-
cies depicted the same large-scale genetic groups as our
principal components analysis and provided better resolu-
tion of genetic differentiation within groups (see below;
Fig. 4). The AMovA based on major watersheds partitioned
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more variation among groups and less variation among
sites within groups than the other three arrangements
(Table 2). The aAMovA arrangement based on PCA groups
partitioned slightly less variation among groups than the
watershed arrangement (Table 2).

Comparison of markers. The PCA of combined microsatellite
and allozyme allele frequencies for the 29 sites analysed
with both marker types clearly revealed three large-scale
genetic assemblages. The combined PCA showed a marked
separation of the upper Missouri, upper Snake, and
Cascadia genetic groups (Fig. 3d). The Coastal Cascadia
site (K) was not separated from Inland Cascadia sites for
principal components axes 1 and 2 but was separated on
PC 4 (which explained 6% of the variation; data not shown),
probably due to the fact that this site was genetically
differentiated with microsatellites but not allozymes.
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Variation among populations within assemblages

Allozymes. For allozymes, mean pairwise Fgpand CSE values
were significantly greater in the upper Snake River group
than the Cascadia or upper Missouri groups (Table 3). We
used BAPs to further analyse the geographic distribution of
genetic variation at this geographic scale. BAPs revealed a
total of eight clusters for the allozyme data (marginal
posterior probability = 0.91; Table 3). All of the most likely
data partitions contained eight population clusters. Of these,
the two most likely data partitions (probability of 0.34 vs.
0.24) differ only by the placement of the Bow River (U). In the
most likely data partition, the Bow River was placed with
sites from the Columbia River (N2, N5, P, Q2a, S, T1; Fig. 5a).
In the second most likely partition, the Bow River was placed
with a different Baps-defined cluster that consisted of sites
from the Columbia River (N6, Q8, T2) and the Lahontan
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Table 3 Genetic differentiation within cohesive genetic assemblages. Dashes are due to the discrepancy in resolution of major genetic
assemblages between allozymes and microsatellites in the case of the Cascadia groups (allozymes revealed a general Cascadia group, while
microsatellites revealed both a Coastal and an Inland Cascadia group). For the Olympic Peninsula group, the dashes were used to indicate
that the two sites were not analysed with allozymes. Mean pairwise Fg; and CSE values are given with standard deviations in parentheses.
Superscripts denote significant differences (o = 0.05) with Tukey’s posthoc tests. Estimates of the standard deviation for mean microsatellite
genetic distances for the Olympic Peninsula and Coastal Cascadia groups were not possible because only two sites were analysed. The

number of BAPS groups are the same as shown in Fig. 4

Allozymes Microsatellites
No. No. of No. No. of
PCA group of sites Pairwise Fg;  CSE BAPS groups  of sites Pairwise Fg;  CSE BAPS groups

Olympic Peninsula — — —
Cascadia 16 0.194 (0.147)a  0.050 (0.034)a
Coastal Cascadia — — —
Inland Cascadia — — —
Upper Missouri 5 0.109 (0.096)a  0.037 (0.032)a
Upper Snake 8 0.376 (0.345)b  0.081 (0.083)P

2 0.337 0.210 2
2 0.020 0.120 1
43 0.215(0.140)a  0.033 (0.014)a 16
6 0.120 (0.094)a  0.027 (0.017)a 3
9 0.317 (0.267)»  0.049 (0.032)> 7

(b) microsatellites

(a) allozymes

Ay Upper
o 5, Yy¥ Mis‘suri

Fig. 5 Results from Bayesian Analysis of Population Structure
(BAPS) across the range of mountain whitefish for (a) allozymes
and (b) microsatellites. The geographic locations of cohesive gen-
etic assemblages identified with principal components analysis
are labelled and shaded grey. Each Baps-defined group has a
separate symbol and/or shading. Symbols in (a) are independent
of those in (b).

Basinin Nevada (AD & AE). Each PCA group had a similar
number of BAPs-defined clusters (Table 3, Fig. 5a).

