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ABSTRACT
From the Valleys to the Mountains: the Biogeographic History

of Antelope Squirrels, Bats, and Chipmunks
in Western North America

by
Stacy James Mantooth
Dr. Brett R. Riddle, Examination Committee Chair
Professor of Biological Sciences
University of Nevada, Las Vegas

Genetic differentiation within and between species often coincides with significant
geological or climatic changes that have shaped the sizes and locations of their
geographic ranges and altered the connectivity between populations over time. Across
western North America, many endemic taxa experienced high levels of initial divergence
associated with geological transformations of the Neogene (insert timeframe), with
subsequent diversification and geographic structuring of populations associated with
climatic changes during the Quaternary (insert timeframe). As such, we can use a
combination of molecular markers and genetic analyses to effectively examine the
evolutionary and biogeographic histories of populations, species, and regional biotas
whose signatures of differentiation are driven by the older geological events as well as
more recent episodes of climatic change. Much of western North America is composed of
a mosaic of regional deserts and associated aridlands separated from one another by a
number of isolated mountain ranges. | employ a suite of phylogenetic, phylogoegraphic,
and population genetic analyses, in combination with ecological niche modeling, to
examine the biogeographic history of antelope squirrels (Ammospermophilus), western

pipistrelle bats (Pipistrellus hesperus), and Uinta chipmunks (Neotamias umbrinus) in



western North America. Antelope squirrels (Ammospermophilus) include five species
collectively widespread throughout the North American deserts. Data presented herein
support the hypothesis that early divergences of the three major extant lineages within
this genus were driven by the initial formation of the deserts and the uplift of mountain
ranges (e.g., the Sierra Nevada Occidental and Central Mexican Plateau) in the mid to
late Neogene, and recent divergences were driven by ongoing geologic events in the late
Pliocene (e.g., uplift of the Transverse Range). Genetic patterns reveal that populations
were affected by habitat shifts associated with repeated glacial cycles throughout the
Pleistocene, including the late glacial maximum (LGM). The western pipistrelle
(Pipistrellus hesperus) is the smallest bat in North America and is distributed across
many of the same habitats as Ammospermophilus. Within this species, there are three
major geographically defined lineages with divergences dated to the early Pleistocene.
These divergences were likely driven by the earliest glacial cycles in this region and
genetic patterns indicate that populations of this species were confined to multiple glacial
refugia during the LGM, reinforcing the already existing genetic patterns. The Uinta
chipmunk (Neotamias umbrinus) is confined to montane habitats on mountain ranges
throughout the intermountain west. Genetic analyses of populations within the Great
Basin indicate that lineages in this region coalesce within the earliest Pleistocene,
suggesting that most populations were restricted to the isolated mountain ranges at this
time with little to no gene subsequent gene flow between them. While many mammals
distributed across western North America have experienced a common set of abiotic
factors, they have responded in unique ways leading to specific evolutionary and

biogeographic patterns that are detectable in contemporary species and populations.
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CHAPTER 1
MOLECULAR BIOGEOGRAPHY: THE INTERSECTION BETWEEN
GEOGRAPHIC AND MOLECULAR VARIATION
Abstract

The rapid growth of techniques employed in the generation and analysis of DNA
variation has led to significant advances throughout the life sciences. Herein, we explore
the impacts of this molecular revolution on the science of biogeography and how it has
enhanced or altered long-standing biogeographic hypotheses in this revitalized discipline.
We examine the recent development of molecular biogeography and address issues
dealing with data generation and interpretation, and review newer analytical techniques
that have been developed to handle the explosion of available data. We explore several
important issues, including analyses of molecular time estimates, and phylogenetic,
phylogeographic, and population genetic approaches to reconstructing the evolutionary
histories of taxa and whole biotas. Specialized topics of growing importance include
advances in the use of ancient DNA, and the importance of incorporating biogeographic
theory with DNA barcodes, used to catalog the diversity of life. Finally, we investigate
some of the newest and most exciting techniques for generating, analyzing, and

visualizing genetic data that will shape the future of molecular biogeography.

The definition of biogeography may be simple — the study of the geographical
distributions of organisms — but this simplicity hides the great complexity of the
subject...No one who studies biogeography can fail to be impressed, or perplexed,

by the diversity of approaches to the subject. — Crisci (2001)



What is Molecular Biogeography?

With the exponential increase in the amount of molecular sequence data being
generated from a diverse array of taxa, the use of these data to reconstruct evolutionary
events is becoming increasingly commonplace (Crandall and Templeton 1996; Rokas and
Carroll 2006). Molecular data can be used to resolve evolutionary relationships among
species or higher taxa within a phylogeny (see Glossary), under the assumption that
genetic similarity decreases as time since divergence increases. Within a species or
collection of closely-related species, we can assess phylogenetic and population genetic
signatures across the geographic distribution of genetic lineages, a practice referred to as
phylogeography (Avise 2000; 2009). Alone, a phylogeny examines only the branching
order of taxa, but calibrating the phylogeny by time adds another layer of information,
and allows for estimation of time since divergence of lineages. A time-calibrated
phylogeny allows us to examine the geographic context of evolution as never before
possible, by associating the timing of divergences with past geologic and climatic events
or other aspects of Earth’s history. Built on a strong foundation of basic biogeographic
theory, the synergy between these modern techniques with many others has led to the
development of molecular biogeography.

We refer to molecular biogeography as that set of approaches that use genetic data to
address the biogeographic structure of lineages and biotas, and the evolutionary and Earth
history processes that have shaped current population genetic, phylogenetic, and
distributional patterns (Riddle et al. 2008). Molecular biogeography is applicable to

recently diverged populations or species as well as more distantly related taxa (Avise



2004; Lomolino et al. 2006), and therefore provides a foundation for examining the
complete biogeographic and evolutionary history of any group of organisms across both
restricted and broad geographic spaces through time (Figure 1.1).

Here, we first provide a brief overview of the relevance of molecular biogeography,
both as it has served to reinvigorate long-standing arenas in biogeography and as it
positions biogeography to become a key component of emerging areas of research. We
then explore several controversial issues in molecular biogeography, including the
calibration of time in biogeographic reconstructions (using molecular clock techniques),
approaches to measuring genetic diversity, and choosing from the increasingly extensive
variety of molecular data. We end with a few thoughts on current and future trends and
the role of molecular biogeography in shaping our understanding of the diversity and

history of life.

Molecular Biogeography in a Hypothetico-Deductive World

In the early development of analytical biogeographic thought, vicariance (Figure
1.2a) was viewed as the only rigorously testable pattern within a cladistic framework.
Vicariant events create congruent phylogenetic patterns across multiple taxa, detectable
in comparative biogeographic analyses. Dispersalism, the movement of individuals
across a geographic barrier, (Figure 1.2a; Lieberman 2004) was considered an ad hoc
biogeographic explanation not testable within a comparative context because it was
considered an idiosyncratic, lineage-specific process, failing to produce congruent
patterns across multiple taxa — as such, any number of dispersal scenarios could be

construed as consistent with a particular pattern of divergence. Regardless of vicariant or



dispersal histories (Figure 1.2), biogeographic reconstructions that contain only
geographic and topological congruence can be positively misleading in the absence of
temporal information. Concordance across multiple taxa can result from pseudo-
congruence (Figure 1.3; Cunningham and Collins 1994), in which lineage specific
processes lead to the false conclusion that congruent patterns result from the same or
similar biogeographic histories (Donoghue and Moore 2003). Pseudo-incongruence can
present similarly confounding effects when lineage-specific processes result in common
yet undetectable patterns (Figure 1.3). Incorporating a temporal component into analyses
can reveal the true biogeographic nature within a comparative framework across multiple
taxa (Donoghue and Moore 2003).

The confounding effects of congruence and incongruence are common in geographic
areas that experience repetitive cycles of historical processes. Within relatively shallow
timeframes, Pleistocene glacial cycles have continually altered distributions and dispersal
routes for multiple taxa within an array of biotas. Comparative phylogeographic
approaches with well constrained time estimates aim to unravel the complex
biogeographic histories of these taxa and biotas (Arbogast and Kenagy 2001). Such
studies include comparative phylogeographic analysis of the mesic forest ecosystem in
the American Pacific (Carstens et al. 2005), and plant-insect interactions in the Rocky
Mountains of North America (DeChaine and Martin 2006). These and other studies have
shown that molecular biogeographic analyses can provide convincing evidence as to the
direction, timing, and extent of dispersal out of Pleistocene glacial refugia—moreover,

rejection of traditional hypotheses in favor of more plausible alternatives is possible.



In deeper timeframes, inferences of biogeographic histories from phylogenetic trees
alone can be misleading without incorporating additional data. McGlone (2005)
summarizes evidence for dispersal scenarios including the origination of several
Australian groups in the Northern Hemisphere, and post-Gondwana groups (i.e., formed
since the breakup of Gondwana) found on isolated continental fragments such as those
distributed across the Tasman Sea separating New Zealand and Australia. These and
other examples indicate that the evolutionary history, fossil record, and current
distributions of these groups do not support vicariance scenarios.

Recent work combining molecular systematics and paleontology has shown that even
in evolutionarily deep time, patterns of range expansion can produce congruent patterns
across multiple lineages, further suggesting that dispersal is not entirely the lineage-
specific and therefore untestable process it was considered to be within the vicariance
biogeographic paradigm. These paleomolecular analyses explore congruent patterns of
geo-dispersal across multiple lineages (Lieberman 2003). Geo-dispersal (Figure 1.2c) can
produce biogeographic congruence, though it differs from traditional dispersal
hypotheses (Lieberman and Eldredge 1996; Lieberman 2003) by invoking the removal of
a geographic barrier followed by coincident dispersal events in multiple species.
Subsequently, a new barrier is formed in the same or similar position as the original
barrier, isolating populations that then diverge in allopatry (Lieberman 2004). Because
this process affects multiple, co-distributed lineages in a similar manner and at a
comparable point in time, the resulting patterns can be detected in subsequent

phylogenetic analyses. Within these biotas, the taxa exhibit not only phylogenetic, but



also temporal congruence, and molecular data are critical to rejecting an alternative
hypothesis of pseudo-congruence.

The information component of molecular biogeography is not limited to simply
creating patterns in the form of phylogenies. At shallower evolutionary depths, analytical
techniques can unravel details about the histories of populations within species. Through
these data, we can address the differential roles of various processes, including allopatric
fragmentation (i.e., vicariance) and range expansion histories (i.e., dispersal; Templeton
et al. 1995; Crandall and Templeton 1996) in producing current phylogeographic
architectures. For example, the statistical framework of Nested Clade Phylogeographic
Analysis (NCPA — Templeton 1998; 2004) uses haplotype networks (Figure 1.3A) of
molecular data to test the null hypothesis of no geographic correlation with genetic
diversity against alternative hypotheses including past range fragmentation or expansion
(Templeton 1998). The validity of NCPA has been questioned (reviewed in Beaumont
and Panchal 2008), and alternative statistical phylogeographic methods have been
advocated that incorporate coalescent models of population dynamics into the
evolutionary processes that underlie recently diverged or diverging populations (Knowles
and Maddison 2002; Knowles 2004; Carstens and Richards 2007).

The inclusion of molecular data into rigorous biogeographic analyses allows
biogeographers to create statistically testable hypotheses of dispersal and range expansion
within the hypothetico-deductive framework long championed by strict vicariance
biogeographers. The explanatory power of these analyses has grown as the analytical
techniques have increased in complexity. We now have powerful tools with which to

examine evolutionary dynamics of taxa within a comparative framework of complex



biogeographic histories regardless of the depth of divergence or the size of the
geographic area under investigation. The use of molecular data has become a vital tool
for incorporating explicitly the temporal aspect of evolutionary histories in the process of

unraveling complex biogeographic histories.

Molecular Calibrations — the Importance of Time

A great advantage conferred by molecular biogeography is that, once the basic
phylogenetic structure between taxonomic groups is established, we can often add a
temporal component through a procedure called molecular dating. The estimation of
divergence time is possible when evolutionary rates of molecular change (i.e., mutation
rate) across lineages have been calibrated. Molecular dating has been applied broadly
across a wide diversity of organisms and depths of divergence (reviewed by Wray 2001;
Kumar 2005), creating time calibrated phylogenies, or time trees (Figure 1.3B). In
different groups of organisms—including mammals (Douady et al. 2003b), birds (Barker
et al. 2004), insects (Moreau et al. 2006), and plants (Good-Avila et al. 2006) — time trees
have had a profound impact on depictions of evolutionary histories. The calibrations used
to construct time trees are based on a combination of paleogeographic and paleoclimatic
events, or the ages of fossils within a group, or more specifically the ages of the geologic
strata from which the fossils were collected. Because the fossil record is incomplete and
fossils underestimate (sometimes considerably) the true divergence time of lineages
(Hedges and Kumar 2004), evolutionary rate analysis can benefit from well-constrained
fossil calibrations in combination with well-dated biogeographic events (e.g., mobile

terrains or glacial advance). The most common calibrations rely on fossil specimens that



can be reliably traced onto a phylogeny, predating a specific divergence event (Hedges
and Kumar 2004). Using such calibrations, the minimum time of divergence or lower
bound is defined by the geologic formation containing the fossil and the time of
divergence cannot be younger than the age of a well-dated fossil. The maximum age of
divergence is different because the calibration fossil is unlikely to be the true ancestral
fossil leading to a particular divergence, but rather is a member of the ancestral lineage.
An unrealistically high upper bound may be needed, so the time estimate does not
eliminate the possibility of an ancient age for a particular clade (Yang and Rannala
2005). The actual time of divergence is therefore estimated within a range of possible
times, creating a range of evolutionary rates within these limits. These calibrations
represent a “hard bound” on the dates of divergence, and place considerable confidence
in the reliability of the fossil record (Figure 1.4).

Molecular time estimates (MTES) have become increasingly common as a powerful
tool in the investigation of the timing of past divergences, especially for groups that have
a poor fossil record. Both fossil and molecular time estimates can be reciprocally
informative, either corroborating or refuting estimated divergence dates. Early clock
approaches used simple linear regression and a single global clock to create ultrametric
trees (i.e., each tip is the same distance from the root) in which the depth of nodes
correlated with divergence times (Nei 1987; Sanderson 1998). Early advances in rate
estimation optimized the application of the clocks while still maintaining a global clock
across all lineages, and while the earliest molecular studies used single protein sequences

(Zuckerkandl and Pauling 1965), modern studies use large numbers of genes (sometimes



hundreds), which can improve the precision and reduce bias in the MTEs (Hedges and
Kumar 2003; Yang and Yoder 2003; Kumar et al. 2005).

