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Abstract.—The Bonneville Basin and upper Snake River drainage of western North America underwent extensive
hydrological changes during the late Pleistocene, potentially influencing the geographic distribution and evolutionary
trajectories of aquatic species that occupied this region. To test this hypothesis, | reconstructed the phylogeographic
history of the desert fish Utah chub (Gila atraria) by examining 16 populations that span the natural distribution of
this species across the Bonneville Basin and upper Snake River. | compared mitochondrial control region sequences
(934 bp) among 77 individuals revealing 24 unique haplotypes. Geographic and phylogenetic relationships among
haplotypes were explored using parsimony, maximum likelihood, nested clade analysis, and analysis of molecular
variance. | found that G. atraria is composed of two distinct clades that represent an early Pleistocene split between
the upper Snake River and Bonneville Basin. Within each of these clades, geographic structuring was highly concordant
with the hydrological history of late Pleistocene Lake Bonneville and the upper Snake River, suggesting that glacial-
induced shifts in climate and unpredictable geological events have played a major role in shaping genetic subdivision
among populations. To examine the effects of vicariant events on phenotypic divergence among Utah chub populations,
I mapped chub life histories to the control region haplotype network. | found a nonrandom association between
haplotypes and life-history phenotypes. These results suggest that historical events responsible for population frag-
mentation may have also contributed to phenotypic shifts in life histories, both indirectly by limiting gene flow among
populations and directly by altering the selective environments where populations persisted.

Key words.—Climate change, intraspecific evolutionary contrasts, Great Basin, historical contingency, Lake Bonneville,

Pleistocene glaciation, predation, Snake River.
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Past climatic and geological events can have a profound
impact on evolutionary change within species. Historical con-
tingencies can directly affect evolution by altering levels of
gene flow in species, thereby modifying the degree of evo-
lutionary independence among populations in response to
drift or natural selection (Felsenstein 1976; Endler 1977).
Historical events can also indirectly shape evolution by al-
tering the selective environments in which populations exist
(Schluter 1998; Bernatchez et al. 1999). Phylogeographic dis-
tributions of neutral molecular markers have been used to
link historical events to population genetic structuring (Bos-
sart and Prowell 1998; Templeton 1998a). Such studies have
become increasingly common (reviewed in Avise 2000) and
are beginning to provide rich insight into the geographical
history of species throughout much of the world (e.g., Hewitt
2000; Ritchie and Butlin 2001). Yet, despite considerable
advances in understanding neutral population subdivision
through time (Hudson et al. 1992; Templeton 1998a), rela-
tively little is known about how deterministic factors interact
with stochastic historical events to ultimately shape evolu-
tionary divergence in natural systems (Travisano et al. 1995;
Taylor and McPhail 2000).

The Bonneville Basin and upper Snake River drainage of
western North America (Fig. 1) provide a model system to
examine the effects of past geological and climatic events on
evolutionary change. Shifts in geography and climate in this
region over the past 35,000 years are well documented and
potentially important in the evolutionary diversification of
aquatic species. In brief, during the late Pleistocene, ice
sheets covered the uppermost reaches of the Snake River,
limiting organisms to downstream habitats (Currey and James
1982). Coincident with this glacial period was an increase in
precipitation to the Bonneville Basin (Currey and James
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1982; Oviatt 1997). Tectonic faulting around 35,000 years
ago diverted Bear River from the Snake River to the Bon-
neville Basin, creating an opportunity for faunal exchange
from the Snake River to the Bonneville system (Bright 1963).
The Bonneville Basin began to fill, ultimately forming a deep
pluvial lake (Lake Bonneville) that by 17,000 years ago cov-
ered most of the northeastern Great Basin of North America
(51,700 km?; Oviatt et al. 1992). Lake Bonneville remained
a closed system until 14,500 years ago, when it breached its
northern border, causing rapid erosion and catastrophic flood-
ing back into the Snake River (Jarrett and Malde 1987). This
provided a second opportunity for faunal exchange between
drainages. The consequential reduction in water level (100-
m drop), coupled with subsequent climatic shifts to drier
conditions, again isolated the Bonneville Basin from the
Snake River. Persistent dry conditions further reduced Lake
Bonneville (9700 years ago) to two smaller lakes (Lake Gun-
nison in the south and Lake Gilbert in the north) that ulti-
mately fragmented into present-day springs, rivers, and lakes
(see Fig. 1). This shift in climate to warmer, drier conditions
also exposed areas of the uppermost Snake River previously
covered by glacial ice.

The impact of historical events in western North America
on aquatic organisms has been the focus of considerable spec-
ulation, particularly with respect to fish distributions (Smith
1978; Minkley et al. 1986). The prevailing hypothesis to
account for a distinct faunal affinity between the Bonneville
Basin and upper Snake River and to account for the absence
of most Columbia River fishes above the Shoshone Falls
barrier (Fig. 1) is that Pleistocene volcanic activity prior to
35,000 years ago exterminated fishes in the upper Snake Riv-
er (Hubbs and Miller 1948). Such events would have limited
recolonization of the upper Snake River to late Pleistocene
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Geographic distribution map of 16 collecting locations of Utah chub examined in this study (solid, numbered circles). The

dashed line shows the course of Bear River into the Snake River prior to its late Pleistocene capture by the Bonneville Basin. Intermediate
gray shading represents the high water mark of Pleistocene Lake Bonneville (14,500 years ago) and the arrow identifies the location and
direction of the Bonneville Flood; light gray shading shows the subsequent reduction in water levels (9700 years ago) resulting in the
isolation of Lake Gunnison from Lake Gilbert through the Old River Bed formation (ORB). Darkest shading and solid lines identify
present-day lakes and rivers. See text for a detailed description of the geological history of this region.