Microsatellites. For microsatellites, pairwise Fq; and CSE
values were greatest for the Olympic Peninsula group and
lowest for the Coastal Cascadia group (Table 3), but
statistical tests of significance were not possible because
only two sites were analysed for each of these groups.
Mean pairwise Fq and CSE values were significantly greater

in the upper Snake River group than in the Inland Cascadia
and upper Missouri groups (Table 3).

When we applied BAPs to the 62 sample locations for the
microsatellite data set, a total of 29 population clusters had
the highest marginal posterior probability (0.83). The two
most likely partitions of the data (probabilities of 0.54 vs.
0.28) only differed by the placement of the lower Clark
Fork River site (Q1) with (1) sites from the Fraser and
Columbia Rivers in British Columbia (D, E, R, S, T) or (2)
other sites from the Clark Fork River (Q2-8). The Inland
Cascadia PCA group had the greatest number of BAPs-
defined clusters (Table 3) but also had the greatest number
of sites (Table 3) and occurred over the largest geographic
area (Fig. 5b). The upper Snake River group had a large
number of BAPS groups (Table 3) within a small geographic
area (Fig. 5b). There was strong concordance between groups
defined by BAPs and groups in the upGMA dendrogram
(Figs 4 and 5b).

Comparison of markers. Microsatellites provided greater
resolution of genetic relationships within major genetic
assemblages than allozymes. The number of BaPs-defined
groups was greater for microsatellites in each geographic
assemblage (Table 4). In addition, geographically proximate
populations tended to cluster together with microsatellites
(Figs 4 and 5b) but this relationship was weaker for
allozymes (Fig. 5a), most probably because relatively few
allozyme loci were variable among sites within cohesive
genetic assemblages (data not shown).

Geographic scale of genetic differentiation

For mountain whitefish, genetic and geographic distances
were significantly correlated for microsatellites for sites in
the Columbia River and also within the Inland Cascadia
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Table 4 Mean pairwise genetic differentiation for within-basin and among-basin comparisons within the Columbia River. Number in
parentheses is the standard deviation. Comparisons within basins correspond to filled circles in Fig. 6; comparisons among basins

correspond to open circles in Fig. 6

Allozymes Microsatellites
Population comparisons Fsr CSE Fyr CSE
All populations
Comparisons within basins 0.170 (0.142) 0.035 (0.026) 0.056 (0.071) 0.012 (0.009)
Comparisons among basins 0.186 (0.151) 0.050 (0.033) 0.194 (0.119) 0.033 (0.014)
Above barrier and small lake populations excluded
Comparisons within basins 0.130(0.133) 0.023 (0.015) 0.037 (0.034) 0.010 (0.005)
Comparisons among basins 0.119 (0.095) 0.035 (0.025) 0.150 (0.078) 0.029 (0.012)
(2) (b)
07 1 1 1 1 1 1 1 1 1 07 1 1 1 1 1 1 1 1 1
r=0.48, P<0.001 1 r=0.50, P <0.001
0.6 o o 0.6 L
0.5 1

0.4
0.3

FST

0.2

0.1

10 100 1000

Log geographic distance (km)

® Comparisons within river basins

0.1 T T T T
10 100

Log geographic distance (km)

o Comparisons among river basins

Fig. 6 Genetic vs. geographic distance for mountain whitefish populations in the Columbia River basin and within the Inland Cascadia
genetic group. Within river basin comparisons are shown as filled circles and among river basin comparisons are shown as open circles. In
(a), all populations in the Columbia River basin within the Inland Cascadia group are shown. In (b), two above barrier sites (B2a and T2)

and one high mountain lake site (Q2b) were removed.