The fundamental premise of MTEs and their role in biogeographic reconstructions
has been challenged (Graur and Martin 2004; Heads 2005), suggesting that application of
a molecular clock to biogeographic and systematic hypotheses is a futile exercise. While
a strictly enforced molecular clock can be misleading, the errors associated with
application of a global clock can be compensated for by using analytical techniques that
relax the strict assumptions of a global clock approach. As phylogenetic analyses have
grown in complexity, representing more lineages and a broader range of organismal
diversity and divergence depths, it has become evident that rate heterogeneity can
pervade a phylogeny, occurring along a single lineage as well as between different
lineages (Gillespie 1986). Analyses have been developed to detect rate differences
(Felsenstein 1981) and take rate heterogeneity into account, attempting to either correct
for the rate differences within a phylogeny, or incorporate the rates into the analyses by
applying local clocks to specific lineages, effectively relaxing the rate of the molecular
clock (methods compared in Lepage et al. 2007). Recent work has suggested the utility of
calibration points that incorporate “soft bounds” on the dates of divergence so that
multiple calibrations can be adjusted simultaneously, relaxing the assumptions of hard
bounds. Relaxed clock (Figure 1.5) methods also have been developed that estimate
phylogenies and divergence times simultaneously when there is considerable uncertainty
in evolutionary rates and calibration times (Drummond et al. 2006). These methods can
accommaodate poor calibrations when multiple fossils conflict with each other or with

molecular data, and increase the reliability of estimating calibration errors (Yang and



Rannala 2005). A number of computer programs have been developed to address these
varied molecular clock approaches, including r8s (Sanderson 2003) and BEAST
(Drummond and Rambaut 2007).

For more recent divergences, such as those during the Pleistocene, it is increasingly
difficult to accurately estimate divergence times because of basic demographic properties
of recently diverged taxa. Factors such as incomplete lineage sorting and mutational
stochasticity increase the difficulty of estimating divergence times under traditional
models of divergent evolution. Coalescent models have been developed to assess both the
accuracy and precision of divergences while estimating ancestral genetic diversity and
incorporating a migration parameter that accounts for the possibility of gene flow since
initial divergence (Hey and Nielsen 2004). Coalescent theory is a population genetic
model whereby a genealogy of alleles within a particular population is reconstructed to
determine when these alleles coalesce to a single ancestral copy (Figure 1.6; see Wakeley
2008 for an overview of coalescent theory) for an overview on coalescent theory). A
coalescent approach can be used to assess the adequacy of empirical data to estimate
divergence times simulated under an array of plausible coalescent models (Knowles
2004). These techniques have been used to test the recent biogeographic history of some
North American songbirds, in which patterns of divergence were driven by Quaternary
climate changes (Spellman and Klicka 2006; Spellman et al. 2007). Expanding upon this
basic approach by analyzing multiple unlinked genetic loci, a coalescent analysis can
account for patterns where the genetic divergence predates the species divergences as
well as estimating divergence times while incorporating the possibility of speciation with

gene flow (Carstens and Knowles 2007).
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It is essential to use accurate phylogenies, calibrated by well-constrained time
estimates, to reconstruct the very complex biogeographic history of organisms. However,
the accurate calibration of a time tree is not always a simple task for reasons including
incomplete taxon sampling, an incomplete or uninformative fossil record, conflicting
phylogenetic signals due to rate differences among loci/taxa, stochastic sorting and
mutational properties of different loci, and differential selection on loci. The harshest
criticisms of these techniques point out the imprecision of molecular clocks, but for the
purposes of distinguishing between alternative biogeographic hypotheses that differ by
several million years, the estimated dates of divergence may not need to be particularly
precise (Lomolino et al. 2006). Well calibrated phylogenies add an important temporal
element to analyses, enabling researches to more thoroughly examine the processes that

underlie the patterns of evolution.

Measuring Genetic Diversity

The growing list of molecular markers available to evolutionary biologists is making
even the most complicated biogeographic questions tractable at the molecular level.
Mitochondrial DNA (mtDNA) has long been the tool of choice for phylogenetic and
biogeographic inference and it has been widely used in phylogeographic and population
genetic analysis (Avise 2000). The basic characteristics of mtDNA and the tremendous
number of published studies that rely on these data reflect its utility. Mitochondrial DNA
is generally a neutral, maternally-inherited marker that is transferred between generations
without recombination, has a reduced effective population size, and a simple genetic

structure with both protein-coding genes and non-coding regions (Brown et al. 1979;
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Harrison 1989; Avise 2000; Shevchuk and Allard 2001). Molecular markers within this
genome are among the most widely used measures of organismal genetic diversity (Avise
et al. 1987; Ballard and Whitlock 2004). The various rates of evolutionary change of
mtDNA (compared with nuclear DNA) allow researchers to use it to explore population
dynamics as well as phylogenetic relationships among closely related taxa (Funk and
Omland 2003). Mitochondrial DNA has been used for detecting gene flow, identifying
hybrid zones, assessing levels of reproductive isolation, detecting historical patterns of
population structure and cryptic speciation, and examining conservation concerns across
countless taxa (Rubinoff and Holland 2005).

The supremacy of mtDNA for evolutionary questions has been challenged on the
grounds that this marker may produce misleading patterns of variation that are
inconsistent with nuclear DNA (nDNA; Zhang and Hewitt 2003; Rubinoff and Holland
2005). The qualities that make mtDNA a useful marker are the same characteristics that
may limit its utility. However, it is no surprise that patterns resulting from nDNA may
yield patterns that are inconsistent with mtDNA (Avise 2000) because of the difference in
time that it theoretically takes each marker to achieve reciprocal monophyly within
lineages (e.g., the expected time to coalesce to a single point or most recent common
ancestor is four times longer for nDNA than for mtDNA). Typically considered a neutral
marker, some recent analyses suggest that mtDNA may be under both direct and indirect
selection (via gene linkage), show low levels of recombination in some species, and may
be particularly susceptible to selective sweeps because of the low effective population

size, decreasing genetic diversity (Ballard and Whitlock 2004).
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These criticisms suggest that mtDNA may not be the most appropriate marker to
address phylogeographic and population genetic questions. Population genetics theory for
mtDNA indicates that genetic diversity is proportional to population size but
mitochondrial diversity may not accurately reflect population size in animals, further
challenging the genetic neutrality of this marker especially if the genome frequently
experiences adaptive evolution (Bazin et al. 2006). This may be especially true for
species with very large populations, suggesting that mitochondrial diversity may only
coalesce to the most recent selective genetic sweep within the species, not to the most
recent common ancestor with the sister taxon. Additional evidence from eutherian
mammals indicates that for species with small but stable populations, mitochondrial
diversity is correlated with population size (Mulligan et al. 2006). Nevertheless,
mitochondrial DNA is still considered to be a useful marker with which to explore recent
biogeographic histories (Zink and Barrowclough 2008). Ultimately, the most informative
solution may be to use an integrated genetic approach that incorporates both
mitochondrial and nuclear DNA in order to account for the shortcomings of each
(Rubinoff and Holland 2005).

For very recent events affecting population genetic and phylogeographic patterns,
techniques have been developed that survey the nuclear genome for genetic changes,
allowing a nuclear approximation of population histories to compare with mitochondrial
patterns. These population level techniques include analyses of microsatellites,
intersimple sequence repeats (ISSR), amplified fragment length polymorphisms (AFLP),
and single nucleotide polymorphisms (SNP). Microsatellites consist of a repeated

sequence of DNA that follow the patterns of Mendelian inheritance. Developed for use in
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studying the population genetics of cultivated plants, ISSR markers are population and
species-specific, derived from di- and trinucleotide microsatellite repeats (Wolfe et al.
1998). AFLP analysis involves restriction digests of genomic DNA followed by selective
amplification of the fragmented pieces of DNA. The resulting variation in fragment
length after AFLP analysis can be tracked between populations. SNPs are sequence
variations that occur when a single nucleotide in the genome is altered. Unlike
idiosyncratic variations within the genome, a SNP is a mutation that occurs within at least
1% of the population (Wang et al. 1998). Analyses have revealed that these markers are
evolutionarily stable and show little change across generations, making them tractable at

the population level.

Ancient DNA and Measurably Evolving Taxa

The use of DNA sequences extracted from the remains of naturally and artificially
preserved organisms, the emerging field of ancient DNA (aDNA), is becoming a standard
approach used in molecular biogeographic studies (Figure 1.6). The earliest deposition of
aDNA sequences in GenBank (an online resource for molecular biology information)
occurred in 1984-1985 (Higuchi et al. 1984; Paabo 1985; NCBI 1999). Ancient DNA
techniques have been used to address questions ranging from demographic factors in
extant populations to genetic characteristics of extinct taxa, represented by partially
fossilized remains from the late Pleistocene. The problems associated with using aDNA
(e.g., inconsistent results, short sequences, and contamination—P&abo 1989; 1993) have
been rapidly overcome (Pruvost et al. 2007), leading to important advances in molecular

biogeography (Karanth et al. 2005).
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Biogeographic studies that incorporate aDNA from extinct taxa allow the
development of more precise analyses of evolutionary patterns. There is an increasing
amount of sequence data from extinct organisms stored in GenBank, including 57
mammals, 40 birds, one lizard, one amphibian, four insects, one gastropod, and five
green plants (NCBI 2009). Ancient DNA has been used to address biogeographic
questions relating to the origin and population histories of various species (Figure
1.6).With a series of sub-fossil remains taken over time, we can examine the
phylochronology of populations and investigate how specific populations within a given
area responded to climate changes (Hadly et al. 2004; Ramakrishnan and Hadly 2009).
Human evolution has benefited from aDNA molecular biogeographic analyses, shedding
considerable light on the biogeographic history of our own genus Homo (Guitierrez et al.
2002; Lalueza-Fox et al. 2005). The report of genomic DNA (Noonan et al. 2006) and the
first complete mitochondrial genome (Green et al. 2008) from 38,000 year old
Neanderthal (H. neanderthalensis) specimens and the recent announcement of the first
near-complete draft version of a Neanderthal genome (P&&bo 2009, unpublished data
widely publicized in the media) will inevitably yield more clues to the biogeographic
history of humans.

Ancient DNA techniques are not just having a profound impact on our understanding
of the evolutionary histories of extinct taxa, but the effects can be found in contemporary
population genetics (P&abo et al. 2004). Natural history museums have long been the
repositories of voucher specimens that are suddenly gaining new life as sources of aDNA
for studies examining recently extinct and extant populations. Samples taken from a

population at any given time represent a genetic snapshot of that population and we can
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compare samples taken at times in the past to current populations and assess changes in
genetic parameters, adding a direct temporal component. We can then assess the genetic
changes over time in these measurably evolving populations (MEPs—Drummond et al.
2003). The genetic chronology of white-footed mice (Peromyscus leucopus) in the
Chicago area over the last 150 years was examined and the common genotype over that
time was found to have changed (Pergams et al. 2003). Any number of genetic
parameters can be measured using aDNA in recently archived specimens to understand
the demographic histories in genetically dynamic populations (Figure 1.6). With
advancing protocols and the availability of aDNA containing specimens available to
biogeographers, these techniques will undoubtedly change the way we approach

biogeographic analyses.

Biogeography and Barcoding

The premise of DNA barcoding has been gaining momentum since its introduction in
2001 (Hebert et al. 2003), with the goal of sequencing the complete cytochrome oxidase |
(COl) gene for 10 million species of animals. Similar initiatives have been undertaken
that focus on plants and the portions of the rbcL and matK genes (Lahaye et al. 2008;
CBOL Plant Working Group 2009). The purpose of these sequences is to uniquely
identify each species with a genetic barcode or sequence of DNA, creating a genetic
reference. These reference samples would serve as a resource for species identification
and for comparisons with newly generated data. Recent barcoding studies praise the

novelty of the barcoding system for uncovering hidden biodiversity and identifying
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cryptic species by employing this single locus approach to species discovery (Burns et al.
2008).

While the various barcoding initiatives are having a positive effect on conservation
and biodiversity issues (Herre 2006), the ultimate goal should be to attain a systematic
discovery of genetic diversity within the proper geographic context of an integrative
taxonomy. A recent study of parasitoid flies (Smith et al. 2006) represents the
“confluence of genetic taxonomy, classical morphological taxonomy, and ‘use it or lose
it” concepts of conservation of biodiversity” (Herre 2006). This study makes a very
compelling case for a truly integrative taxonomy that uses a priori knowledge about a
group of organisms to reveal previously undiscovered and morphologically cryptic
genetic lineages. Taking into account the geographic and ecological landscapes from
which sequences were sampled, coupled with the relationships among lineages, makes it
easier to classify the uniqueness of populations and species within this framework. We
are not questioning the utility of a genetic reference catalogue or of DNA barcoding, but
rather suggest that the use of a proper, biogeographically informed sampling approach
will greatly assist efforts to correctly recover the true levels of genetic diversity. The
classification and preservation of biodiversity works best within an information rich,
well-informed integrative system where genetic characterization of taxa is one part of a

much larger information system.

Exploring the Future — Generating, Analyzing, and Visualizing New Data
New uses for new approaches are constantly changing the landscape of biogeography.

A recently explored use of modern molecular biogeographic theory is to examine very

17



recent demographic histories using the fast-evolving viruses as proxies of the genetic
structure of their hosts. Very recent changes in population structure are often so new that
traditional molecular markers (even the newest ones) do not accurately reflect these
changes. While studies of host-parasite interactions and their concomitant biogeographic
histories (Hafner and Nadler 1991; Hafner and Page 1995) and the geographic
distribution of viruses is not new (Fulhorst et al. 2001; Mantooth et al. 2001), the
exploitation of viral genetic diversity to explore biogeographic patterns in host species is
a recent strategy. Viruses, intracellular parasites dependent upon a host, exhibit detectable
genetic changes very quickly which can serve as evidence of demographic divergences
between host populations. This technique has been used to examine otherwise
undetectable population structure within mountain lions (Puma concolor) using Feline
Immunodeficiency Virus as the proxy, (Biek et al. 2006). Such techniques can detect
changes that have occurred within only a few generations, helping to detect and predict
the probability of more widespread genetic changes. Often, the pathogenicity of viral
epidemics forces the need to explore the biogeographic history of the hosts, in light of the
epidemiology and pathogenicity of the viruses. This method has been used to track to
spread of Avian Flu in natural populations in Africa and the proliferation of other viruses
throughout host populations (Ducatez et al. 2006).

An emerging approach in population genetics involves sampling multiple alleles from
multi-locus sequence data collected from the nuclear genome (Brito and Edwards 2008;
Liu et al. 2008). Data can be collected from multiple, non-linked nuclear loci, with the
ultimate number of loci needed based on the complexity of the biogeographic questions.