exchanges with the Bonneville Basin. If this hypothesis is
correct, phylogenetic divergence within species that span
these regions should be recent and shallow, and hydrological
events linking basins should be reflected in neutral genetic
structuring and evolutionary change within such species.
Similarly, geographic structuring in aquatic species within
the Bonneville and Snake River Basins should reflect the late
Pleistocene hydrological history described above. An alter-
native hypothesis is that biotic exchange between the two
basins occurred prior to Pleistocene volcanic activity in the
Snake River, and that cataclysmic destruction of aquatic or-
ganisms in the upper Snake River was incomplete, with some

species persisting despite volcanic events. Under this sce-
nario, phylogenetic divergence within species across regions
could be relatively deep. Advances in acquiring and analyz-
ing DNA sequence data now provide a means to test these
hypotheses. In addition, phylogeographic data can be coupled
with comparative studies of evolutionary change to examine
the effects of historical events on phenotypic diversification
within species (Templeton 1998b).

In this study, | examine geographic patterns of molecular
variation in the desert fish Utah chub (Gila atraria). Fossil
evidence shows that the Utah chub historically lived in Lake
Bonneville and was geographically widespread throughout
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the Bonneville Basin (Smith et al. 1968; Broughton 2000).
Native populations of Utah chub currently occupy only the
Bonneville Basin and upper Snake River, a pattern repeated
across a suite of aquatic species (Hubbs and Miller 1948;
Minkley et al. 1986). Furthermore, G. atraria is ideal for
investigating the effects of historical events on evolutionary
changes across populations. This species shows remarkable
variation among geographic isolates both in color and in
morphology (Hubbs and Miller 1948; Smith 1978), reflected
by at least 15 taxonomic synonyms (Tanner 1936). Utah chub
also live in a variety of selective environments ranging from
harsh desert springs to high alpine lakes, exposure to which
has been contingent upon past hydrological connections (Sig-
ler and Sigler 1996). Differences in predation covary with
these environments, and previous work suggests that pred-
ator-mediated mortality has played a major role in shaping
life-history phenotypes among Utah chub populations (John-
son and Belk 1999). Thus, I used Utah chub in this study as
a model to examine the effects of late Pleistocene historical
events on population subdivision, and to test for an associ-
ation between phenotypic life-history divergence and phy-
logeographic structuring.

MATERIALS AND METHODS

Sampling and Molecular Methods

Utah chub were sampled from 16 locations throughout the
Bonneville Basin and upper Snake River drainage of western
North America; these samples span the natural distribution
of extant populations (Fig. 1) and include eight sites where
Utah chub life histories have previously been described (Ta-
ble 1; Johnson and Belk 1999). From each collecting site, |
examined five individuals (except Spring Creek [n = 3] and
Big Spring [n = 4]) for a total of 77 individuals. Genomic
DNA was extracted from alcohol-preserved muscle tissue
using a proteinase K digestion, ammonium acetate separation
of proteins, and cold ethanol precipitation. | amplified the
mitochondrial control region (d-loop) by polymerase chain
reaction using flanking primers L-Pro (Meyer et al. 1994) and
MRT-2 (Ptacek and Breden 1998). The thermal profile (2 min
at 94°C; 1 min at 55°C; 1.5 min at 72°C) was repeated 35
times, followed by a 10-min extension at 72°C. Purified dou-
ble-stranded DNA was then used as template (~ 80 ng) in
15 wl cycle sequencing reactions using Big Dye chemistry
(Applied Biosystems, Inc., Palo Alto, CA). For each indi-
vidual, | sequenced 934-936 bp (variation due to insertions/
deletions) in both forward and reverse directions using ex-
ternal primers L-Pro and MRT-2, and an internal primer 12R
(reverse of H16498 in Shields and Kocher 1991). Products
of the cycle sequencing reactions were cleaned with sephadex
packed in CentriSep spin columns (Princeton Separations,
Inc., Adelphia, NJ) and visualized by electrophoresis using
an ABI 310 automated sequencer (Applied Biosystems). Se-
quences are archived in the GenBank database (accession
numbers AF481739-AF481762).

Data Analysis

Utah chub control region sequences were edited and un-
ambiguously aligned using Sequencher 3.0 (GeneCodes

Haplotypes

Drainage

Gilbert
Gilbert
Gilbert

Population
Leland Harris Spring
Fish Springs®®

Bishop Spring
4 Beaver River

TaBLE 1. Collection sites for Utah chub (Gila atraria) including location identification numbers, population names, and geographic drainage basins. Lakes Gilbert and Gunnison are
1
2
3

remnants of Lake Bonneville. ID numbers correspond to those in Figure 1 and haplotypes correspond to those in Figures 2—4. Counts in columns under each haplotype category

identify the number of individuals from each population with a particular haplotype; empty cells indicate zeros.