group (Fig. 6; for pairwise Fgp, r = 0.50, P <0.001 for all sites
and r = 0.46, P <0.001 with the two above barrier and one
high mountain lake sites removed, data not shown for CSE).
Log-transformation of geographic distances or analysis of
Fgr/(1 = Fgp) did not have a significant influence on these
results (Fig. 6b; Fg;/(1 — Fgp) (data not shown)). The mean
and variance of pairwise genetic distance values increased
between approximately 300 and 500 km (Fig. 6; CSE data
not shown), which corresponded approximately to com-
parisons among sites within river basins (mean geographic
distance + SE =242 + 23 km; solid circles Fig.6) and
comparisons among sites in separate river basins (mean =
1313 * 32 km; open circles Fig. 6). Means and standard
deviations of genetic distance values (pairwise Fq; and
CSE) were generally lower for comparisons within basins
than for comparisons among basins (Table 4).

For bull trout, genetic and geographic distances were
also significantly correlated within the Columbia River
system (for pairwise Fg, ¥ = 0.58, P < 0.001). The relation-
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ship between genetic and geographic distance differed
markedly between bull trout and mountain whitefish
(Fig. 7). The range of pairwise Fqp values was very large
(from zero to approximately 0.8) for bull trout and
remained large until approximately 1400 km (Fig. 7).

Discussion

What is the genetic structure of mountain whitefish in
western North America?

Distribution of genetic variation. The distribution of genetic
variation we observed across the range of the mountain
whitefish was influenced by historical factors at the range-
wide scale while aspects of the ecology and life history of
this species appeared to interact with landscape features
at a smaller geographic scale (within cohesive genetic
assemblages). We observed a large proportion of genetic
variation partitioned among large-scale genetic assemblages
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Fig. 7 Genetic vs. geographic distance for (a) mountain whitefish

and (b) bull trout in the Columbia River basin and within the

Inland Cascadia genetic group. Bull trout data are from Spruell
et al. (2003).

and a large proportion of genetic variation within popula-
tions. Relative to other salmonid species, we observed
fairly low levels of differentiation among populations within
assemblages.

We observed a large range of values of within-population
genetic variation (Hg and mean number of alleles; Table 1).
Populations in the Clark Fork (Q) and Missouri Rivers
(V-Z) consistently had the highest values. Populations with
low values were usually from sites known to be physically
isolated. For example, the Big Lost River (O) is part of the
isolated ‘sinks’ basins in southeastern Idaho that flow
underground before joining with the Snake River. The Big
Wood River (N6) in Idaho and the Bull River (T2) and
Thutade Lake (B2a) in British Columbia are all isolated by
barrier waterfalls.

The correlation we observed between amounts of within-
population genetic variation (Hg) for both marker types

suggests that this variation reflects the effects of evolutionary
and demographic factors on the entire mountain whitefish
genome. The exception to this general pattern in the Big
Lost River (O) may be due to large N, at the MDHB-1,2*
isolocus (Allendorf & Thorgaard 1984). In the Bonneville
Basin, Utah (sites AA-AC), microsatellite alleles may
have been retained and/or mutations may have subse-
quently restored variation at microsatellite loci follow-
ing the putative founding event between approximately
10 000-30 000 years ago (McPhail & Lindsey 1986; Johnson
2002).

Among-population divergence. Genetic differentiation was
distributed in a hierarchical manner across the range of the
mountain whitefish, most likely in response to historical
factors associated with glaciation. At the broadest geographic
scale, we found evidence for substantial genetic differen-
tiation among regions (three cohesive assemblages for
allozymes and five cohesive assemblages for microsatellites).
The genetic groups depicted are consistent with the multiple
glacial refugia hypothesis of McPhail & Lindsey (1986).
Mountain whitefish may have resided in the upper Missouri,
upper Snake, and Columbia Rivers. Within the Columbia
River there may have been multiple refugia, including the
Chehalis River on the Olympic Peninsula. These genetic
assemblages correspond to several important geological
features (Fig. 2). The upper Missouri and Cascadia groups
are separated by the Continental Divide, which forms a
biogeographical break for other fish species in this region
(McPhail & Lindsey 1986; Wilson & Hebert 1998; Stamford
& Taylor 2004). Within the Cascadia group, the coastal and
interior populations are separated by the Cascade and
Coastal Mountains (Fig. 2). In addition, the upper Snake
group resides above an approximately 60 000-year-old
barrier waterfall (Shoshone Falls; Fig. 2) that has served as
another biogeographical break (McPhail & Lindsey 1986;
Johnson 2002). Ancient connections between the upper
Snake River and the Bonneville Basin are hypothesized
causes of biogeographical similarity among these systems
(McPhail & Lindsey 1986; Minckley et al. 1986; Johnson
2002).