Collectively, these techniques differ from whole gene sequencing because they can be
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addressed across levels of divergence and they lend themselves to detailed demographic
studies (genomic phylogeography) of such variables as recent gene flow, linkage
disequilibrium, population size estimates, bottlenecks and patterns of population
expansion (Brito and Edwards 2008), parameters that could not be fully explored with
previous methodologies (e.g., AFLPs, SNPs, etc.).

The development of next-generation sequencing technologies (e.g. pyrosequencing,
sequencing-by-synthesis, and ligation-based sequencing) and the ease with which we can
generate massive datasets (100-3000 megabases of DNA in a few hours to a few days)
with the smallest quantities of input DNA (only a few micrograms) are making questions
and hypotheses that we could not address just a few years ago very plausible (see Mardis
2008, for a review of next generation sequencing techniques). While this technology is
still prohibitively expensive for many researchers, the prospect of expanding these
technologies in the very near future is a reality. We can overcome the obstacles posed by
limited genetic sources (e.g., aDNA) or too little informative data found by screening
only a few nuclear exons or even undersampling the genetic variation in populations.
These data will lead to more thorough analyses of the demographic properties of
populations than were previously unavailable. With the recent identification of
microsatellites from extinct moas using this new technology (Allentoft et al. 2009), whole
genome analyses and the prospect of population genomics is the next step (Li et al.
2008). With unlimited data, we must determine how to analyze such immense and
complex datasets (see Pop and Salzberg 2008 for a review of some of these challenges

and potential solutions). To face these challenges head-on, the next-generation
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biogeographer will have to become every bit as much a computer scientist as molecular
biologist, integrating bioinformatics even more closely with biogeography.

Population level genetic analyses are becoming heavily integrated with ecological
niche modeling (ENM). This geographic technique uses occurrence records of species
and a set of environmental variables to predict the ecological habitats and distribution of
both where species are likely to occur today as well as in the past, such as 18-20,000
years ago during the last glacial maximum (Waltari et al. 2007). These analyses result in
models of occurrence that can be mapped across a geographic area (Figure 1.8), allowing
researchers to explore hypotheses of population expansion/contraction and gene flow that
might have gone untested without the incorporation of ENMs and genetic analyses. Faced
with datasets that span broad geographic areas (and vast stretches of evolutionary time)
or just contain hundreds or thousands (or more!) terminal taxa, typical phylogenetic trees
cannot convey the totality of the information contained in those data. Phylogeographic
Information Systems and Geophylogenies (Kidd and Ritchie 2006; Kidd and Liu 2008)
have been developed to represent geographically referenced phylogenetic trees (Figure
1.9). These approaches graphically convey the geographic content of evolutionary
hypotheses based on georeferenced samples. Geophylogenies can be represented by a
two-dimensional (2-D) phylogenetic tree overlaid onto a map, with the tree tips
corresponding to the exact points where the samples originated (Phylogeographer—
Buckler 1999; Geophylobuilder—Kidd and Ritchie 2006; Mesquite—Maddison and
Maddison 2009). Expanding on this concept, researchers are developing 3-D
visualizations to explore immense datasets, including navigating phylogenies (Paloverde—

Sanderson 2006) and “fly-by movies” of geophylogenies (Kidd and Liu 2008) or in
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concert with Google Earth (Buckler 1999; Supramap—Janies et al. 2009); to explore the
geographic or spatiotemporal content of the data (Hill et al. 2009).

Molecular biogeography has become the driving force behind the most recent
advances in biogeographic analysis (Riddle et al. 2008). Advancing analyses have led to
advances in the complexity of the questions that can be addressed within evolutionary
biology. Because of these advances, molecular biogeography now encompasses a very
broad range of biogeographic approaches, including single taxon biogeography,
comparative biogeography and phylogeography, population genetics, phylochronology
within measurably evolving populations, and population genomics, with new avenues of
research sure to be constantly added to the list. As our ability to examine the complexities
of biogeographic histories has advanced, so too has our ability to interpret the results that

confound simple explanations.
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Glossary

Allopatry — taxa (typically populations or species) occupying distinct and disjunct
geographical areas.

Amplified fragment length polymorphisms (AFLP) — molecular markers generated when
enzymes are to cut DNA into smaller segments, similar to a genetic fingerprint; useful
for identifying population level genetic changes.

Cladistic method — a strict method of classifying organisms based on phylogenetic
hypotheses of common evolutionary history.

Coalescent theory — suggests that by sampling present-day populations, you can trace all
alleles of a gene present in those populations to a single ancestral copy, referred to as
the most recent common ancestor.

Comparative phylogeography — the comparison of phylogeographic patterns of multiple
co-distributed taxonomic groups, usually species or species-complexes.

Cytochrome b (Cyt b) — mitochondrial gene that codes for a transmembrane
mitochondrial protein; used widely in phylogenetic and phylogeographic analyses.

Cytochrome Oxidase | (CO1) — the primary unit of the Cytochrome ¢ oxidase complex,
involved in aerobic metabolism; used widely in DNA barcoding analyses of animals.

Dispersal — the movement of individuals.

DNA barcode — a standardized sequence of DNA that is unique to for each species,
serving as a method of genetic identification.

Ecological niche models — used to predict the geographic range of a species from

occurrence records (presence/absence) and environmental data layers.
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Genomic Phylogeography — sampling multiple alleles from multi-locus nuclear sequence
data to examine recent gene flow, linkage disequilibrium, population size estimates,
bottlenecks and patterns of population expansion.

Geo-dispersal— involves the removal of a geographic barrier followed by coincident
dispersal events in multiple species, followed by the formation of a new barrier in the
same or similar position as the original barrier, isolating populations that then diverge
in allopatry.

Haplotype network— a graphical representation of the relationships of haplotypes (unique
alleles) among closely related individuals; useful in population genetic analyses.

Hypothetico-deductive — the scientific method whereby a hypothesis is tested by direct
observation of experimental data.

Intersimple Sequence Repeats (ISSR) — population and species-specific microsatellite
repeats composed of either 2 or 3 nucleotides; developed for population genetic
analyses in plants.

Microsatellites — repeated sequences of DNA that follow Mendelian inheritance; useful
in populations genetics.

Molecular Clock — the assumption that there is a direct relationship between the number
of mutations between organisms and the time since those organism diverged from
each other; taxa within a phylogeny accumulate changes at a standard rate.

Molecular dating — calibrating the nodes on a phylogeny by applying a molecular clock.

Nested Clade Phylogeographic Analysis (NCPA) — uses haplotype networks of molecular
data to test the null hypothesis of no geographic correlation with genetic diversity

against alternative hypotheses including past range fragmentation or expansion. The
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resulting patterns can indicate complex biogeographic histories that include an array
of past fragmentation, colonization, or range expansion events.

Phylochronology — the study of populations in space and through time using population
genetic and phylogeographic techniques.

Phylogeny — a bifurcating tree representing the relationships between a group of
organisms (phylogenetic tree).

Phylogeography — the geographic distribution of genetic diversity within a species or
group of closely related species.

Pseudo-congruence — lineage specific processes lead to the false conclusion that
congruent patterns result from the same or similar biogeographic histories.

Pseudo-incongruence — when lineage-specific processes result in common yet
undetectable patterns.

Single nucleotide polymorphisms (SNP) — sequence variations that occur when a single
nucleotide in the genome is altered; a mutation that occurs within at least 1% of the
population.

Statistical Phylogeography —incorporates coalescent models of population dynamics into
the evolutionary processes that underlie recently diverged or diverging populations.

Ultrametric tree — a phylogenetic tree in which all tips are equally distant from the root;
used in molecular clock analyses.

Vicariance — the separation of closely related taxa by some geographical barrier.
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Figure Legends
Figure 1.1: The scope of molecular biogeography: Three-dimensional depiction of
lineages across space (i.e., geography) and through time. The gray shapes represent time
slices, intersected at different points in space (dashed lines) by various branches in the
phylogeny. Molecular biogeography can examine recently diverged populations (lineages

close in space & time) and distantly related taxa (distantly related & distributed lineages).

Figure 1.2: Biogeographic forces that can lead to divergence and diversification: A)

Dispersal, B) Vicariance, and C) Geo-dispersal.

Figure 1.3: Evolutionary relationships of Androsace vitaliana (Primulaceae), a
European high mountain plant, based on chloroplast DNA: A) Haplotype network of
chloroplast haplotypes; colors match lineages in (B) and length of each line is
proportional to the number of mutational differences between haplotypes. A) Time-
calibrated phylogeny showing the relationship of populations collected from different
mountain ranges; colors refer to separate lineages and correspond with (A). Redrawn and

modified from Dixon et al. (2009).

Figure 1.4: The impact of topological and temporal congruence on the interpretation of
comparative biogeographic patterns. Congruence results from a single geologic or
climatic event leading to the simultaneous divergence across multiple co-distributed taxa.
Pseudo-congruence results when the patterns are topologically congruent, but temporally

incongruent, leading to the false conclusion that the same geological or climatic
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processes caused the patterns. Pseudo-incongruence is the result of common temporal
patterns that are undetectable based on the topology of the relationships in the trees.

Modified from Donoghue & Moore (2003).

Figure 1.5: A time-calibrated phylogeny (see text for further explanation of terms).
Good fossil calibrations are available for nodes 3, 4, & 7 and the root can have either a
good fossil (hard bound) or a bad fossil (soft bounds) calibration. A combination of soft
and hard bounds can be used to calibrate a tree when the fossil calibrations conflict with
each other and with the molecular data. Relaxed clock models can reduce the time
estimates (confidence intervals) surrounding the uncalibrated nodes within the tree (nodes

2,5, 6, & 8). Redrawn from Yang & Rannala (2005).

Figure 1.6: Coalescence of alleles within a hypothetical reciprocally monophyletic gene
tree embedded within a population or species tree. The genealogy of alleles within a
population is reconstructed to determine when these alleles coalesce to a single ancestral
copy, known as the coalescent or most recent common ancestor of all alleles. Two
populations are represented as geographically separating at time T;. Population 1
coalesces after T, at Cy; Population 2 coalesces at C,, prior to T;. All copies of the allele
coalesce at Cs at time T, within the ancestral population, prior to the geographic

separation at Tj.

Figure 1.7: Representative ancient DNA (aDNA) studies listed by temporal scope. Most

aDNA studies are restricted to samples < ~50,000 years before present (ybp). Reports
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>100,000-1 million ybp generally are considered artifactual or a result of contamination
(P&&bo et al. 2004). Inset A—Representative sample ages of aDNA samples reported since
1984 (deposited in GenBank); Inset B-Representative DNA fragment sizes reported since
1984 (arrow indicates the introduction of Next-generation sequencing technology).
Example studies include (from left to right): mouse—Pergams et al. (2003); Quagga—
Higachi et al. (1984); arctic fox—Nystrom et al. (2006); Amerindians—Stone and
Stoneking (1999); brown bears—Barnes et al. (2002); dogs—Leonard et al. (2002);
penguins—Lambert et al. (2002); rodent middens—Kuch et al. (2002); complete
Neanderthal genome—P&abo (2009, unpublished data); Neanderthal mtDNA— Green et al.

(2008); horses—Weinstock et al. (2005).

Figure 1.8: Ecological Niche Models (ENM) of the white-tailed antelope squirrel
(Ammospermophilus leucurus) in western North America, generated using the program
Maxent (Phillips and Dudik 2008). The model was generated with 200 records of
occurrence (locality data) and 19 environmental variables + elevation. Warmer colors
represent areas with better predicted habitat conditions; cooler colors indicate less
suitable predicted habitats. Dots correspond to occurrence records used to generate the
model (white dots show the locations used to “train” the model and purple dots represent
the locations used to “test” the model). Left — ENM for the present-day distribution of
this species. Right — ENM for the distribution of this species during the last glacial

maximum (18,000 years before present).
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Figure 1.9: Geophylogeny depicting the geographic distribution of a hypothetical
phylogeny of species in the desert regions of western North America. Each colored clade
represents a separate genetic lineage within the phylogeny; dots represent collection
localities of individuals. The shaded areas represent the major desert regions
(Chihuahuan, Great Basin, Mojave, Peninsular Sonoran) as well as the Apache Highlands

in AZ/NM/Mexico, the Colorado Plateau, and the Central Valley in CA.
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Figure 1.2

Dispersal: 1-taxon is confined to a geographic area on one side of a geographic barrier; 2—individuals of
the taxon move across existing geographic barrier; 3—populations are present on either side of a
geographic barrier, leading to the formation of separate but related taxa.

o044

Vicariance: 1-taxon is distributed across a widespread ancestral geographic range; 2—range is separated
by a geologic barrier, isolating populations and stopping gene flow; 3—separate populations are present
on either side of the barrier, leading to the formation of separate but related taxa.

- —
A
</

Geo-Dispersal: 1-geographic barrier separates geographic areas and taxa; 2—disappearance of
geographic barriers leads to range expansions or dispersal of multiple taxa; 3—re-emergence of barriers
near the original position leads to a new round of divergence.
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Figure 1.4
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Figure 1.5
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Figure 1.6

——— Population 1—— ——— Population 2—]

\/ To = Present
C: = Coalescent
within Pop 1
T1 = Geographic

separation of
populations

C, = Coalescent

E B within Pop 2

T, = Coalescent
of all alleles

\

C3 = Coalescent
between
populations

S~

48



Figure 1.7
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Figure 1.8
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Figure 1.9
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CHAPTER 2
DIVERGENCE AND DIVERSIFICATION OF ANTELOPE SQUIRRELS (GENUS
AMMOSPERMOPHILUS) IN RESPONSE TO A CHANGING LANDSCAPE
IN THE NORTH AMERICAN REGIONAL DESERTS
Introduction

Genetic differentiation within and between species often coincides with significant
geological or climatic changes that have shaped species ranges and altered the
connectivity between populations over time. As such, we can use a combination of
molecular markers with varying evolutionary rates to effectively examine evolutionary
and biogeographic histories of populations, species, and regional biotas whose signatures
of differentiation are keyed to both older geological events as well as more recent
episodes of climatic change.

Within the North American deserts, many endemic taxa experienced high levels of
initial divergence associated with geological transformations of the Neogene, with
subsequent diversification and geographic structuring of populations associated with
climatic changes during the Quaternary (Riddle 1995; Hafner and Riddle 1997). Climatic
oscillations throughout the Pleistocene led to repeated cycles of glacial expansion and
retreat with the last glacial maximum (LGM) reaching its maximum extent approximately
18,000 years before present (ybp). The distributions of many aridland species show
genetic signatures of a history of population isolation and reconnection as well as
distribution changes as a result of glacial cycles and the expansion of xeric habitats that
occurred subsequent to the LGM. Comparative analyses of similarly distributed species

have identified complex patterns of genetic relationships within and between areas of
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endemism across the major warm deserts (Riddle and Hafner 2006), but with an
underlying signature of congruence across taxa. These complex patterns are the results of
both shared and unique responses to various events isolating and reconnecting
populations.