AN ™

Gunnison

East Fork Sevier River

Big SpringP*
Rush Lakef*

Snake River
Snake River
Snake River
Snake River
Snake River

Beart

Locomotive Spring®®

Bear LakeP
Palisades Reservoir

Mona Spring
Ririe Reservoir
Jackson LakeP

15 Two Ocean Lake?
Heart Lake?P

Spring Creek
1 The Bear River drainage (including Bear Lake) was historically connected to the Snake River. Volcanic faulting in the late Pleistocene (35,000 years ago) diverted Bear River into the Bonneville Basin

(where it currently drains; see Fig. 1) contributing to the subsequent flooding (14,500 years ago) of Lake Bonneville into the Snake River, thereby introducing Bonneville Basin fishes into the Snake River

PPF Populations for which life-history data are also known from Johnson and Belk (1999). P, predator life history; PF, predator-free life history.
drainage (see Introduction).

5
6
7
8
9
10
11
12
13
14
16
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Corp., Ann Arbor, MI). However, ambiguities in alignment
between Utah chub haplotypes and the outgroup required
cropping 28 bp from the upstream end of sequences evaluated
in maximum-parsimony and maximum-likelihood phyloge-
netic analyses (described below). Single base-pair insertions
and deletions within the contiguous sequences were retained
and coded as fifth base characters. Individual sequences were
collapsed to common haplotypes using the software program
TCS 1.13 (Clement et al. 2000) and these haplotypes, in-
cluding frequencies, were used in subsequent phylogenetic
and population genetic analyses. Basic sequence attributes,
such as raw haplotype divergence and base composition, were
calculated using PAUP* 4.0b8 (Swofford 1999).

I employed two sets of techniques to resolve phylogeo-
graphic associations among Utah chub haplotypes: (1) max-
imum-parsimony and maximume-likelihood analyses (Swof-
ford et al. 1996); and (2) statistical parsimony coupled with
nested clade analysis (Templeton et al. 1992; Templeton
1998a). These techniques are complementary in resolving
intraspecific phylogenies (Crandall 1994). Traditional par-
simony and likelihood approaches are well suited for the
analysis of deep haplotype divergence, characterized by bi-
furcating phylogenetic groups supported by many synapo-
morphic traits. Statistical (or TCS) parsimony is designed to
resolve shallow phylogenetic divergence where few charac-
ters distinguish haplotypes, and when coupled with nested
clade analysis, can be used to infer historical processes re-
sponsible for genetic structuring among populations (Tem-
pleton 1998a). | also tested explicitly for congruence between
genetic differentiation among chub populations and known
geological events using analysis of molecular variance
(AMOVA; Excoffier et al. 1992). Finally, I used the nested
cladistic framework to test for associations between historical
haplotype structuring and phenotypic life-history divergence
among Utah chub populations. Details of each of these anal-
yses are outlined below.

Phylogenetic analyses

I reconstructed phylogenetic relationships among Utah
chub haplotypes under maximum-parsimony and maximum-
likelihood criteria. Both analyses were performed using
PAUP* 4.0b8 (Swofford 1999). | conducted an equally
weighted maximum-parsimony analysis using the heuristic
search option with the starting tree generated through 10
replications of random stepwise addition and TBR branch
swapping. A strict consensus was used to reconcile equally
parsimonious topologies. Support for each node was evalu-
ated by 1000 bootstrap replicates (Felsenstein 1985).

Phylogenetic analysis under the maximum-likelihood cri-
teria requires an explicit model of molecular evolution. To
identify the best-fitting model for the Utah chub control re-
gion, | followed the procedure outlined in Posada and Cran-
dall (1998). In brief, | arbitrarily generated a neighbor-joining
tree calculated under a Jukes-Cantor model of evolution
(Jukes and Cantor 1969) and held this tree constant to eval-
uate the fit of 56 different models of DNA sequence evolution
(models described in Swofford et al. 1996). Negative log-
likelihood scores (generated in PAUP* 4.0b8) described the
fit of each model to the observed sequence data; | selected
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the best-fitting, simplest model from this set based on hier-
archical likelihood-ratio tests executed in MODELTEST 3.06
(Posada and Crandall 1998). This technique identified the
HKY + | + I" model (Hasegawa et al. 1985) as the simplest
model (-In likelihood score = 1599.44) statistically indistin-
guishable from more complex models with slightly better
scores; hence, | used this model (including parameter esti-
mates) to conduct a heuristic maximum-likelihood search
(again with 10 replications of stepwise addition and TBR
branch swapping). Nodal support for the resulting tree was
evaluated by 100 bootstrap replicates.

Maximum-parsimony and maximum-likelihood recon-
structions were rooted using the control region sequences of
Gila bicolor, a representative outgroup selected based on the
phylogenetic hypothesis of Simons and Mayden (1998). |
sequenced two G. bicolor individuals taken from the Pit River
(Ash Creek National Wildlife Refuge, Modoc County CA)
following protocols described above. In addition to outgroup
rooting, | evaluated whether a molecular clock could be en-
forced in a maximum-likelihood search, potentially revealing
ancestral relationships among Utah chub haplotypes. This
was accomplished using a likelihood-ratio test to compare
the unconstrained maximume-likelihood tree based on the
best-fitting model (described above) to a tree topology con-
strained under a molecular clock. Thus, both outgroup com-
parisons and a molecular clock were used to reveal polarity
among chub haplotypes.