Within major genetic assemblages, the landscape tem-
plate and hierarchical organization of river basins appears
to have influenced the geographic scale and patterns of
genetic differentiation. Sites within the same or adjacent
river basins tended to cluster together with microsatellites
(Figs 4 and 5b); however, this pattern was not as strong
with allozymes (Fig. 5a). The lack of geographic signal in
the allozyme data set at this scale is probably a result of low
resolution of this marker type within genetic assemblages.
In addition, the AMovaAs for both microsatellites and alloz-
ymes where sites were pooled by major watersheds had
less variation partitioned among sites within watershed
than other arrangements had among sites within their
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respective groupings (Table 2). Furthermore, the increase
in mean and variance of pairwise Fg and CSE values that
corresponded approximately to within vs. among river
basins in the relationship between genetic and geographic
distance is consistent with this hypothesis (Fig. 6; Table 4);
however, this pattern was again more apparent with
microsatellites than allozymes (Table 4). This strong
pattern observed with the more highly resolving micro-
satellites suggests that genes are exchanged among popu-
lations within river basins much more often than among
populations in separate river basins. We also observed
increased genetic differentiation among sites located
within river basins but separated by geomorphic barriers.
These isolated sites tended to be as genetically differenti-
ated from other populations located in the same river basin
as populations in different basins were from each other
(Fig. 6). This suggests that barriers within river basins
reduce gene flow to a similar extent as gene flow is reduced
among river basins.

In general, we found little evidence of differentiation
among sites within major river basins (Figs 3 and 4), which
is consistent with our observations for a single river basin
in Montana (Whiteley et al. 2004) and predictions based on
the ecology and life history of this species. An exception to
this pattern occurred in the upper Snake River and on the
Olympic Peninsula, where mountain whitefish populations
were more finely subdivided than elsewhere (Table 3). The
most likely cause of this increased subdivision is natural
restrictions of gene flow, either due to geomorphological
discontinuities or to saltwater barriers to dispersal. The
upper Snake River Plateau has a complex geomorphological
history (McPhail & Lindsey 1986; Johnson 2002). In addi-
tion to the isolation of the Big Lost (O), the Henry’s Fork
site (N10) is above an impassable waterfall (Mesa Falls),
and Bonneville Basin sites (AA-AC) are currently isolated
from the upper Snake River. Thus, population isolation
due to the fragmented physical template might be respon-
sible for the high genetic differentiation observed in this
region. On the Olympic Peninsula, gene flow among sites
may be limited because mountain whitefish apparently are
not saltwater tolerant (McPhail & Lindsey 1986).

Intolerance to saltwater may explain genetic patterns
for mountain whitefish in two other instances. First, we
observed significant differentiation of Olympic Peninsula
sites (H & I) from other Columbia River sites west of the
Cascade Mountains (J & K). These rivers are geograph-
ically close together and we would expect greater genetic
similarity if oceanic dispersal were possible. Second, the
site we analysed from the lower Fraser River (D) grouped
with other Fraser River and Columbia River sites (Figs 3
and 4) instead of grouping with coastal sites. This pattern
is consistent with dispersal through inland freshwater
dispersal routes rather than an oceanic route (McPhail &
Lindsey 1986).
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How do patterns of genetic differentiation compare among
native fish species in western North America?