The early orogeny of North American western cordilleras initiated the fundamental
geologic changes leading to the first signatures of aridification in the early Paleogene and
continuing throughout the Neogene (Axelrod 1979; Swanson and McDowell 1984). This
series of mountain ranges and plateaus extends along the west coast into central Mexico,
blocking the inland movement of precipitation from the Pacific. The Rocky Mountains
along with the Sierra Nevada Oriental in eastern Mexico block movement of moisture
inland from the Gulf of Mexico (reviewed in Alexander and Riddle 2005). Lack of
moisture from both the east and the west led to the formation of the regional deserts: the
Chihuahuan, Sonoran, Mojave, and Peninsular warm deserts; and the Great Basin cold
deserts and shrublands (Figure 2.1). Semi-arid habitats expanded during a warm interval
in the latest Miocene, with a trend toward increasing aridification during a Pliocene
cooling and drying trend (Axelrod 1979; Webb 1983). During the late Neogene, the Great
Basin and northern extent of the Mojave Desert transformed from woodland savannas
into shrub-step. The Mexican Plateau transformed from a semiarid savanna to desert
scrub-step woodland, and the Sonoran Desert and southern extent of the Mojave were
transformed from semi-desert and thorn-scrub to desert scrub ecosystems (Webb 1977;
Levin 1978; Webb 1983; Riddle 1995).

Genetic patterns in a suite of taxa that inhabit the North American deserts have been

used to investigate the biogeographic history of this region. Most of these analyses have
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focused on taxa distributed primarily in the warm deserts. These include mammals
(Riddle et al. 2000a, b; Riddle et al. 2000c; Alvarez-Castafieda and Patton 2004; Bell et
al. 2009; Jezkova et al. 2009), birds (Zink et al. 2001; Zink 2002), reptiles (Upton and
Murphy 1997; Lindell et al. 2005; Douglas et al. 2006; Leaché et al. 2007; Leaché and
Mulcahy 2007), amphibians (Jaeger et al. 2005), spiders (Ayoub and Reichert 2004;
Crews and Hedin 2006) and plants (Garrick et al. 2009) as well as fish species bordering
warm desert regions (Bernardi and Lape 2005; Reginos 2005). This broad set of exemplar
taxa has demonstrated a complex history of vicariance and dispersal, in response to both
geologic forces and climatic cycles.

Ammospermophilus (antelope squirrels), represents a distinct genus of five extant
species within the rodent family Sciuridae (Tribe Marmotini) that is distributed across the
deserts and aridlands of western North America (Hall 1981; Wilson and Reeder 2005).
Originally recognized as one of many subgenera within Spermophilus (Howell 1938),
Bryant (1945) elevated Ammospermophilus to the generic level based on diagnostic
morphological characters; recent morphological and molecular investigations have
upheld this classification (Harrison et al. 2003; Herron et al. 2004; Helgen et al. 2009).
Helgen et al. (2009) revised the genus Spermophilus and noted that Ammospermophilus
was not morphologically more distinct from the type Spermophilus than any other
subgenus originally described by Howell (1938). Subsequent molecular analyses
suggested that Ammospermophilus is the most divergent genus within the Tribe
Marmotini, along with two species of Notocitellus (tropical ground squirrels) that are
both distributed in Mexico (Harrison et al. 2003; Herron et al. 2004). Under the new

taxonomy proposed by Helgen et al. (2009), the genera Otospermophilus,
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Callospermophilus, Xerospermophilus, Cynomys, Poliocitellus, Ictidomys, Marmota,
Urocitellus, and Spermophilus (sensu stricto) form a sister clade to
Ammospermophilus/Notocitellus. With this most recent generic revision of Spermophilus,
molecular data were supplemented with morphological analyses and the generic
recognitions are warranted (Helgen et al. 2009), but many of the current intergeneric
relationships within this tribe remain tenuous at best.

The biogeographic history of species and lineages within Ammospermophilus
presents an opportunity to add to the growing literature that addresses the development
and assembly of the aridlands biota of North America. This genus first appears in the
fossil record during the mid-Miocene (approx. 11.5 mya) in southern California (James
1963), prior to expansion of the semi-desert ecosystems during the Pliocene. The depth of
this fossil history suggests a causal association between the formation of North American
regional deserts and the origin and diversification of Ammospermophilus. The current
distribution of Ammospermophilus spans most of the desert and semi-desert regions in
North America (Figure 2.2). The white-tailed antelope squirrel, A. leucurus, is the most
widespread member of this genus, occurring from the northern Great Basin to the
southern tip of Baja California and into central Mexico. This distribution encompasses
an ecologically broad area throughout both warm grassland regions in the south and cold
shrub-steppe regions in the north.

Recent molecular evidence (Whorley et al. 2004) suggests that populations of A.
leucurus from the northern Baja California Peninsula expanded northward into the
continental deserts, and following an episode of isolation, formed a lineage distinct from

a southern peninsular lineage that includes both A. leucurus and A. insularis (Riddle et al.
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2000c; Whorley et al. 2004). These northern populations share a more recent common
evolutionary history with A. harisii, a morphologically distinct species that is
geographically separated by the Colorado River, indicating that A. leucurus may
represent a paraphyletic assemblage with regard to A. harisii and A. insularis (Riddle et
al. 2000c). Separate analyses of A. insularis and populations of A. leucurus on islands in
the Sea of Cortez suggest that these insular forms are nothing more than isolated
populations of A. leucurus (Alvarez-Castefieda 2007). Collectively, these studies suggest
that the biogeographic history of Ammospermophilus is more complex than what is
suggested by the current taxonomy.

While previous studies have examined the phylogeography of select
Ammospermophilus species (Riddle et al. 2000c; Whorley et al. 2004; Alvarez-Castefieda
2007), none has sampled individuals from all species and across the broad geographic
ranges of the more widespread species. This study represents a more comprehensive
examination of the biogeographic and evolutionary history of this genus, with an
extensive collection of molecular and distributional data exploring the extent of
evolutionary diversification and geographic variation in Ammospermophilus. These data
are examined in concert with an analysis of habitat evolution throughout the arid regions
of western North America, including the impact of the development of regional deserts
on faunal evolution and the effects of Pleistocene climatic cycles on recent population
histories in the widespread lineages. Early divergence of regional deserts in western
North America structured the deeper divergences within Ammospermophilus, while the
geographic distribution and diversification of genetic lineages within individual species

was shaped by Pleistocene climatic oscillations and specifically by range expansions that
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followed glacial retreat after the last glacial maximum. Molecular dating methods are
used to estimate causal associations between the phylogeny and biogeography of
Ammospermophilus, and the geological and climatic history North American deserts. The
phylogeography of northern and southern clades of A. leucurus is examined along with
ecological niche modeling to construct habitat models exploring population responses to
habitat changes throughout the Pleistocene. Collectively, these analyses allow for a more
complete reconstruction of the biogeographic history of Ammospermophilus in western

North America than has been presented previously.

Materials and Methods

Taxonomic & Genomic Sampling

Tissues were collected from 125 specimens, including representatives of the five
nominal species of Ammospermophilus (Figure 2.2, Appendix A). A subset of these
samples was examined previously (Riddle et al. 2000c) but the current sampling
considerably increases the geographic and taxonomic coverage. | included geographically
widespread and representative samples for A. leucurus (97 individuals, 37 localities), A.
harissii (9 individuals, 3 localities), and A. interpres (9 individuals, 5 localities). Those
species with very restricted distributions, A. nelsoni and A. insularis, are represented by 2
and 3 individuals, respectively. All newly collected individuals were prepared as
museum voucher specimens and deposited in the New Mexico Museum of Natural
History and Science (NMMNH) and tissue samples were deposited in the NMMNH and
the Las Vegas Tissue (LVT) collection at the University of Nevada, Las Vegas

(Appendix A). Because of the taxonomic scope and phylogenetic depth of this project, |
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examined a suite of mitochondrial genes and non-linked nuclear markers with varying
evolutionary rates. Incorporating these different datasets can mitigate stochastic errors
resulting from sample size, gene choice, or taxon choice. To explore the extent of
geographic variation in Ammospermophilus, sequence data was generated from the
Cytochrome Oxidase 3 (CO3) gene and the mitochondrial D-loop (within the control
region — CR) sequences for 125 individuals of Ammospermophilus, including
representatives of all five nominal taxa and two outgroup taxa. Based on previous
molecular research into the higher level systematic relationships within Sciuridae
(Harrison et al. 2003; Mercer and Roth 2003; Herron et al. 2004), representatives of
Cynomys and Xeropermophilus were used as outgroup taxa. In order to examine the
systematic relationships of the divergent lineages within the genus, information from the
CO3 and CR haplotypes were used to guide a sub-sampling design that included the
collection of additional mitochondrial and nuclear sequence data for each major clade
within the phylogeny. We generated 5962 base pairs (bp) of DNA sequence data for
twenty-two individuals of Ammospermophilus and the outgroup taxa, including data from
six protein coding genes. This dataset included two nuclear markers, exon 1 of the
Interphotoreceptor Retinoid-Binding Protein (IRBP — 1087 base pairs) and the
Recombination Activating Gene 2 (RAG2 — 969 bp); three mitochondrial genes,
including Cytochrome Oxidase | (CO1, the putative animal DNA barcoding gene — 691
bp), Cytochrome Oxidase 3 (CO3 — 690 bp), and Cytochrome b (Cytb — 1140 bp); and
two mitochondria-encoded ribosomal genes, the small subunit 12S ribosomal RNA (12S

— 832 bp) and the large subunit 16S ribosomal RNA (16S — 550 bp).
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Laboratory Protocols

For each specimen, total genomic DNA from liver or kidney tissues was extracted
following either a lysis buffer protocol (Longmire et al. 1997) or a Qiagen DNeasy
Tissue Extraction Kit (Qiagen, Inc.). We amplified the seven molecular markers using the
polymerase chain reaction (PCR) with gene specific primers and temperature profiles
(Table 2.1). Double- stranded PCR products were qualitatively examined using a 0.8%
agarose gel with a molecular mass ruler for size comparison. The amplified PCR
fragments were purified using either GeneClean Il Kit (BIO 101, Inc.), Qiaquick PCR
Purification Kit (Qiagen, Inc.) or Exo-SAP IT (USB Corp.), following manufacturers’
protocols. The purified PCR fragments (including both the light and heavy DNA strands)
were sequenced using the ABI PRISM BigDye v.3.1 Cycle Sequencing chemistry
(Applied Biosystems, Inc.), using the sequencing primers identified in Table 2.1.
Unincorporated dye-teminators were removed using Sephedex spin columns (Centri-Sep,
Inc.) and sequence data were generated on either on an ABI 310 or 3130 Genetic
Analyzer (Applied Biosystems, Inc). | unambiguously aligned complementary strands of
each gene using SEQEUNCHER 4.9 (Gene Codes Corp.), followed by manual proofreading.
The protein coding sequences were translated into amino acids using MACCLADE 4
(Maddison and Maddison 2005) and compared to Rattus and Mus to confirm the correct
reading frame and to check for the presence of stop codons.
Phylogenetic Analysis — Multigene Dataset

To examine the species level relationships of all of the nominal species and the major
genetic lineages of Ammospermophilus, maximume-likelihood (ML) and Bayesian

inference (BI) analyses were performed on the combined 5.2 kb dataset. The Akaike
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Information Criterion (AIC; Akaike 1973) implemented in JMODELTEST 0.1.1 (Guindon
and Gascuel 2003; Posada 2008) with default parameters and ML optimizations, was
used to choose the appropriate models of sequence evolution. Recent work has indicated
the superiority of the AIC over hLRT, especially when implementing model-averaged
inference. TREEFINDER (Jobb et al. 2004) was used to perform the ML analyses using the
model chosen in IMODELTEST and calculate bootstrap values after 1000 replicates;
typically, boostrap values > 70 signify a well-supported clade (Hillis and Bull 1993) and |
follow these recommendations when assessing the realiability of a particular clade
reconstructed in the ML analyses.

| used the selected models in MRBAYES 3.1.1 (Huelsenbeck and Ronquist 2001,
Ronquist and Huelsenbeck 2003) for BI, incorporating Bayesian posterior probabilities as
evidence of nodal support. MCMC Bayesian analyses were run for 4x10° generations
using the default parameters of four Markov chains per generation, with random starting
trees and subsequent trees sampled every 100 generations. | assessed the stationarity of
the analyses by examining the stabilization of cold chain likelihood scores and parameter
estimates using Tracer 1.4.1 (Rambaut and Drummond 2007). The convergence of runs
was assessed by examining the posterior probabilities of clades for non-overlapping
samples of trees using AWTY (Wilgenbusch et al. 2004). After excluding those trees
generated during the “burn-in” period prior to stable equilibrium (10000 trees), a 50%
majority-rule consensus tree was generated. The frequency of each recovered clade
represents the posterior probability (PP) of that clade as evidence of support for a
particular node in the analysis. Typically, those nodes with P > 95% indicate significant

support for a particular clade (Huelsenbeck and Ronquist 2001). A clade is considered as
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well-supported only if both the ML bootstrap value and the posterior probability met or
exceeded the values typically indicative of strong support.

Model-based approaches to phylogenetic inference can be problematic if a single
model is used across a multi-gene dataset, especially when including unlinked loci. A
single model may represent a compromise of the properties of the different loci and
inadequately represent each, potentially generating phylogenetic uncertainty (Yang 1996;
Brandley et al. 2005). Mixed-model or partitioned analyses can be used to attempt to
more accurately describe the evolutionary properties of the data, but these approaches can
result in analyses of very reduced datasets with fewer characters available to each
partitioned analysis (Yang 1996; Brandley et al. 2005). To examine the impacts of single
model versus mixed-model approaches to phylogeny estimation, multiple Bayesian
searches were performed: one without data partitions using a single model of nucleotide
evolution (P) for the entire dataset, a second search with two partitions representing the
nuclear and mitochondrial DNA (P,), and a third search that partitioned each of the six
gene regions separately (P;). The notation follows that of Brandley et al. (2005) and
Matocq et al. (2007), where “P” indicates the data partition, followed by a number
indicating the number of partitions in that analysis. Following the methods of Matocq et
al. (2007), the performance of various models of nucleotide evolution was evaluated with
the different data partitions using the AIC (Table 2.2), as implemented in IMODELTEST
1.0 (Posada 2008).