Nested clade analysis

I used nested clade analysis to identify genetic relation-
ships among Utah chub populations and to infer historical
processes responsible for geographic structuring among hap-
lotypes (reviewed in Templeton 1998a). In brief, | used the
statistical parsimony criterion (Templeton et al. 1992) to ar-
range Utah chub haplotypes into a minimum spanning phy-
logenetic network (TCS 1.13; Clement et al. 2000). Under
this Bayesian algorithm, | found that haplotypes differing by
as many as 13 substitutions could be connected with a 95%
probability that no multiple substitutions had occurred (see
eg. 2 in Templeton et al. 1992). Ambiguities (loops) in the
resulting network were resolved as outlined in Crandall and
Templeton (1993). | then organized the network into a set of
nested clades (following rules in Templeton et al. 1987; Tem-
pleton and Sing 1993) that were used to test for significant
associations between haplotypes (or nested groups of hap-
lotypes) and geographic sampling locations (statistical tests
described below). Pairwise geographic distances were mea-
sured among sampling locations based on late Pleistocene
water connections (Jarrett and Malde 1987; Currey 1990) and
are available upon request. | used the software program
GeoDis 2.0 (Posada et al. 2000) to calculate the geographic
spread of each clade (D, clade distance), the geographical
distribution of each clade relative to other clades in the same
higher-level nesting category (D, nested clade distance), and
the average distance between tip clades and interior clades
in the network (I-T, interior-tip distance) at both clade and
nested clade levels. Combined, these distances describe the
geographic spread of older clades (interior) relative to youn-
ger clades (tip) and can be used to infer patterns of geographic
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structuring through space and time (Castelloe and Templeton
1994). Interior and tip designations were unambiguous across
the nested network, except at the final nesting level, where
I scored clade 3-2 as interior and clade 3-1 as the tip (based
on degree of similarity of each clade to the outgroup, assum-
ing a molecular clock).

For each nesting level, a contingency table was constructed
with nested clades (including haplotypes) forming the rows
and geographic locations forming the columns. Because of
relatively small sample sizes within some nesting groups,
traditional chi-square tests may not be valid (Templeton et
al. 1988). Thus, contingency tables were randomly permu-
tated 1000 times (preserving marginal values of clade fre-
quencies and sample sizes) under the null hypothesis of no
association between clades and geographic locations (Tem-
pleton and Sing 1993). Clade distances, nested clade dis-
tances, and interior-tip distances were calculated during each
iteration and provided the null distribution against which
observed distance values were tested to be significantly large
or small (P = 0.05 criterion). These statistical tests were
executed in GeoDis 2.0 (Posada et al. 2000). | explored the
results of these analyses using the inference key of Templeton
(1998a), which summarizes patterns of haplotype distribu-
tions expected when genetic structuring is the result of re-
stricted gene flow, vicariant fragmentation events, or past
range expansions.

Analysis of molecular variance

To explicitly test the effects of geological isolating events
on genetic subdivision among Utah chub populations, | used
AMOVA (Excoffier et al. 1992) to examine genetic struc-
turing among three geographical regions: (1) Snake River/
Bear River (populations 11-16); (2) Lake Gilbert (popula-
tions 1-3 and 6-10); and (3) Lake Gunnison (populations 4
and 5). | partitioned total genetic variation into differences
among localities within geographical regions (Fsg), among
localities across the entire study area (Fst), and among the
three historically distinct geographical regions (Fgt). This
framework provided a test of the a priori hypothesis that
genetic divergence among populations has been shaped by
late Pleistocene hydrological events that separated the Bon-
neville Basin from the upper Snake River, and that frag-
mented Lake Bonneville into Lake Gilbert and Lake Gun-
nison (Fig. 1). Analyses were run in ARLEQUIN 2.0 (Schnei-
der et al. 2000).

Mapping life histories to phylogeography

I also used the nested cladistic framework described above
to examine phylogeographic patterns of phenotypic life-his-
tory divergence among a subset of eight Utah chub popu-
lations (Table 1). In previous work (Johnson and Belk 1999),
| found that Utah chub from localities where cutthroat trout
predators exist (populations 11, 14, 15, and 16) showed de-
layed maturity, larger size at maturity, decreased reproductive
effort, and increased growth rate compared to chub from
predator-free environments (populations 3, 6, 7, and 10).
Size-selective mortality directed at smaller, younger chub by
gape-limited trout provided the best overall explanation for
observed life-history shifts. However, differences among
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populations in density, habitat type, and temperature were
partially confounded with predation: Chub that lived with
trout tended to live in lower densities, in larger water bodies,
and at colder temperatures (Johnson and Belk 1999). Thus,
““predation environment,”” as defined in this study, is poten-
tially composed of a suite of interacting ecological factors
that could combine to create the selective pressure respon-
sible for the observed life-history shifts—such composite se-
lective environments appear to be typical of fish systems
where predator-mediated life-history evolution has been dem-
onstrated (Reznick et al. 2001; Johnson 2002).

To use the nested cladistic framework to evaluate life his-
tories (analysis described below), | first used a discriminant
function analysis (Sokal and Rohlf 1995) to collapse the four
observed life-history traits to a single composite variable that
I found to differ between populations classified by the pres-
ence or absence of predators (Wilke’s lambda = 0.005, F,,
= 91.8, P = 0.01). Based on this finding, | scored each of
the eight chub populations categorically as having either
predator or predator-free life-history phenotypes. | then tested
the null hypothesis that life-history phenotypes were not as-
sociated with phylogeographic structuring as defined by the
hierarchy of nested clades. This involved scoring individuals
with either predator or predator-free phenotypes and then
testing for an association between phenotypes and haplotypes
(or clades) at each applicable level of the nested hierarchy.
These tests were conducted as chi-square permutation tests
(1000 replicates maintaining marginal values) within nested
clades 2-2, 3-1, and the total cladogram. Rows consisted of
categorical life-history phenotypes (predator vs. predator-
free) and columns consisted of nested clades. Permutation
tests were run in CHIPERM 1.2 (Posada 2000). Nonrandom
associations between haplotypes (or clades) and life-history
phenotypes were used to identify cases in which vicariant
processes responsible for genetic structuring (determined by
the phylogeographic analyses) could also have contributed
to divergent shifts in chub life histories.