Concordance of patterns. We observed several examples of
concordant patterns of genetic differentiation between
mountain whitefish and other species. These examples
highlight evolutionary divergence that warrants increased
conservation attention and will aid in defining conserva-
tion units. The first example involved mountain whitefish
and bull trout populations in the Snake River upstream
from Hells Canyon and downstream from Shoshone Falls.
Bull trout populations from this region (from the Malhuer,
Boise, and Jarbidge Rivers) lie within the Inland Cascadia
group but are genetically differentiated from other sites
(Spruell et al. 2003). However, it is not clear whether these
bull trout populations deserve heightened conservation
status. Mountain whitefish populations from this region,
from the Malhuer (N4), Boise (N5), and Big Wood Rivers
(N6), also lie within the Inland Cascadia group but are
differentiated from other sites (Figs 3 and 4). Three dams in
this section of the Snake River (constructed between 1958
and 1967) might be responsible for these observations.
However, it seems unlikely that these dams are the sole
cause of these patterns, given this short timescale. The
differentiation observed for each species probably pre-
dates the construction of these dams and may be due to
historically reduced gene flow through Hells Canyon. The
striking similarity in patterns between these two species
suggests that threatened bull trout populations in this
region warrant greater protection and that this region may
contain distinct conservation units of other native fishes.
Several salmonid species in the Pahsimeroi River (N3b)
provide another example of parallel patterns of genetic
divergence. The Pahsimeroi River is spring dominated and
differs environmentally from the Salmon River and adjacent
tributaries. Populations of steelhead and Chinook salmon
in the Pahsimeroi River are genetically differentiated from
other populations in the Salmon River (NOAA 2003), but a
history of hatchery stocking potentially confounds these
among-population genetic relationships. The spring-
dominated nature of this system has led others to suggest
that the genetic signal of among-population differentiation
of both species at this site might reflect local adaptation
and historically reduced gene flow (NOAA 2003). The
genetic differentiation we observed between mountain
whitefish from the Pahsimeroi River and other sites in the
Salmon River (Figs 4 and 5) provides an unusual example
of genetic differentiation at a small geographic scale for the
mountain whitefish. It is possible that environmental
characteristics of this site have led to genetic differentiation
of Pahsimeroi River populations of steelhead, Chinook
salmon, and mountain whitefish from other nearby popu-
lations for each species. In this case, data from the mountain
whitefish, because it has not been transferred or influenced
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by hatchery practices, clarify genetic data from species that
have been influenced by hatchery stocking.

Differences in patterns. Differences among species in patterns
of genetic differentiation may reflect species-specific biolo-
gical differences in responses to factors that can reduce gene
flow. For example, an inland/coastal genetic split corre-
sponding to the Coastal Mountains in British Columbia
and the Cascade Mountains in Oregon and Washington
(Fig. 1) has been observed in studies of rainbow trout
(Allendorf & Utter 1979; McCusker et al. 2000), bull trout
(Taylor etal. 1999; Spruell etal. 2003), cutthroat trout
(Allendorf & Leary 1988), Chinook salmon (Teel et al. 2000),
coho salmon (Oncorhynchus kisutch; Small et al. 1998), and
longnose suckers (Catostomus catostomus; McPhail & Taylor
1999) as well as amphibians (e.g. Good 1989; Nielson et al.
2001; Carstens et al. 2005). For fishes, there are some species-
specific differences in where this split occurs (Fig. 1;
Spruell et al. 2003). Patterns for mountain whitefish from
coastal sites differ in two ways from previously studied
species. First, populations in the lower Fraser River belong
to the coastal assemblage for other fishes (Fig. 1; Small et al.
1998; McPhail & Taylor 1999; Taylor et al. 1999; Teel et al.
2000) rather than the inland assemblage as we observed for
mountain whitefish (Fig. 4b). Second, we observed greater
differentiation between sites on the Olympic Peninsula
and other coastal sites than has been observed for other
species (e.g. Spruell et al. 2003). Both of these observations
may be due to the absence of oceanic dispersal for mountain
whitefish. In both cases, biological aspects of mountain
whitefish may be responsible for differences in genetic
patterns and these differences have implications for conserv-
ing historical relationships among populations. For example,
mountain whitefish in the lower Fraser River would
belong to an inland ESU, while other species in the same
river would belong to coastal ESUs. [In this paper we use
ESU in its most generic sense to describe groups of popu-
lations that have a shared evolutionary history and are
sufficiently genetically differentiated from other such
groups to merit separate conservation efforts (sensu Ryder
1986, Waples 1991). We do not presume any specific func-
tional definition (e.g. Moritz 1994). Nor are we advocating
legal status for the ESUs we discuss.]