Estimating Divergence Times
The use of molecular clocks and molecular dating techniques has been a contentious

issue in recent evolutionary studies (Hedges and Kumar 2003; Graur and Martin 2004;
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Hedges and Kumar 2004). Advances in this field, including the increased sophistication
of computer algorithms and models with relaxed assumptions about the generality of
molecular rates within phylogenies, has strengthened the case for use of molecular dating
techniques and their utility in unraveling the evolutionary history of organisms. To obtain
divergence time estimates for the 5.2 kb dataset of Ammospermophilus (22 individuals, 5
species), a Bayesian approach was used with an uncorrelated lognormal relaxed clock
model, implemented in BEAST v.1.4.8 (Drummond et al. 2006; Drummond and Rambaut
2007). Given the difficulty in performing these analyses with unlinked markers, the 7-
gene data set was partitioned into three separate alignments: one alignment contained a
concatenated dataset with 4 mitochondrial protein-coding genes and the two ribosomal
genes (all linked within the mitochondrial genome), a second alignment with only the
IRBP data, and a third alignment included the RAG2 sequences. These two nuclear genes
were added as separate unlinked partitions. IMODELTEST (Guindon and Gascuel 2003;
Posada 2008) was used, with AIC parameters, to choose a model of sequence evolution
for each separate alignment as well as to estimate priors for several model parameters
(e.g., gamma shape, GTR substitutions, proportion of invariant sites, etc.). Using the
selected models of sequence evolution, the Yule process of speciation model was used to
set the prior on the tree.

To establish divergence estimates on the nodes in a phylogeny, a method of
calibration for the tree must be set. This calibration point typically involves the use of
fossil data that have been identified as belonging to a specific branch on a tree. For this
phylogeny, Ammospermophilus fossilis was used, identified from the Clarendonian North

American Land Mammal Age (NALMA — 13.6 mya to 10.3 mya) of the Cuyama Valley
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in southern California (James 1963), as the stem node calibration. This fossil was
identified as an ancestral form, though the genus had already taken nearly modern form
by this time (James 1963). While multiple calibration points, (i.e., multiple fossils) can
decrease the errors associated with time estimates on other nodes of the tree, a single
calibration point is minimally required. The proper placement of fossil calibrations is an
important issue (Hedges and Kumar 2004; Ho et al. 2008; Forest 2009).

Within this phylogeny, the Ammospermophilus clade represents the crown group and
the node connecting with the outgroup taxa represents the stem node. By rooting at the
stem of Ammospermophilus, the minimum constraint on the outgroup node is established,
and yields a conservative estimate for minimum divergence time within
Ammospermophilus. If the calibration was placed at the basal node to all
Ammospermophilus, the results would be divergence time estimates that are much older
(Forest 2009). For this analysis, the fossil calibration is placed at the stem node. This
placement is further supported by a Mid-Miocene estimate of the divergence of
Ammospermophilus from the outgroup taxa (Cynomys and Xerospermophilus), generated
from several independent and external fossil calibrations throughout the sciurid
phylogeny (Mercer and Roth 2003). The Markov Chain Monte Carlo (MCMC) chains in
BEAST were run for 4 x 107 generations, sampling every 1000 generations, discarding the
first 4 x 10° (109%) generations as burn-in, before the analysis reaches stationarity.
TRACER (Rambaut and Drummond 2007) was used to ensure proper mixing of the chains
and to ensure that the analyses reached stationarity. To increase the effective sample size
(ESS — the number of independent samples or chain length, excluding the burn-in)

values, the analysis was repeated and the data from the two separate runs were combined.
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Because of the uncertain placement of A. fossilis in relation to the systematic
relationships of extant Ammospermophilus species, two additional calibration methods
were tested to compare divergence estimates within the phylogeny. Using the same
MCMC BEAST method (described above), the fossil calibration was applied to the basal
node (crown group) of Ammospermophilus divergence and divergence dates were
estimated for all other nodes. An independent (non-fossil based) estimation of divergence
dates was performed in which only the Cytochrome b (Cytb) sequence data was used
along with a standard mutation rate of 2%/My (0.01subs/site/My) (Arbogast and
Slowinski 1998). IMODELTEST 0.1.1 (Guindon and Gascuel 2003; Posada 2008), with
default parameters and ML optimizations, was used to choose the appropriate models of
sequence evolution for the Cytb dataset using the AIC (Akaike 1973). This calibration
method included a relaxed clock (uncorrelated exponential) along with a coalescent
model of exponential growth. This MCMC chains in BEAST were run for 4 x 10’
generations with a GTR+/"model of sequence evolution, sampling every 1000
generations, discarding the first 4 x 10° (10%) generations as burn-in. TRACER (Rambaut
and Drummond 2007) was used to ensure proper mixing of the chains and to ensure that
the analyses reached stationarity and determine the amount of burn-in to exclude from the
final analysis.

Phylogeographic & Population Genetic Analyses

The geographic distribution of genetic lineages within Ammospermophilus was
examined by determining the phylogeographic patterns in the wide ranging A. leucurus,
as well as individuals for each of the other nominal species. For these analyses, variation

within a portion of the protein-coding CO3 (691 bp) and non-coding CR (503 bp) from
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the mitochondrial genome was examined. Sequence data was generated for 125
individuals of Ammospermophilus, which included 97 A. leucurus samples taken from
localities throughout the range of this species, as well as 9 A. harrisii, 3 A. insularis, 9 A.
interpres, and 2 A. nelsoni. The major clades within this species were assessed using a
ML phylogenetic analysis with non-parametric bootstrapping (100 replicates; Felsenstein
1985), implemented in TREEFINDER Vv.2008 (Jobb et al. 2004) Additionally, Bayesian
Inference was used, implemented in MrBayes v.3.1.2 (Ronquist and Huelsenbeck 2003)
with posterior probabilities as evidence of support for clades. To identify the most
appropriate model of nucleotide evolution chosen under AIC, IMODELTEST 0.1.1
(Guindon and Gascuel 2003; Posada 2008) was used and default parameters with ML
optimization (Posada and Crandall 1998; Posada and Buckley 2004). These molecular
markers were concatenated and from these initial IMODELTEST analyses, the GTR+I+/"
model of nucleotide evolution was chosen for the combined dataset. MRBAYES was run
for 10 x 10° generations with an initial burn-in of 2 x 10° generations (25,000 trees) with
4 Monte Carlo Markov chains and a temperature value of 0.05 to promote proper
swapping of the chains. As in the multigene phylogenetic analysis, the proper
convergence of runs was estimated by examining the posterior probabilities of clades for
non-overlapping samples of trees using AWTY (Wilgenbusch et al. 2004).

Additionally, | created a median-joining network, produced by the program
NETWORK (Bandelt et al. 1999), to visualize the relationships among haplotypes from all
species. This method addresses the problems found with intraspecific datasets with large
sample sizes and short genetic distances between samples. Median-joining networks are

modified minimum-spanning networks that use a maximum parsimony approach to find
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the shortest possible network to explain the relationships between the individuals
(Bandelt et al. 1999). Based on the results on the phylogenetic analysis, demographic
parameters were estimated for each major geographic cluster of A. leucurus haplotypes.
These parameters include nucleotide diversity (w), haplotype diversity (h), and Tajima’s
D (Tajima 1989). Mismatch distributions, an assessment of the relative frequency of
haplotypes, were created using DNASP 5.0 (Rozas et al. 2003). Based on the results of the
multi-gene and CO3/CR phylogenetic analyses, three geographically structured clades of
A. leucurus were analyzed separately. It is important to estimate these demographic
parameters separately because these genetic lineages may have experienced separate
evolutionary histories ultimately leading to different population genetic patterns.
Ecological Niche Modeling — Current & Paleo-distributions

To explore the generalized distributional changes over time to explore the connection
with the demographic properties in populations since the LGM, ecological niche models
were constructed for each major lineage of Ammospermophilus using occurrence records
and climatic conditions both at present (0 kya) and during the LGM (18 kya). This dataset
included occurrence records of individuals examined in this study (see Appendix A) as
well as a subset of available records listed in MaNIS (http://manisnet.org/). The
maximum entropy method implemented in MAXENT 3.2.1 generates these models
(Phillips et al. 2006a; Phillips et al. 2006b). MAXENT is designed to find distributions
among climatic variables and digital environmental layers to predict logistic non-negative
probabilities based on presence-only occurrence data (Stockman and Bond 2007). Niche
conservatism is the underlying assumption of this method, indicating that the

environmental variables required by the species have remained relatively unchanged over

66



time. This method has been shown to outperform similar habitat estimators (Phillips and
Dudik 2008; Elith and Graham 2009) and has been used in several recent phyloclimatic
studies (Carstens and Knowles 2007; Waltari and Guralnick 2009). The predictions for
this analysis are based on elevation plus a suite of 19 bioclimatic parameters previously
compiled from the WorldClim climate layers (Hijmans et al. 2005; Waltari et al. 2007),
with a 5 km? pixel resolution.

Model calibrations were performed using 75% of the data as a training group and then
the predicted distribution models were tested with the remaining 25% (Evans et al. 2009).
Default parameters were used (500 maximum iterations, convergence threshold of
0.00001, regularization multiplier of 1, 10000 background points) with a random seed,
the removal of multiple presence records from individual cells resulting from many
sampling localities within 5km? (i.e., one pixel), and logistic probabilities for the output
(Phillips and Dudik 2008). A split-sample approach to separate the geographically closest
sample pairs between the training and test groups reduces the effects of spatial
autocorrelation (Fielding and Bell 1997; Parolo et al. 2008).

A complete model (including all 20 variables) was initially run to produce “area
under the receiver operation characteristic curve” (AUC) values for each bioclimatic
parameter. A minimum AUC of 0.75 for the test group is considered the threshold for
good model performance (Elith et al. 2006; Suarez-Seoane et al. 2008; Elith and Graham
2009). Consequently, those parameters with AUC values less than 0.75 were removed.
Reduced models were run using temporal transfer modeling from the current distribution
(Okya) to the LGM (20kya), incorporating information in the Community Climate Model

System Model (CCSM — Otto-Bliesner et al. 2006) and the Model for Interdisciplinary
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Research on Climate (MIROC — Hasumi and Emori 2004). MaxEnt analyses were
performed three separate times using both the CCSM and MIROC climate
reconstructions and the habitat models results from both were averaged, accepting only
those areas that both methods agreed were suitable (Waltari and Guralnick 2009).
Averaging the three independent MaxEnt runs using the Spatial Analyst feature in
ArcGIS produced presence/absence binary habitat models using ArcGIS 9.2 (ESRI Corp.,
Redlands, CA). Because the suitability of the predictive area in the models is based on
chosen cut-off values, the models were evaluated across four logistic thresholds: fixed
cumulative value of 10.0, equal training sensitivity and specificity, equal test sensitivity
and specificity, and equate entropy of thresholded and non-thresholded distributions.
These threshold values were used to assess a range of sensitivities and specificities to
ensure that our model interpretations are robust. Ultimately, the chosen cutoff of suitable
habitat had a fixed cumulative probability of 10, a level that rejects the lowest 10% of
predicted logistic values. This value, though conservative, maintained a low omission rate
(Pearson et al. 2007) consistent with the expectation that the occurrence records contain

georeferencing errors.

Results
Phylogenetic Analyses
The total alignment for phylogenetic analysis contained 5962 nucleotides and
contained complete or near complete portions of 7 genetic loci (3903bp mtDNA [2521bp
mtDNA, 1382bp rDNA], 2056bp nDNA). Initial analyses indicated variable numbers of

informative sites/gene: CO1: 76/557bp; CO3: 115/690bp; Cytb: 173/1143bp; 12S:
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54/832bp; 16S: 36/550bp; IRBP: 43/1087bp; Rag2: 17/969bp. Both ML and BI
phylogenetic analysis of the concatenated dataset resulted in a phylogenetic tree with
several well-supported clades (Figure 2.3). The results were consistent between both ML
and Bl analyses and the three separate partitioned Bl analyses all converged on identical
topologies in the final analyses with similarly well supported nodes. Parameter estimates
for these partitioned Bl analyses are reported in Table 2.2. The phylogenetic tree is
separated into three major lineages. One lineage is composed of A. nelsoni, A. leucurus
samples from northern Baja California and continental populations, and A. harrisii.
Lineages of A. leucurus from southern Baja California form a well-resolved clade with A.
insularis, which is not surprising given results reported previously (Alvarez-Castefieda
2007). A third, well-supported major clade was composed only of A. interpres. All three
major clades are connected via an unresolved basal polytomy. While the monophyly of
Ammospermophilus is clearly supported, the relationship between the three major clades
within this genus is unclear. The unresolved nature of these clades may reflect a real
attribute of the evolutionary history of these lineages, representing a rapid burst of
divergence and diversification in Ammospermophilus. Analyzed separately, the
mitochondrial phylogeny maintains the same topology as the combined mitochondrial
and nuclear phylogeny. Analysis of the nuclear dataset alone confirms the monophyly of
Ammospermophilus, but does not show support for any structure within the genus (results
not shown). Importantly, these data do not conflict with the mitochondrial results.
Divergence Time Estimates

The molecular time estimates within our phylogeny provide plausible divergence time

estimates. A potentially complicating factor regarding the certainty surrounding the
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divergence time estimates also depends on whether the fossil is of an ancestral (i.e.,
extinct) or extant lineage. For any given divergence, the minimum time estimate is
correlated with the age of the geologic formation containing the fossil and the time of
divergence cannot be younger than the age of that calibrated fossil (Hedges and Kumar
2004). Greater accuracy in the molecular time estimates can be obtained with at least one
tightly constrained fossil calibration close to the speciation event and we have a well-
dated fossil of Ammospermophilus. Our divergence estimates represent mean divergence
times for each node surrounded by 95% confidence intervals of certainty.

Divergence time estimates based on the most resolved, concatenated phylogeny of
Ammospermophilus were calculated (Figure 2.4, with 95% confidence intervals). The
fossil history of this genus (based on A. fossilis) is known to extend at least into the
Clarendonian NALMA (13.6 to 10.3 million years ago) of the mid-Miocene (James
1963), so a relaxed clock method was used to conservatively calibrate the stem node of
the phylogeny at 11.14 (95% CI: 9.99 — 13.25) million years ago (my) to capture the
extent of the Clarendonian. This calibration was applied to the stem node of the
phylogeny (Figure 2.4, Node A). A separate model of sequence evolution was applied for
each partition. Mean genetic divergence of the three major clades is estimated to have
occurred at 4.13 my (2.11 — 6.6). The major time of diversification and divergence within
major lineages of Ammospermophilus occurred throughout the Neogene (Figure 2.4,
Table 2.3). The time to the most recent common ancestor (tmrca) of A. interpres is
estimated to have occurred in the early Pleistocene at 2.91 my (0.47 — 3.75). The
divergence estimate between A. nelsoni, with a tmrca of 0.15 my (0.03 — 0.92), and

northern A. leucurus/harrisii is estimated to have occurred at 3.58 my (1.34 — 4.66) and
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the divergence between A. harrisii and the northern A. leucurus is estimated at 2.01 my
(0.95 - 3.69). The tmrca of southern A. leucurus and A. insularis was estimated at 2.52
my (0.99 — 4.25) while the tmrca of A. insularis samples was estimated at 0.64 my (0.02
— 1.13), placing this divergence event near mid-Pleistocene, along with the diversification
of A. nelsoni.