REsuLTS

I found 24 unique mitochondrial haplotypes (lettered A—
X; Table 1) from Utah chub populations sampled across the
natural geographic distribution this species (Fig. 1). Maxi-
mum corrected sequence divergence among all haplotypes
was 3.79% (Appendix). Of the 22 variable nucleotide posi-
tions observed (of 936 bp), 17 were parsimony informative.
Average nucleotide base frequencies among haplotypes were
A =032T=032C=0.22 and G = 0.14.

Phylogenetic Analyses

Maximum parsimony and maximum likelihood consis-
tently identified two evolutionarily distinct sister clades of
Utah chub (Fig. 2). One clade (hereafter called the Snake/
Bear clade) consisted of three haplotypes (V, W, and X) that
occurred only in Bear Lake and throughout the upper Snake
River drainage (Table 1). The second clade (hereafter called
the Bonneville clade) was composed of 21 haplotypes found
only in the Lake Bonneville drainage basin, with the follow-
ing exceptions: haplotypes K, L, and N occurred in the Bon-
neville Basin and the uppermost Snake River and haplotype
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Maximum-likelihood phylogeny estimated under the HKY + | + I" model of sequence evolution (-In L = 1606.61) depicting

relationships among 24 control region haplotypes from 16 Utah chub populations. Nodes supported on this tree are consistent with those
from a strict consensus of 627 most parsimonious trees (71 steps, Cl = 0.85, Rl = 0.89) from the maximum-parsimony analysis. Numbers
at each node indicate bootstrap support greater than 50% from maximum parsimony (above line) and maximum likelihood (below line)
and the number of unambiguous characters supporting each node in the parsimony analysis (in parentheses above line). The bars adjacent
to the haplotypes identify geographic regions where haplotypes occur (see Fig. 1) with the asterisks denoting the following exceptions:
haplotypes K, L, and N occur in both the Bonneville Basin and the upper Snake River and haplotype J is found only in the upper Snake
River. Gila bicolor is an outgroup taxon used here to root the phylogeny.

J (represented by just one individual) was found only in the
Snake River drainage (Table 1).

Maximum parsimony and maximum likelihood yielded sim-
ilar results. The maximum-parsimony analysis (with outgroup
included) produced 627 equally parsimonious trees of 71 steps
(consistency index [CI] = 0.85; retention index [RI] = 0.89)
that were combined into a strict consensus tree (Fig. 2). A
total of 36 unambiguous characters supported monophyly of
Utah chub relative to the outgroup G. bicolor; three and five
unambiguous characters supported reciprocal monophyly of
the Snake/Bear clade and the Bonneville clade, respectively.

Maximume-likelihood analysis also produced a well-supported
phylogeny that distinguished the Snake/Bear and Bonneville
clades (-In likelihood score = 1606.61). The likelihood score
of this phylogeny—generated under the HKY + | + I" model
of molecular evolution—did not differ from that produced
under the constraint of a molecular clock (x? = 27.7, df =
24, P = 0.27). However, neither maximum-likelihood nor
maximum-parsimony analyses could adequately resolve rela-
tionships among individual haplotypes within either of the two
Utah chub clades, despite some support for a subgroup of five
haplotypes (A-E) in the Bonneville clade (Fig. 2).
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Nested haplotype network (cladogram) of mitochondrial DNA sequences of Utah chub constructed under the statistical parsimony

criterion. Letters represent unique haplotypes and correspond to those given in Table 1 and Figure 2. Each line in the network represents
a single mutational change between haplotypes. Dashed lines represent alternative connections among haplotypes. A zero indicates a
haplotype not present in the sample, but inferred to be intermediate between two nearest-neighbor haplotypes. Background shading and
boxing identify the hierarchical nesting framework used in the nested clade analysis (detailed in Materials and Methods). The network
was also used to test for a relationship between phylogeography and phenotypic life-history divergence among chub populations.
Haplotypes are coded by their associations with life-history phenotypes scored for eight of the 16 populations (taken from Johnson and
Belk [1999] and identified by superscripts in Table 1): open block letters identify haplotypes from locations characterized by predator-
free life histories; solid block letters identify haplotypes from locations characterized by predator life histories (see text for details).
Subscripts next to haplotypes indicate the number of individuals in the life-history sample with that particular haplotype. Light-shaded
haplotypes were excluded from the life-history permutation analysis due to lack of life-history information from locations where these

haplotypes occur.

Nested Clade Analysis and AMOVA

Statistical parsimony justified the construction of a well-
resolved phylogenetic network (cladogram) of haplotypes,
including haplotypes marked by extremely shallow phylo-
genetic divergence (Fig. 3). In addition, this network also
revealed the deeper split between the Snake/Bear clade and
the Bonneville clade; seven mutational steps separated the
two most closely related haplotypes from each respective
clade (Fig. 3). Haplotypes fully nested within the network
created a four-level hierarchy that included 10 one-step
clades, five two-step clades, two three-step clades, and the
total cladogram (Fig. 3). Of these, clades 1-1 and 1-2 could
not be tested for geographic associations among haplotypes
because haplotypes in these clades showed no geographic
variation within the nested clade, and clade 3-2 could not be
tested because one of its two-step clades contained only un-
sampled haplotypes (Fig. 3).