Overall patterns of genetic differentiation for mountain
whitefish differed from those of cutthroat trout subspecies,
as indicated by the aAmova (Table 2). This lack of concord-
ance is largely due to three instances where populations of
cutthroat subspecies are more genetically differentiated
than sympatric mountain whitefish populations. However,
we also found one striking example where mountain
whitefish populations are more genetically differentiated
than those of a cutthroat trout subspecies.

First, the westslope cutthroat trout (Oncorhynchus clarki
lewisi) occurs in the Columbia River basin west of the

Continental Divide and in the upper Missouri basin to the
east, with the exception of the Yellowstone River (Fig. 1;
Allendorf & Leary 1988). With allozymes, populations of
westslope cutthroat trout are generally highly genetically
differentiated from each other on each side of the Conti-
nental Divide, such that populations tend to be as differen-
tiated from one another on the same side of the Divide as
they are on opposite sides of the Divide (Leary et al. 1988).
It is unclear if there should be one or two ESUs for this
subspecies because, with allozymes, the genetic signal of
regional differentiation on opposite sites of the Divide may
have been obscured by genetic drift in small populations.
Regional differentiation reflecting two ESUs may be
observed if additional molecular data were collected. In
the absence of such data, the genetic differentiation of
mountain whitefish populations separated by the Divide
suggests that hierarchical genetic differentiation may occur
for the westslope cutthroat trout and two ESUs may exist.

Second, the Lahontan cutthroat trout (Oncorhynchus clarki
henshawi) in the Great Basin is also a genetically differenti-
ated subspecies (Fig. 1, Allendorf & Leary 1988), while
mountain whitefish in the Great Basin (AD & AE) are part
of the Inland Cascadia genetic assemblage. It is possible
that populations of both species have been isolated from
other Inland Cascadia sites for the same amount of time
but differentiation of mountain whitefish populations has
not occurred as rapidly due to larger N,. Thus, mountain
whitefish populations might provide a better reflection of
historical relationships in this case as well.

Third, the similarity we observed between mountain
whitefish populations in the Yellowstone River (V) and the
remainder of the upper Missouri River (W-Z) contrasts
markedly with the genetic divergence of cutthroat trout
subspecies in these two rivers (Yellowstone cutthroat
trout, Oncorhynchus clarki bouvieri in the Yellowstone River
and westslope cutthroat trout in the remainder of the
upper Missouri River, Fig. 1; Allendorf & Leary 1988). In
this case, two distinct cutthroat trout subspecies lie within
what would be one upper Missouri mountain whitefish
ESU. Biological differences, including the possibility of
greater historical movement, as well as larger N, of
mountain whitefish are probably responsible for this lack
of concordance.

In contrast, populations of mountain whitefish in the
Yellowstone River are more genetically differentiated from
population in the upper Snake River than are populations
of Yellowstone cutthroat trout in these same river systems.
Yellowstone cutthroat trout in these two river basins are
only slightly genetically differentiated at allozyme loci
(Allendorf & Leary 1988). The large degree of genetic
differentiation we observed for mountain whitefish popu-
lations in these two river basins suggests that Yellowstone
cutthroat trout in the Yellowstone River and upper Snake
River may be more genetically divergent than indicated by
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allozymes and perhaps mtDNA or microsatellites would
provide further resolution of population relationships.

How does the geographic scale of genetic differentiation
compare among species?