To further examine the robustness of these divergence times, two additional
estimation methods were used. The fossil (A. fossilis) calibration was placed at the base
of the Ammospermophilus diversification (Figure 2.4, Node B) and the analysis was
repeated to estimate divergence time. By changing the calibration point, divergence of
Ammospermophilus from the outgroup taxa was estimated to have occured at 25.21 my
(95% CI: 11.19 — 41.24 mya). The divergence of several nodes within the phylogeny
have been pushed farther back in time (Table 2.3), but many of the dates are close to the
estimates generated with the placement of fossil calibration on the stem node. An
additional method of molecular dating incorporated a Cytb relaxed clock method
(2%/my) without the reliance on a fossil calibration to estimate the coalescence dates of
each of the major nodes in the phylogeny. This method indicated a high level agreement
with the placement of the fossil calibration at the stem node of the phylogeny (Figure 2.4,
Node A), indicating that Ammospermophilus diverged from the outgroup taxa at
approximately 12.45mya (6.21 — 23.68). This method also indicated a basal divergence
among the major Ammospermophilus lineages at 5.13 mya (1.19 — 5.18), again consistent
with the placement of a fossil calibration at the stem node of the phylogeny (Table 2.3).
Pairwise sequence divergence within Cytb was calculated between each of the major

lineages (Table 2.4) providing additional evidence for the relatedness among these
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lineages. These comparisons indicate 3-4% divergence between the major clades of
Ammospermophilus, consistent with interspecific genetic distances in a variety of
mammalian taxa (Bradley and Baker 2001). The divergence values calculated between A.
harrisii, A. nelsoni and northern A. leucurus or between A. insularis and southern A.
leucurus are less than 2%, often indicative of intraspecific variation (Bradley and Baker
2001). While there is some disagreement among the exact divergence time estimates for
many nodes across these three calibration methods, there is a high degree of overlap of
many of the divergence ages, especially given the confidence intervals. This suggests that
the divergence estimates are fairly robust and accurately reflect the evolutionary history
of Ammospermophilus.
Phylogeographic Patterns

The HKY+1+/"model of nucleotide evolution was chosen for the combined CO3 and
CR dataset (-InL = 55965.4746) with a proportion of invariant sites = 0.4770, a gamma
shape parameter (o) = 0.4710, kappa = 10.5547 and the following base frequencies: A =
0.3063, C =0.2611, G = 0.1197, and T = 0.3130. For the molecular markers, the numbers
of informative sites/gene were 130/691bp for CO3 and 114/503 for the CR. Analyses of
the phylogeographic patterns of the CO3 and CR sequence data indicate a significant
amount of phylogeographic structure within Ammospermophilus. The phylogenetic
relationships within this dataset (Figure 2.5A, Figure 2.6) are consistent with the
multigene dataset (Figure 2.3), recovering the same three well-supported major lineages
of A. interpres (interpres clade), A. insularis + A. leucurus (southern leucurus clade), and
A. harrisii + A. nelsoni + A. leucurus (from the continental US) + A. leucurus (from

northern Baja California). The distribution of sampling localities for the expanded
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mtDNA dataset is shown in Figure 2.5B. This phylogeny indicates A. harrisii is
polyphyletic. Samples of A. harrisii collected from Sonora, Mexico and one sample from
eastern Arizona are basal to a clade that contains all other A. harrisii as well as A. nelsoni
and the two geographically separate clades of A. leucurus. Western samples of A. harrisii
were not included in the multigene dataset (Figure 2.3). Samples of A. insularis were
nested within the southern leucurus clade (Figure 2.6). Relationships between samples
within each of the three major clades lack resolution (based on posterior probabilities and
bootstrap values), indicating the relatively recent diversification within each lineage,
despite the use of the more rapidly evolving mitochondrial control region. These results
are consistent with the three major clades reported in Riddle et al. (2000c) based on only
CO3 mtDNA sequences. However, this previous dataset did not include representatives
of A. nelsoni or northern A. leucurus from the Great Basin.

Haplotypes within each major lineage of Ammospermophilus reveal a more consistent
geographic picture of each of the major lineages. The haplotype network (Figure 2.5C)
indicates several conserved and geographically separated haplotypes in southern Baja
California, northern Baja California, and the continental US. While fewer samples are
represented for each of the other nominal species and the haplotype network indicates
multiple haplotypes within each of these species. Each of the major lineages is recovered
in the haplotype network and it also indicates a separation within A. harrisii (Figure
2.5C). This pattern is consistent with separation of A. harrisii samples in the phylogenetic
tree (Figure 2.7). The haplotype network supports the close relationship between A.

insularis and southern Baja California leucurus.

73



Population Genetic Patterns

The population genetic patterns within each of the major geographically restricted
lineages of A. leucurus were assessed for the combined CO3 and CR dataset. Three
distinct lineages within A. leucurus are evident in the phylogenetic and haplotype
network analyses. These lineages correspond to the continental US (Figure 2.6, Clade A),
northern Baja California (Clade B), and southern Baja California (Clade C).
Demographic parameters were calculated for each clade separately, but all show similar
results. These values indicate (Figure 2.7) each clade has low nucleotide diversity (A:
0.0019, B: 0.00319, C: 0.00315), high haplotype diversity within the Baja California
populations (B: 0.889, C: 0.805) and moderately high haplotype diversity within the
continental US populations (A: 0.616). Additionally, Tajima’s D values for each of these
clades was significantly negative (A: -2.16215, B: -1.87675, C: -2.16208). The estimate
of Tajima’s D compares the average number of pairwise polymorphisms against a null
model of neutral evolution (Tajima 1989). Significantly negative values provide evidence
of population expansion. Collectively, the demographic properties of these lineages
suggest that the all populations of A. leucurus have undergone recent expansions from
smaller ancestral populations leading to an excess of low frequency polymorphisms.
Mismatch distributions of haplotypes from each lineage also were used to test the
stability of each clade. These distributions analyze the empirical pairwise frequency
differences of haplotypes against a Poisson distribution of expected frequencies. These
analyses (Figure 2.7) indicate a unimodal distribution of haplotypes for all three clades.
This is consistent with the demographic parameters and with a model of recent

demographic expansion. These results are somewhat consistent with the data reported by
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Whorley et al. (2004), who found evidence of population expansion two clades of A.
leucurus, though their analyses grouped samples from northern Baja California and the
continental US together. While my analyses indicate that all lineages of A. leucurus have
recently expanded, the geographic separation of northern Baja California samples from
continental US samples seems warranted given the results of both the phylogenetic
analyses and the haplotype network. These lineages may have collectively experienced
population expansion, but from different refugial areas and at different rates over time.
Ecological Habitat Models

The phylogenetic and phylogeographic analyses of our data indicate a divergence of
major lineages within Ammospermophilus into three well-supported clades (interpres,
leucurus north, and leucurus south). Given the allopatry of the lineages and individuals
within each of these clades, separate habitat models were generated for each. Occurrence
records were partitioned by clade and geographic location and there was no overlap of the
samples into these three separate models. In addition to the samples used in the genetic
portion of this study, occurrence records from MaNIS were also included. We assigned
44 records to the interpres clade, 255 records to the leucurus north clade, and 50 records
to the leucurus south clade.

The results of all models were significantly better than random samples (AUC = 0.5)
in receiver operating characteristic analyses (interpres clade: training AUC = 0.977, test
AUC = 0.962; leucurus north clade: training AUC = 0.960, test AUC = 0.950; leucurus
south clade: training AUC = 0.996, test AUC = 0.995). For the leucurus north clade, the
present-day habitat model (Figure 2.7A) indicates continuous, high quality habitat from

central Baja California north throughout the Mojave and Great Basin, into the Great
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Central Valley of California, and onto the Colorado Plateau. Lower quality habitat
extends into the Sonoran and even a portion of the Chihuahuan deserts. The present-day
model for the leucurus south clade (Figure 2.7C) indicates continuous high quality
habitat is restricted to the southern half of Baja California and to the coastal continental
Sonoran Desert, owing in large part to the floral similarity of these areas. The Peninsular
Desert (as recognized by Riddle et al. 2000) was originally considered a component of
the Sonoran Desert based on these similarities (Shreve 1942; MacMahon 1988). The
present-day model for the interpres clade (Figure 2.7E) indicates that appropriate habitat
is distributed throughout the Chihuahuan Desert, concentrated in the northern extent of
the range. Additional areas of suitable habitat extend onto the Colorado Plateau and along
the Mojave/Great Basin boundary. For the most part, the high-quality habitat represented
in the present-day models for each of these three clades correctly captures the current
distribution of individuals and currently recognized species in each clade.

The reconstructions of paleo-habitat models (paleo-models) for each of the three
well-supported clades of Ammospermophilus during the last glacial maximum (LGM)
predicted an overall loss of suitable habitat for each of these clades. These models
suggest that the high-quality habitat for northern leucurus (Figure 2.7B) was significantly
compressed to central Baja California and the Mojave in southern California, with some
residual pockets within the more widespread current day distribution model. The southern
leucurus clade (Figure 2.7D) was similarly compressed within the southern extent of the
Baja California Peninsula, but much less so owing to the restricted land area that is
available, regardless of environmental conditions. The paleo-model for the interpres

clade was the most significantly compressed during the LGM. While the present-day
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model for this clade indicated a fairly widespread distribution, the paleo-model indicates
a much smaller area of suitable habitat (regardless of quality) in the southern Chihuahuan
Desert. Some formerly unsuitable areas in this region become habitable during this period
of extreme environmental changes. Each of these major clades is represented by
substantial reductions in available habitat and we regard the high-quality areas
represented by the paleo-models for the northern and southern leucurus and interpres
clades as putative refugial areas during the LGM. These models are consistent with the
results of the population genetic analyses of the leucurus clades, indicating a restriction
of overall habitat and a concomitant reduction in population sizes. The suitable habitat
has since expanded throughout the desert regions of western North America following the
retreat of the glaciers, which is consistent with genetic properties of A. leucurus that

indicate recent rangewide population expansion.

Discussion

Ammospermophilus, widely distributed throughout the aridlands of western North
America, presents an assemblage of geographically isolated species and populations
appropriate for examining the historical biogeography of this region and the evolution of
North American deserts. The age of this genus and its long association with the evolution
of the regional deserts makes it especially attractive for examining the patterns of
divergence, dispersal, and diversification in this region. The patterns of evolutionary
divergence appear consistent with a late Miocene timeframe, with a basal divergence of
Ammospermophilus into three major lineages (Figure 2.4), prior to the expansion of a

semi-desert ecosystem during the Pliocene. There is additional geographic structure
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within each of these lineages, though this structure is not well defined with the current
phylogenetic analyses. Divergence estimates within each of these lineages suggests a near
simultaneous diversification, coincident with dynamic alterations in the landscape of
western North America and the formation and of the regional deserts during the late
Neogene. The molecular time estimates within the phylogeny provide plausible
divergence estimates within Ammospermophilus and many of these values are robust
across calibration methods (Table 2.3). Given the complex geological history of western
North America and the cyclical nature of patterns of dispersal and vicariance, it is likely
that the dated phylogeny accurately captures the extent and timing of the major
divergences within Ammospermophilus.

Ammospermophilus leucurus, as currently recognized, represents a geographically
structured polyphyletic species forming at least three distinct lineages. These results
indicate that a basal polytomy exists between the three major clades of
Ammospermophilus that complicates the phylogenetic history and current taxonomic
assignments of these lineages. Within A. leucurus, geographically structured lineages
correspond to the continental US (north of the Baja California peninsula), northern Baja
California, and southern Baja California (Figures 2.5 & 2.6). The Baja California lineages
are separated in the mid-peninsular region. This separation, detected previously in
Ammospermophilus (Riddle et al. 2000c), is similar to patterns of mid-peninsular
divergence detected in a suite of other taxa, including mammals (Riddle et al. 2000a, b;
Alvarez-Castafieda and Patton 2004; Whorley et al. 2004; Bell et al. 2009), birds (Zink et
al. 2001; Zink 2002), reptiles (Upton and Murphy 1997; Lindell et al. 2005; Douglas et

al. 2006; Leaché et al. 2007; Leaché and Mulcahy 2007), amphibians (Jaeger et al. 2005),
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spiders (Ayoub and Reichert 2004; Crews and Hedin 2006), and plants (Garrick et al.
2009), as well as fish species bordering the peninsula (Bernardi and Lape 2005; Reginos
2005). These taxa consistently support a mid-peninsular vicariance event that may have
result of a hypothesized Vizcaino Seaway during the late Miocene or early Pliocene
(Upton and Murphy 1997; Riddle et al. 2000c; Whorley et al. 2004). This hypothesized
vicariant event has been a topic of contention because there is no conclusive geological
evidence for its existence (Crews and Hedin 2006; Lindell et al. 2006). Even with the
absence of geological data, there still exists a strong set environmental factors driving
divergence in this area, potentially including geological forces (e.g., periodic
submergence of the central peninsula) and abrupt ecological and climatic barriers
(Grismer 2000, 2002).

The isolation of A. interpres in the Chihuahuan Desert, the easternmost component of
the North American deserts, represents a divergent lineage driven by the uplifting Sierra
Madre Occidental and the Central Mexican Plateau during a mid-Miocene (ca. 11 mya)
timeframe (Coney 1983). This period coincides with the expansion of regional deserts in
the latest Miocene (Axelrod 1979; Webb 1983) and with the divergence time estimates
for the basal divergence in Ammospermophilus (Figure 2.4). Associated with the
Chihuahuan Desert and subsequent to the uplift of the Sierra Madre Occidental, a series
of filter-barriers drive divergence and maintain genetic separations between taxa that
share a Sonoran-Chihuahuan dispersal history. While these two regional deserts are
separated by the Sierra Madre Occidental, taxa endemic to these regions meet in a low-
elevation northern gap, known as the Cochise filter-barrier (Morafka 1977) in the

Deming Plains in southern Arizona/New Mexico. In the southern Chihuahuan Desert, the
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Southern Coahuila filter-barrier is formed by the Rio Nazas and Rio Aguanaval in the
west and the Laguna Mayran and an extension of the Sierra Madre Oriental in the east
(Baker 1956; Baker and Greer 1962; Peterson 1976; Schmidly 1977). This barrier has
proven to be an important factor is shaping the distributions of mammals in this region
(reviewed in Hafner and Riddle 2009). Such barriers are characterized by their dynamic
nature in response to climatic conditions and their effectiveness as gateways to dispersal
and subsequent vicariant barrier to gene flow. While the Cochise filter-barrier begain its
initial formation near the Oligocene-Miocene boundary (23 mya) with the same
geological forces that initiated the uplift of the Sierra Madre Occidental, it has
experienced periods of environmental change that have repeatedly opened and shut this
gateway to dispersal (Hafner and Riddle 2009).