Nested clade analysis revealed significant geographic
structuring among Utah chub haplotypes at varying geo-
graphic scales across the distribution of this species (Fig. 4).

For example, regional structuring was evident in clade 1-8
and to varying degrees in clades 2-1, 2-2, and 2-4 (Table 2).
Genetic structuring across the entire geographic distribution
of the species was most pronounced in clades 3-1 and in the
total cladogram (Fig. 4), variation that corresponds to the
deeper phylogenetic divergence revealed in the maximum-
parsimony and maximume-likelihood analyses. Calculated
distances of geographic spread among haplotypes are re-
ported in Figure 4 and show a mixed pattern ranging from
restricted geographic distributions in some nested clades to
larger than expected distributions in others. Interpretation of
these distances for each clade (based on Templeton’s [1998a]
inference key) revealed evidence for historic range expan-
sion, long-distance colonization, and geographic fragmen-
tation, with these processes operating at different times in
different geographic regions (Table 2).

AMOVA results were consistent with the nested clade
analysis, revealing significant genetic variation across a hi-
erarchy of three geologically subdivided regions. With pop-
ulations divided into late Pleistocene drainage basins (Lake
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Results of the nested clade analysis. Lettered haplotypes are shown across the top of the figure (and correspond to those given

in Figs. 2, 3). Moving from top to bottom, haplotypes are grouped into one-step clades (white boxes), one-step clades are grouped into
two-step clades (light-shaded boxes), two-step clades are grouped into three-step clades (dark-shaded boxes), and three-step clades are
grouped to enclose the entire cladogram; this same nested hierarchy is depicted graphically in Figure 3. The clade (D) and nested clade
(D,,) distances are given below each haplotype (or higher level clade), and I-T distances for D, and D, are given in cases where both
tip and interior clades occurred in the nesting group. Significance was determined by permutation tests (P < 0.05) and distances found
to be significantly large or small are bolded and identified by the letters L or s, respectively.

Gunnison, Lake Gilbert, and the Snake/Bear basin), most of
the total variation among haplotypes (43%) was explained
by differences among basins (Fgt = 0.42, P < 0.01). Dif-
ferences among populations overall accounted for 40% of the
total variation (Fst = 0.60, P < 0.01) and differences among
populations within regions accounted for just 17% of the total
variation (Fsg = 0.30, P < 0.01).

Mapping Life Histories to Phylogeography

Phenotypic life-history variation among Utah chub pop-
ulations mapped unambiguously to the haplotype network
(Fig. 3). Twelve chub haplotypes were identified from pred-
ator-free sites and five haplotypes were identified from pred-
ator sites. The distribution of life-history phenotypes on the
network was not random. Nested clades 1-5 and 2-5 both
contained only haplotypes associated with predator pheno-
types, whereas adjacent clades contained only haplotypes as-
sociated with predator-free phenotypes. Nonrandom associ-
ation of haplotypes and phenotypes in clades 2-2 (x2 = 8.0,
P < 0.01) and 3-1 (x2 = 12.0, P < 0.01) occurred indepen-
dently of the nonrandom association found in clade 3-2. In
other words, associations between clades and phenotypes oc-

curred separately in two distinct parts of the cladogram. Fi-
nally, a significant association also occurred across the entire
cladogram (x2 = 24.0, P < 0.01), due to the fixation of
predator phenotypes in clade 3-2 (15 predator vs. none pred-
ator-free) and the relatively high frequency of predator-free
phenotypes in clade 3-1 (five predator vs. 20 predator-free).

DiscussioN
Phylogeography

Genetic subdivision in Utah chub is strongly associated
with geography, both between the upper Snake River and
Bonneville Basin and within each of these respective regions.
However, the pattern of phylogenetic divergence among chub
haplotypes is more complex than that predicted by only the
past 35,000 years of hydrological history. In particular, I
found an unexpectedly deep split between two monophyletic
clades of Utah chub (Fig. 2) that coarsely distinguished pop-
ulations in the Bear and Snake River drainages from those
in the Bonneville Basin proper (Fig. 1). Yet, within each of
these ancient clades, shallow phylogeographic structuring
was remarkably concordant with the late Pleistocene history
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TABLE 2.

JERALD B. JOHNSON

Inference chain based on geographic distance measures calculated in the nested clade analyses. Results are reported only for clades

in which the observed x2 was found to be significantly larger than the x2 generated under the random permutation tests.

ba Chain of

Clade probability inference! Inference

1-8 0.02 1-2-11-12-no Contiguous range expansion between Lake Gilbert and Lake Gunnison Basins

2-1 0.04 1-2-11-12-13-14-no Long-distance colonization between western Bonneville Basin (Fish Springs) and eastern
Bonneville Basin (Big Spring and Mona Springs)

2-2 <0.01 1-2-3-5-15-no Past fragmentation between Fish Springs/Big Spring and low-lying habitats on the south-
eastern (Bishop Springs/Leland Harris Springs) and northern (Locomotive Springs) edges
of Lake Gilbert

2-4 0.06 1-2-3-5-6-7-yes Restricted gene flow dispersal with some long-distance dispersal between Lake Gunnison
sites (Beaver River and East Fork Sevier River) and geographically widespread popula-
tions in the Lake Gilbert Basin (Rush Lake, Leland Harris Springs, and Mona Springs)

3-1 <0.01 1-2-3-4-no Restricted gene flow primarily within the Lake Bonneville Basin, probably concomitant
with high water levels of Lake Bonneville

Total <0.01 1-2-3-5-15-no Past fragmentation between the Bonneville Basin and the upper Snake River/Bear River drain-

ages

* Inferences based on Templeton’s (1998a) inference key.

of this region, suggesting that historical contingencies of ge-
ology and climate have had a profound effect on more recent
genetic subdivision in this species.