Mountain whitefish populations appear to exchange genes
over a much larger geographic scale than other native inland
fishes studied to date. For these other species, genetic
variation is often partitioned among regions, among river
basins within regions, among large rivers within river basins,
and among tributaries within large rivers (Allendorf &
Utter 1979; Allendorf & Leary 1988; Taylor et al. 1999, 2003;
McCusker et al. 2000; Teel et al. 2000; Waples et al. 2001,
2004; Costello et al. 2003; Spruell et al. 2003). Thus, relative
to mountain whitefish, these other salmonid species are
subdivided on a finer geographic scale and gene flow
appears to extend over smaller portions of the landscape.
These species tend to have one, if not two, additional
levels of hierarchical subdivision relative to the mountain
whitefish. For example, bull trout and westslope cutthroat
trout populations tend to be more genetically differen-
tiated among tributaries within river basins than mountain
whitefish populations are among river basins (Costello
etal. 2003; Taylor et al. 2003; Whiteley et al. 2004). Our
comparison of the isolation-by-distance relationship between
mountain whitefish and bull trout (Fig.7) is consistent
with this interpretation.

Mountain whitefish populations in entire river systems
may be part of one large metapopulation (sensu Hanski
1999). For example, the entire Columbia River Basin (with
the exception of locations in the upper Snake River) might
be one large metapopulation of mountain whitefish, while
this river system probably contains many metapopulations
of other salmonids. With respect to salmonid fishes,
metapopulation dynamics have only been considered over
much smaller geographic scales for trout, charr, and salmon
(e.g. Rieman & Dunham 2000). The same principles that
have emerged from studies of other salmonids (Rieman &
Dunham 2000; Dunham et al. 2003; Neville et al. in press)
may apply to the mountain whitefish, only over much
larger temporal and spatial scales.

Do these data provide additional insight for management
of native fishes in western North America?

Delineating conservation units requires an understanding
of evolutionary relationships among populations (Moritz
1994; Waples 1995; Crandall ef al. 2000; Fraser & Bernatchez
2001; McKay & Latta 2002). Following this first step, it must
then be determined which populations, or groups of
populations, should be the focus of conservation efforts.
Regions where genetic patterns for the mountain whitefish
were concordant with other species, as we observed for the
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Snake River upstream from Hells Canyon, warrant conser-
vation designations that reflect the independent evolu-
tionary trajectories of the species in those regions. Regions
where genetic patterns for the mountain whitefish were
not concordant with other species highlight important
evolutionary relationships that might not be currently
recognized by conservation efforts. For example, mountain
whitefish would belong to different ESUs than other
species in the same river systems in several cases. These
differences in genetic patterns must be considered to
conserve historical relationships among populations of
different species in the same systems.

Mountain whitefish populations appear to exchange
migrants over a larger geographic scale than other salmo-
nids. Management and conservation efforts should focus
at the scale of river basins for this species because this is the
scale at which evolutionary processes are likely to be most
influential. Co-occurring salmonids should generally be
managed at a finer geographic scale (i.e. tributaries within
basins). Ideally, effective conservation efforts will work to
protect populations of multiple species at all of these
levels. Important questions to consider with respect to the
geographic scale of genetic differentiation include the
following: What demographic and evolutionary effects will
habitat fragmentation (e.g. dams) have on different species?
And, how much connectivity is needed for different species
and at what scale? These questions are important for more
than mountain whitefish conservation because the scale of
genetic differentiation for this species may be similar to
other unexamined native fishes in this region.

Our work provides a case study of the importance of
considering genetic data from multiple species across the
same landscape and including common species in those
comparisons for a more comprehensive approach to
conservation. We demonstrated how similarities and
differences among species in the scale and patterns of
genetic differentiation can be used to highlight important
evolutionary relationships, to help define species’ habitat
requirements, and to determine where single-species man-
agement is most likely to provide inadequate conservation
of other species in an ecosystem. Appreciating these
differences in the pattern and scale of genetic differenti-
ation and evolutionary dynamics can enhance the efficacy
of region-wide management and conservation plans.
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