The evolutionary histories of A. harrisii and A. nelsoni are closely tied to the
diversification of northern populations of A. leucurus and likely diverged in the early
Pliocene into western (nelsoni) and eastern (leucurus/harrisii) lineages in the vicinity of
the Salton Trough around 5 mya (Boehm 1984; Bell et al. 2009). This timeframe is
consistent with the divergence time estimates for the divergence of these taxa (Figure 2.4,
Node C). This phylogenetic and geographic separation within A. harrisii may represent
distinct lineages or perhaps an ancient mitochondrial capture or introgression event
between populations of A. harrisii that contact with populations of A. leucurus. The
Colorado River in southern Arizona represents the current distributional limit between
the eastern extent of A. leucurus and the western extent of A. harrisii. Detailed sampling
throughout the distribution of this species as well as examination of nuclear DNA will

enable a more thorough examination and explanation of these patterns, including the

80



possibility of mitochondrial gene capture. This ancient introgression could then become
widespread across northern populations of A. harrisii over time, allowing further
geographic structuring within this species. A similar pattern of possible polyphyly within
A. harrisii was suggested (with limited support) by previous molecular analyses (Herron
et al. 2004), though additional data are needed to appropriately address the phylogenetic
structure in this species and differentiate between the alternative hypotheses.

The San Joaquin Valley, at the southern end of the Central Valley in California, a
remnant of a pre-Pliocene marine embayment, was completely separated from the Pacific
by the early Pliocene (Dupré et al. 1991). The habitats for A. nelsoni have probably
expanded and contracted as a result of climate fluctuations, but this lineage has likely
remained isolated at or near its current distribution since the initial separation. Rampant
agricultural development in this area is reducing the already reduced available habitat for
many species in this region, so A. nelsoni may be the most threatened and endangered
species in the genus.

Quaternary Climate Change and Genetic Consequences

Post-glacial range expansion and dispersal can take place in a number of different
ways and the models of these processes take into account the effects of the dispersal
processes on genetic diversity. When species expand on a unified front, there is weak
genetic differentiation during range expansion without a loss of genetic diversity. This
pattern is often characteristic of species with wide ecological tolerances. Alternatively, a
stepping-stone model of expansion is characterized by the exchanges of individuals
between neighboring populations while a normally-distributed leading edge dispersal

model can result in a pattern in which many individuals disperse short distances, fewer
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individuals disperse intermediate distances and more disperse long distances (Ibrahim et
al. 1996). These last two models of dispersal lead to a loss in genetic diversity
(homogeneity) during expansion and they are characteristic of species that colonized
areas following glacial retreat (Hewitt 1996, 2004).

The genetic patterns evident in the geographically distinct leucurus lineages represent
similar responses to the climatic fluctuations associated with the last glacial maximum
(LGM) at 18 kya and subsequent glacial retreat beginning at approximately 10 kya.
Based on the results of both the ecological niche models as well as the population genetic
parameters, we can more fully explore the population responses to these climatic cycles.
The southern leucurus lineage is confined to the southern half of the Baja California
Peninsula and the LGM paleo-distribution exhibits signatures of glacial compression.
This clade exhibits genetic signatures of population compression during the LGM,
including low levels of nucleotide diversity and high levels of haplotype diversity,
hallmarks of rapidly expanding populations (Grant and Bowen 1998). Detailed
examination of the phylogenetic relationships of this clade indicates that there is little or
no significant genetic structure among samples in the southern peninsula with the
available data. The insularis haplotypes, while monophyletic, are nested within the
southern Baja California leucurus lineage (Figures 2.5 & 2.6). An previous analysis of
the Ammospermophilus from the islands of Espiritu Santo (A. insularis) and San Marcos
(A. leucurus extimus) in the Sea of Cortez did not indicate that these populations were
sufficiently distinct, either genetically or morphologically, to warrant specific recognition

(Alvarez-Casterieda 2007).
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The northern leucurus clades are much more widespread throughout the northern half
of the Baja California Peninsula as well as throughout the Mojave, Great Basin and onto
the Colorado Plateau in western North America. Each of these lineages experienced
separate demographic histories over the last several thousand years in response to
climatic oscillations. Currently, A. leucurus extends well into the northern extent of the
Great Basin in southern Oregon, though its fossil history suggests it reached a northern
limit in Washington as recently as the Pliocene (Gustafson 1978). Additional fossil
remnants also exist in eastern Oregon (Black 1963), also well outside of the current
distributional limits of this species.

While the phylogeographic and demographic history of A. interpres was not explicitly
analyzed, this species likely experienced a similar patterns of habitat and population
contraction and expansion in response to glacial cycles throughout the Pleistocene
(Figure 2.8F). Within the Chihuahuan Desert, populations are structured by a set of major
river barriers, including the Rio Conchos, running from the Sierra Made Occidental east
towards the Rio Grande, which run north-south from northern New Mexico to the Gulf of
Mexico. Additionally, the Southern Coahuila filter barrier in the southern Chihuahuan
acts as an intermittent barrier as a response to pluvial and interpluvial cycles. The
ecological habitat models indicate a severe compression of the distribution of A. interpres
into the southernmost Chihuahuan in the vicinity of this southern filter-barrier.

The biogeographic history of Ammospermophilus represents a dynamic set of events
leading to a complex set of phylogenetic and phylogeographic patterns. The deeper
divergences within this taxon represent Pliocene divergence of each of the major lineages

coincident with the continued aridification and regionalization of the deserts in western
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North America. The demographic patterns within these lineages, particularly in A.
leucurus and likely within all of the widespread species (harrisii and interpres), represent
responses to ongoing climatic oscillations. These climate cycles and the resulting glacial
cycles caused contractions of habitats and resident species as they tracked those habitat
changes. Demographic parameters reveal patterns of recent population expansion in
response to glacial retreat, consistent with a hypothesis of glacial refugia for widespread

species.
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Table 2.3: Estimated divergence dates for each node depicted in Figure 2.4 based on

three calibration methods: fossil calibration placement at node A, fossil calibration

placement at node B, and calibration using only Cytochrome b data with a mutation rate

of 2% per million years.

Divergence Time (mya)
95% Cl
Calibration A B Cytb
fossil fossil 2%/ My
Node
A 11.14* 25.21 12.45
(9.99 - 13.25) (11.19 — 41.24) (6.21 — 23.68)
B 4.13 11.77* 5.05
(2.11-6.6) (10.1-13.37) (1.19 - 5.18)
C 3.58 5.08 1.05
(1.34 - 4.66) (2.22 -8.21) (0.48 — 1.95)
D 2.91 2.37 0.53
(0.47 —3.75) (0.5-5.02) (0.03-0.76)
E 2.52 4.17 0.63
(0.99 — 4.25) (1.6 —7.34) (0.13 - 1.16)
F 2.01 3.42 1.05
(0.95-3.69) (1.33-5.83) (0.48 —1.95)
G 0.64 0.85 0.27
(0.02 - 1.13) (0.05 - 2.31) (0.0-0.38)
H 0.15 1.05 0.54
(0.03-0.92) (0.09-2.78) (0.0-0.51)
| 0.17 0.64 0.06
(0.01-0.98) (0.04 — 1.68) (0.0-0.19)

101



Table 2.4: Table 2.4. Pairwise uncorrected sequence divergence values for each major

lineage depicted in Figure 2.4, based on Cytochrome b sequence data.

Pairise Cytb Sequence Divergence

uncorrected p-distance

harrisii  insularis interpres nelsoni leucurus
north

harrisii -
insularis 0.034 -
interpres 0.041 0.043 -
nelsoni 0.017 0.030 0.041 -
leucurus north 0.012 0.032 0.040 0.015 -
leucurus south | 0.035 0.019 0.045 0.031 0.034
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Figure Legends
Figure 2.1: Map depicting the distribution of North American Deserts (Chihuahuan,
Great Basin, Mojave, Peninsular, and Sonoran) and some associated aridlands (Apache
Highlands and Central Valley) in western North America (based on Shreve 1942, Hafner

and Riddle 1997, and Riddle et al. 2000).

Figure 2.2: Map depicting the distribution of each species of Ammospermophilus
(colored areas) superimposed on the North American deserts (grayscale). Asterisks
represent pre-Holocene fossil deposits within the current distribution of the genus: white
asterisk indicates the oldest known fossil, A. fossilis, in Cuyama Valley, CA; black

asterisk indicates a separate fossil locality Baja California Sur, Mexico (A. jeffreisi).

Figure 2.3: ML and BI Phylogenetic tree depicting the relationships of all the major
lineages of Ammospermophilus, based on seven genes (3 mtDNA, 2 rRNA, 2 nDNA:
5962 total base pairs). Asterisks represent nodes with a Bl posterior probability >0.95 and

a ML bootstrap value >70%. Horizontal dashed lines separate the 3 major clades.

Figure 2.4: ML/BI phylogenetic tree depicting the divergence dates of each major
lineage of Ammospermophilus. Arrows at nodes A and B represents alternative
placements of the fossil (A. fossilis) calibration. Numbers below each node represent
divergence time estimates (mya) based on the fossil calibration placed at node A (grey
bars represent the 95% confidence intervals surrounding each estimate). Numbers above

each node represent divergence time estimates based on the fossil calibration placed at
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node B (no confidence intervals are indicated for these values. Geologic time scale and
branch lengths correspond to fossil calibration at node A. Node letters correspond to

divergence time estimates listed in Table 2.3.

Figure 2.5: Results of the phylogeographic analysis of Ammospermophilus samples
based on mitochondrial CO3 and Control Region data (all haplotypes represented). A —
Bayesian Inference tree depicting relationships between all haplotypes sampled across the
range of all species. Asterisks represent nodes with posterior probabilities > 0.95. B —
collection localities for all samples. C — median-joining network depicting the
relationship between haplotypes of all samples. Branch lengths are proportional to
number of differences (except where indicated by hash marks). Circle size is proportional
to the number of each haplotypes. Colors in each figure represent each species: orange -

leucurus, light blue - interpres, red - insularis, green - nelsoni, dark/light blue - harrisii).

Figure 2.6: ML phylogenetic trees showing the relationships of mtDNA haplotypes
(mitochondrial CO3 + Control Region) in the mainland US (A) and northern Baja
California (B) and southern Baja California (C) leucurus clades. Horizontal dashed lines
indicate location of each major lineage. Though resolved trees are shown, nodes are well
supported (>0.95 Bayesian posterior probability, >70% ML bootstrap) only if denoted by

an asterisk.
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Figure 2.7: Mismatch distributions (expected — red; observed — blue) representing the
haplotype frequency distribution of the three major lineages of Ammospermophilus
leucurus: mainland US (A), Baja California north (B) and Baja California south (C)
clades. X-axis = pairwise haplotype differences; Y-axis = frequency of each haplotype.
Each mismatch distribution corresponds to the populations depicted in Figure 2.6 (clades
A, B, and C). Insets include nucleotide diversity (=), haplotype diversity (h), and
Tajima’s D statistics. Unimodal mismatch distributions, high haplotype diversity, low
nucleotide diversity, and significantly negative values of Tajima’s D, consistent across all
three geographically distinct population sets, are characteristic of recently expanding

populations.

Figure 2.8: Ecological niche models of predicted distributions based on current climatic
conditions (present-day) for A — northern leucurus clade, C — southern leucurus clade,
and E — interpres clade. Ecological niche models of predicted distribution at the last
glacial maximum (18k ybp) for B — northern leucurus clade, D — southern leucurus clade,
and F — interpres clade. The grayscale shading represents the probability of occurrence,
with the darkest color (black) indicating most suitable predicted habitat and the lightest
shading (light gray) indicating least suitable predicted habitat. A probability of

occurrence less than 5% is indicated by the white areas and represents unsuitable habitat.
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Figure 2.1
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Figure 2.2
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Figure 2.3
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Figure 2.6
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CHAPTER 3
INTEGRATING PHYLOGEOGRAPHY AND POPULATION GENETICS WITH
ECOLOGICAL NICHE MODELING ACROSS A CONTINUOUS
LANDSCAPE IN A DESERT BAT (PIPISTRELLUS HESPERUS)
Introduction

The geographic distributions of organisms are shaped by their abilities to adjust to
dynamic and often unpredictable biotic and abiotic environments, including a history of
geologic and climatic changes. In western North America, where deserts currently
occupy close to two million square kilometers, the glacial cycles that occurred throughout
the late Pleistocene directly affected population connectivity and gene flow, and thus the
evolutionary trajectories of the resident taxa. Within the North American deserts, many
taxa experienced high levels of initial divergence prior to the Pleistocene (Miocene and
Pliocene) and subsequent population diversification during the Pleistocene (Riddle 1995;
Hafner and Riddle 1997). The Pleistocene is characterized by repeated isolation and
reconnection of populations as well as distributional changes as a result of climatic
changes associated with the expansion of xeric habitats that occurred following the last
glacial maximum (LGM) at approximately 18,000 years ago (Pielou 1991).

We now have powerful genetic methods for inferring the evolutionary history and
dynamics of gene flow among populations and metapopulations across the distribution of
species. Phylogeography is an approach in historical biogeography that seeks to
reconstruct the evolutionary and ecological histories of taxa and biotas, often at relatively
recent temporal (e.g., thousands to several millions of years) and relatively small (e.g.,

intra-continental) spatial scales. By comparing the geographic distribution of genetic
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lineages within co-distributed species, we can develop and test plausible hypotheses as to
the overall importance of biogeographic factors that have shaped current species
distributions and patterns of diversification (Riddle et al. 2000c; Arbogast and Kenagy
2001; Riddle and Hafner 2006).

Most recently, molecular sequencing techniques have allowed even more thorough
investigations of the phylogeography of desert taxa in western North America (reviewed
in Riddle and Hafner 2006c). This region presents particularly interesting abiotic
challenges to widespread species because there are both warm (Chihuahuan, Mojave,
Sonoran, Peninsular) and cold (Great Basin) deserts, as well as associated semi-arid
regions that contain an array of varied desert environments with an equally broad array of
environmental and physiological challenges (Bradley and O'Farrell 1969; Walsberg 2000;
Tracy and Walsberg 2002). Most of these analyses have focused on taxa distributed
primarily in the warm deserts. These include mammals (Riddle et al. 2000a, b; Riddle et
al. 2000c; Alvarez-Castafieda and Patton 2004; Bell et al. 2009; Jezkova et al. 2009),
birds (Zink et al. 2001; Zink 2002), reptiles (Upton and Murphy 1997; Lindell et al. 2005;
Douglas et al. 2006; Leaché et al. 2007; Leaché and Mulcahy 2007), amphibians (Jaeger
et al. 2005), spiders (Ayoub and Reichert 2004; Crews and Hedin 2006) and plants
(Nason et al. 2002; Garrick et al. 2009) as well as fish species bordering warm desert
regions (Bernardi and Lape 2005; Reginos 2005).