Shallow divergence: climate change and geology

Extant Utah chub populations in the Bonneville Basin are
highly fragmented, living in desert springs, streams, and lakes
that are separated by vast stretches of arid land. How these
localities became geographically isolated from one another
can be reconstructed from the palaeohydrological chronology
of Lake Bonneville and the upper Snake River (Oviatt et al.
1992). As the Bonneville Basin filled and flooded, range ex-
pansion of chub to new habitats could have occurred as high
water levels provided access to an increasing distributional
range. Subsequent decline in lake levels caused by the Bon-
neville flood would have rapidly isolated groups of popu-
lations occupying habitat at the lake periphery. Climate-in-
duced desiccation led to fragmentation among the upper
Snake River, Lake Gunnison, and Lake Gilbert, leaving the
latter two lake basins connected by just a single river (Old
River Bed channel; Fig. 1). Further drying of Lake Gunnison
left the Sevier River and Beaver River to drain directly into
terminal Sevier Dry Lake. Similarly, the transformation of
Lake Gilbert to modern Great Salt Lake left Utah chub iso-
lated to peripheral freshwater habitats. This sequence of
events can be viewed as a set of null hypotheses against which
observed patterns of genetic subdivision can be evaluated.
Do such historical events predict specific patterns of phy-
logeographic divergence in Utah chub?

Two analyses employed in this study were used to answer
this question. First, nested clade analysis pointed to multiple
cases of genetic subdivision in Utah chub that were consistent
with the outlined hydrological history (Table 2). As the lake
increased to its maximum level 17,000 years ago, contiguous
range expansion and colonization events were evident in
clades 1-8 and 2-1, respectively. Clade 3-1 showed a pattern
of isolation by distance consistent with levels of gene flow
at the highest lake levels. The presence of haplotypes from
the Bonneville clade in the upper Snake River drainage (Fig.
2) supports a connection between basins via the Bonneville
flood. Evidence that this faunal exchange was recent is in-

ferred from the lack of extensive unique mutational change
to the Bonneville haplotypes now present in the Snake River
(haplotypes K, L, and N). Fragmentation in clade 2-2 is con-
sistent with isolation expected among locales in the south-
western region of the lake basin as the lake declined. Re-
stricted gene flow between Lake Gilbert and Lake Gunnison,
through the Old River Bed formation, is consistent with the
pattern in clade 2-4. In fact, only nesting at the total clad-
ogram level revealed genetic variation that could not be ex-
plained by the late Pleistocene history of Lake Bonneville.
This level of divergence most likely reflects the deeper phy-
logenetic split between the upper Snake River and the Bon-
neville Basin discussed below. Thus, the nested clade anal-
ysis revealed a remarkably good qualitative fit of the data to
the hydrological history of this region. To more explicitly
test for vicariant fragmentation, | also used an AMOVA (Ex-
coffier et al. 1992). Results from this analysis were com-
pletely consistent with the nested clade findings and showed
strong genetic subdivision among remnant populations from
Lake Gunnison, Lake Gilbert, and the upper Snake River.
Clearly, evidence for late Pleistocene vicariant events per-
vades the phylogeographic data.

Deep divergence: implications for regional biogeography

Phylogenetic divergence between the Bonneville clade and
the Snake/Bear clade was pronounced and unexpectedly deep.
Maximum-likelihood and maximum-parsimony analyses
both showed strong evidence for reciprocal monophyly be-
tween these clades (Fig. 2). The statistical parsimony network
confirmed this level of divergence: Seven unambiguous mu-
tational steps distinguished even the most closely related hap-
lotypes between clades (Fig. 3). By applying a conservative
molecular clock (1% divergence per 1 million years; Ber-
mingham et al. 1997), | found that this split dates to late
Pliocene or early Pleistocene (1.6 million years ago), well
before hydrological events of the past 35,000 years. More-
over, the geographic distribution of the two clades points to
an early Pleistocene event that isolated chub in the upper
Snake River from those in the Bonneville Basin. It also ap-
pears that isolation between regions was persistent, inter-
rupted only by the late Pleistocene faunal exchange between
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basins. Thus, these findings refute the hypothesis that the fish
fauna of the upper Snake River were exterminated by vol-
canic activity prior to the late Pleistocene introduction of
fishes via the Lake Bonneville flood.

An earlier survey of geographic variation in allozymes in
Utah chub provided poor resolution of recent phylogeograph-
ic relationships among populations and called for the use of
more rapidly evolving mitochondrial markers (Rosenfeld
1991). My results show that genetic structuring within Utah
chub has been a temporally dynamic process, with recent
patterns of gene flow overlaid on earlier patterns of diver-
gence. Deep divergence in Utah chub between geographic
regions is evident when comparing populations from the up-
per Snake River to the Bonneville Basin. Yet, the more recent
infusion of Bonneville Basin haplotypes to the upper Snake
River partially masks this deeper split. This phenomenon is
important in interpreting patterns of regional biogeography,
especially in the Great Basin of western North America. Here,
late Pleistocene lakes spanned vast geographic basins (map
in Hubbs and Miller 1948), thereby increasing opportunity
for homogenizing gene flow in now fragmented aquatic spe-
cies. Yet, accumulating phylogeographic evidence across the
Great Basin reveals that genetic exchange through pluvial
lakes provides only a partial explanation for current genetic
structuring, with evidence for deep divergence frequently re-
vealing a series of temporally varying historical effects (Her-
shler et al. 1999; Johnson and Jordan 2000; Smith et al., in
press).

Life-History Divergence in Space and Time

The Utah chub shows distinct phenotypic divergence in
life-history strategies among geographic isolates, largely co-
incident with environments marked by the presence or ab-
sence of trout predators (Johnson and Belk 1999). This pat-
tern of life-history divergence is consistent with that pre-
dicted by life-history theory, suggesting that ecological de-
terminism via natural selection is responsible. The
phylogeographic data generated in this study provide a rare
opportunity to examine the potential effects of historical con-
tingencies on life-history shifts, including the possibility that
historical events associated with phylogeographic subdivi-
sion have interacted with natural selection to shape chub
phenotypes.

Contingency tests showed that Utah chub life histories
were nonrandomly distributed among haplotypes in the nest-
ed haplotype network (Fig. 3). Predator phenotypes map to
two distinct groups of haplotypes, one composed of the deep-
ly divergent Snake/Bear clade (haplotypes V, W, and X), and
the other composed of two haplotypes (K and J) nested within
the Bonneville clade (Fig. 2). Haplotypes associated with the
predator-free life history were found only in the Bonneville
clade and formed two distinct phylogenetic groups (Fig. 3).
Thus, associations between haplotypes and predator or pred-
ator-free phenotypes occurred independently at two locations
in the network. The geographic distribution of life-history
types was also nonrandom. Predator phenotypes occurred
only in the upper Snake River and Bear Lake, but mapped
on the network to haplotypes that characterize both the early
Pleistocene split between regions and the late Pleistocene
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hydrological connection caused by the Bonneville flood (Fig.
3). In contrast, predator-free phenotypes were associated only
with haplotypes found in recently fragmented populations of
the Bonneville Basin (Fig. 3). Can these nonrandom asso-
ciations between haplotypes and phenotypes be used to ex-
amine the role of historical contingencies on chub life-history
evolution?

Mapping phenotypic traits to an intraspecific phylogenetic
network and testing for an association between phylogeog-
raphy and evolution hinge on the assumption that life-history
shifts are temporally coupled with neutral phylogenetic di-
vergence. In other words, the rate of mitochondrial DNA
evolution (reflected by mutations in the network) or the rate
of lineage sorting must approximate the rate at which life
histories evolve. Such untested assumptions have been in-
voked in similar studies that have mapped species-specific
phenotypes to haplotype networks (Templeton 1994; Shaw
1999). In this study, dated fossil evidence helps draw the
link between chub life-history shifts and phylogeography.
Skeletal remains from multiple sites show that Utah chub
lived with trout predators in Lake Bonneville as recently as
10,000 years ago (Smith et al. 1968; Broughton 2000). This
suggests that the predator-free life-history phenotype is de-
rived and evolved as populations became isolated during the
late Pleistocene, coincident with the recession of Lake Bon-
neville. Given this order of character evolution, it appears
that the predator-free phenotype has arisen independently at
least two times: once in the eastern Bonneville Basin, where
haplotypes P and U (Fig. 3) occur in populations 7, 8, and
9 (Fig. 1), and once in the western Bonneville Basin and at
the periphery of modern Great Salt Lake, where haplotypes
A-H, L, and M (Fig. 3) occur in populations 3, 6, and 10
(Fig. 1).

Conclusions

Three general conclusions emerge from this study. First,
G. atraria is composed of two phylogenetically distinct
clades, representing a comparatively deep biogeographical
split between the upper Snake River and Bear River relative
to the Bonneville Basin. These findings contradict the con-
ventional biogeographical view that aquatic organisms in the
upper Snake River colonized from the Bonneville Basin only
14,500 years ago. The magnitude of divergence between
clades points to a long period of evolutionary isolation, dating
to the early Pleistocene, interrupted by a short period of fau-
nal exchange during the late Pleistocene. Second, phyloge-
netic structuring within each Utah chub clade is largely con-
sistent with documented hydrological events in the Bonne-
ville Basin and upper Snake River over the past 35,000 years.
Major shifts in historical geography, including flooding and
fragmentation events, were evident in control region se-
quences compared across Utah chub populations. Third, the
life-history data mapped to the haplotype network revealed
a strong association between geographic haplotype diver-
gence and phenotypic shifts in chub life histories. This find-
ing suggests that historical contingencies responsible for late
Pleistocene fragmentation in Utah chub were coincident with
changes in the selective environments where populations per-
sisted. Combined, the results of this study reveal an important
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role for historical contingencies in shaping evolutionary di-
vergence in Utah chub. Further examination of similarly dis-
tributed aquatic taxa will reveal how pervasive such historical
events have been in shaping regional biogeography and evo-
lutionary change.
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