Comparative analyses of multiple taxa in the deserts of western North America have
identified a mosaic of differing genetic relationships within and between major
geographic areas (Figure 3.1), including both shared and differential responses to a suite

of postulated isolating events. The complexity is probably a consequence of the differing

115



abilities of different species to disperse across putative isolating barriers. Absence of
genetic differentiation across the range of a species could result if a species was not
influenced by a particular barrier. This pattern has been reported, for example, for species
of desert birds (Polioptila melanura — Zink et al. 2001) and bats (Myotis californicus —
Rodriguez and Ammerman 2004). One of the most pervasive patterns of divergence
occurs between southern and northern populations on the Baja California Peninsula (PS
vs. PN; Figure 3.1), even when there is little or no structure between additional
populations in the continental regions (e.g., Ammospermophilus — see Chapter 2;
Campylorhynchus brunneicapillus, Auriparus flaviceps — Zink 2001; Dipodomys
merriami —L.F. Alexander, pers. comm.,). This division is often attributed to one or more
mid-peninsular Vizcaino seaways hypothesized to have existed sometime between ca. 4 —
1 mya (Upton and Murphy 1997; Riddle et al. 2000c; Lindell et al. 2006).

In certain species, western continental desert populations have been separated from
eastern continental desert populations as a result of the uplift of the secondary Sierra
Madre Occidental and the Mexican Plateau, ca. 10-5 mya, creating a significant genetic
separation across these regions (Coney 1983; Riddle and Hafner 2006). Many widespread
taxa exhibit significant genetic structure across all of these major isolating barriers, and
those that occur into the cold deserts of the Great Basin and Colorado Plateau may show
additional splits as well. There are also co-distributed taxa that appear to not fit these
general patterns or have responded to varying degrees to some or all of these and other
isolating events, creating unique patterns (e.g., lizards in the genus Xantusia — Sinclair et

al. 2004; spiders in the genus Agelenopsis — Ayoub and Reichert 2004).
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The western pipistrelle (Pipistrellus hesperus), a bat in the family Vespertilionidae,
represents an additional species to add to the growing comparative framework for
examining the embedded phylogeographic structure of biotas within the North American
deserts. The western pipistrelle is restricted to the aridlands of western North America,
distributed broadly across both the warm and cold deserts (Fig. 3.2). This species extends
into the semi-arid habitats west of the Sierra Nevada Mountains in California, south into
the subtropical deciduous thorn scrub forests in western Mexico, east onto the Colorado
Plateau in Utah, Colorado and New Mexico, and southward into the states of Guerrero
and Hidalgo in south-central Mexico (Hall 1981). This insectivorous species is the
smallest bat in North America and is generally confined to desert mountain ranges and
canyon-lands where roost sites are abundant (Findley and Traut 1970; Kuenzi et al.
1999). Recent work (Hoofer and VVan Den Bussche 2003, 2006) suggested that the two
New World species of Pipistrellus (P. hesperus in western North America and P.
subflavus in the east) do not share a most recent common ancestor with a diverse
assemblage of Pipistrellus species in other biogeographic regions or with each other. The
authors recommended a taxonomic revision of the genus that included placing P.
hesperus in the genus Parastrellus and P. subflavus in the genus Perimyotis (Hoofer and
Van Den Bussche 2006). However, for simplicity and because the higher level
relationships and taxonomy of vespertilionid bats and Pipistrellus (sensu lato) are not
well resolved, Pipistrellus hesperus is used herein.

The western pipistrelle has been traditionally considered a single species but exhibits
identifiable patterns of coloration and size variation across its range. Based on a

morphological analysis of individuals collected across the entire range (Findley and Traut
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1970), there is a separation into eastern (P. h. hesperus) and western (P. h. maximus)
subspecies at the continental divide (roughly at 110° W, between New Mexico and
Arizona and south into Mexico). Population substructure has been correlated with
morphological differentiation in bats (Miller-Butterworth et al. 2003), and so the
morphological patterns in P. hesperus may indicate underlying genetic differentiation
between populations.

Populations of P. hesperus in the southwest deserts were postulated by Findley
(1969) to have been divided into an eastern Chihuahuan and a western Sonoran refugium
during the LGM, coupled with population expansions following glacial retreat. While
such LGM isolation may represent the deepest divergence within P. hesperus (Findley
and Traut 1970), divergences in several co-distributed vertebrates have been estimated to
have occurred much earlier in the Miocene or Pliocene (reviewed in Riddle and Hafner
2006b). These deeper divergences could have been driven by the formation of the
regional deserts during these earlier times. Ultimately, by examining the phylogeographic
patterns within P. hesperus, this study will add another component to the comparative
phylogeography of western North American desert vertebrates.

Obijectives

Geographic differentiation within P. hesperus was evaluated using a combination of
phylogeographic and population genetic analyses along with ecological modeling of
shifting habitats. This approach was be applied to examine populations collected across
much of the range of this species to better understand the relative roles of dispersal,
vicariance, and range-shifting in shaping geographic patterns of genetic structure and

differentiation. This approach integrates ecological niche modeling with phylogeographic
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analyses to: 1) examine the overall phylogeographic patterns of genetic diversity; and 2)
assess the distributional shifts of this species, including signatures of post-Pleistocene
range expansion, to late Pleistocene and Holocene changes in habitats. This research adds
to growing body of research that focuses on the regional phylogeography of North
American desert bats: Myotis (Rodriguez and Ammerman 2004); Antrozous (Weyandt
and Van Den Bussche 2007), and a cadre of other members of an aridlands biota
(reviewed in Riddle and Hafner 2006).
Hypothesis Testing

A series of nested hypotheses have been developed that span the potential temporal
breadth of biogeographic and evolutionary history of P. hesperus across a late Neogene
(e.g., Plio-Pleistocene) timeframe. These hypotheses recognize that the distributions and
diversification of taxa within western North America have been generated through a
complex set of multiple vicariance and dispersal events, influenced by the climatic cycles
during this period. Across the distribution, a widespread P. hesperus lineage may never
have been completely separated by a barrier, maintaining widespread gene flow.
Alternatively, a widespread lineage could have responded to deeper divisions (>1-5 mya)
across the deserts, with extant population and phylogeographic structure retaining
signatures of these Neogene divergences (i.e., vicariance of widespread taxa), in accord
with the generalized history postulated in Figure 3.3. The null fragmentation hypothesis
(Figure 3.3a) depicts the fragmentation of a single widespread ancestral population, and
is consistent with a pattern of no correlation between geographic and genetic distances,
and constant population size through time. Nested within this long-term history of

possible vicariance, P. hesperus lineages may also retain signatures of Pleistocene range
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expansion out of multiple refugia (Figure 3.3b). If P. hesperus has responded to various
biogeographic events, we can expect this species to show phylogeographic structure and
genetic divergence between populations, in contrast to the expectation of a correlation of
flight ability with lack of genetic divergence (Lloyd 2003). Following a hypothesis of
“leading edge expansion,” (Hewitt 2001) southern populations will show evidence of
relatively high haplotype diversity, consistent with refugial areas, while northern
populations will show patterns of decreased haplotype diversity, indicating recent range
expansions. To the extent that late Pleistocene range shifting dynamics are embedded
within any earlier, large-scale episodes of biogeographic isolation and divergence within
multiple refugia (Figure 3.3), lineages within P. hesperus will be partitioned into major
geographic areas — e.g., Peninsular/Mojave/Great Basin Deserts (western), Sonoran
Desert (central), and Chihuahuan Desert (eastern) — with gene flow occurring within

these major areas to a much greater degree than among them (Figure 3.3).

Materials and Methods

Sampling & Laboratory Protocols

A collection of tissues from 96 individuals was assembled, including representatives
of P. hesperus from 35 localities across western North America (Figure 3.2; Appendix
B). All newly collected individuals were prepared as voucher specimens and deposited in
the New Mexico Museum of Natural History (NMMNH) and tissue samples were
deposited in the Las Vegas Tissue Collection (LVT) at the University of Nevada, Las
Vegas (Appendix B). DNA sequence data was generated from a portion of the
mitochondrial Cytochrome b (Cytb) gene and a portion of the D-loop from the

mitochondrial Control Region (CR) for at least one individual from each collecting
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locality (n = 36) to establish the basic phylogenetic structure among populations. To
further explore the extent of geographic variation in P. hesperus, sequence data was
generated for the same portion of Cytb for all 96 individuals.

For each specimen, total genomic DNA was extracted from liver or kidney tissues
using the Qiagen DNeasy Tissue Extraction Kit (Qiagen, Inc.). The polymerase chain
reaction (PCR) was used to amplify the specific molecular markers, incorporating Ex-Tagq
(Takara-Bio USA) DNA polymerase and gene specific primers. The CR was amplified
with primers “C” and “E” (Kocher et al. 1989; Wilkinson and Chapman 1991) and a
temperature profile of 95°C for 5 minutes, 55°C for 1 min., 72°C for 1 min., and a final
extension of 72°C for 10 minutes. The Cytb was amplified using primers H15915 and
L14724 (Kocher et al. 1989) with a temperature profile of 95°C for 5 minutes, 50°C for 1
min., 72°C for 1 min., and a final extension of 72°C for 10 minutes. Double-stranded
PCR products were qualitatively examined using a 0.8% agarose gel with a molecular
mass ruler for size comparison. The amplified PCR fragments were purified using either
the Qiaquick PCR Purification Kit (Qiagen, Inc.) or Exo-SAP IT (USB Corp.), following
manufacturers’ protocols. Sequencing reactions were performed using the purified PCR
products (including both the light and heavy DNA strands) and ABI PRISM BigDye
v.3.1 Cycle Sequencing chemistry (Applied Biosystems, Inc.). For the CR, the
sequencing reactions were performed with primers “P” and “F” (Wilkinson and Chapman
1991) and the Cytb sequencing reactions used the same primers as the PCR (see above).
Unincorporated dye-teminators were removed using Sephedex spin columns (Centri-Sep,
Inc.) and sequence data were generated on an ABI 3130 Genetic Analyzer (Applied

Biosystems, Inc). Complementary DNA strands were aligned for each molecular marker
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using SEQEUNCHER 4.9 (Gene Codes Corp.), followed by manual proofreading. The Cytb
protein coding sequences were translated into amino acids using MACCLADE 4.
(Maddison and Maddison 2005) and compared to Pipistrellus abramus and Artibeus
jamaicensus to confirm the correct reading frame and to check for the presence of stop
codons.

Phylogenetic Analyses

Recent work on the systematics of vespertilionid bats indicates that not only is P.
hesperus not closely aligned with other members of the genus Pipistrellus (sensu stricto),
but it may be distantly related to other vespertilionid species as well. The placement of P.
hesperus within the Vespertilionidae and the intergeneric relationships of most
vespertilionid genera remains unresolved and so there is not a readily apparent sister
taxon to use as an outgroup for rooting purposes (Hoofer and VVan Den Bussche 2003,
2006). For these analyses, Antrozous pallidus (pallid bat) was used for rooting purposes
as. Antrozous was identified as belonging to a potential sister clade to P. hesperus
(Hoofer and Van Den Bussche 2003).

The basic phylogenetic structure among samples of P. hesperus was determined with
the combined Cytb and CR dataset. These molecular markers were concatenated and
JMODELTEST 0.1.1 (Guindon and Gascuel 2003; Posada 2008) was used with default
parameters and ML optimization to determine the appropriate model of nucleotide
substitution under the Akaike Information Criterion (AIC — Posada and Crandall 1998;
Posada and Buckley 2004). Using this model, a maximum likelihood (ML) phylogenetic
analysis was performed with non-parametric bootstrapping (1000 replicates; Felsenstein

1985), implemented in TREEFINDER Vv.2008 (Jobb et al. 2004). Bayesian Inference (BI),

122



implemented in MRBAYES v.3.1.2 (Ronquist and Huelsenbeck 2003), was also used with
posterior probabilities as evidence of support for relationships within the phylogeny.
MrBayes was run for 2 x 10° generations (sampling every 100 generation) with an initial
burn-in of 2 x 10% generations (2,000 trees), four Monte Carlo Markov Chains, and a
temperature value of 0.05 to promote proper swapping of the chains. The program
AWTY (Wilgenbusch et al. 2004) was used to assess the proper convergence of runs by
examining the posterior probabilities of clades for non-overlapping samples of trees.
Estimating Demographic Parameters

A median-joining network was generated by the program Network v.4.516 (Bandelt
et al. 1999) to visualize the relationships among haplotypes of all samples in the Cytb
dataset. This network method addresses the problems found with intraspecific datasets
with large sample sizes and short genetic distances between samples. Median-joining
networks are modified minimum-spanning networks that use a maximum parsimony
approach to find the shortest possible network to explain the relationships between the
individuals (Bandelt et al. 1999). An Analysis of Molecular VVariance (AMOVA) was
performed using ARLEQUIN 2.0 (Schneider et al. 2000) to assess levels of within versus
among population variation across the major clades identified in the phylogenetic
analyses. Based on the results of the AMOVA (within vs. among clade variation), a suite
of demographic parameters were calculated for the major geographically defined sets of
populations (clades). Tajima’s D (Tajima 1989b, a) and Fu’s Fs (Fu 1997) neutrality
statistics were calculated using ARLEQUIN 2.0 (Sokal and Rohlf 1995), and mismatch

distributions of pairwise differences versus haplotype frequency and pairwise uncorrected
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sequence divergence values were calculated for each clade using DNASP 5 (Rozas et al.
2003).
Coalescence Analyses — Estimating Divergence Times

To estimate the coalescence times (divergence dates) for the genetic lineages within
each major clade and for all lineages represented in the Cytb dataset, an MCMC
Bayesian approach was implemented in the program BEAST 1.5.1 (Drummond and
Rambaut 2007) with a strict molecular clock. This method allows us to estimate the
coalescent time to most recent common ancestor (Tmrca) for all alleles in a sample,
scaled by the mutation rate () of the gene. For the Cytb gene, an evolutionary rate of
2%/My (0.01 substitutions/site/My) was used, which is standard rate estimated across
several mammalian divergences (Arbogast and Slowinski 1998; Pesole et al. 1999). The
coalescence analyses were conducted with the appropriate model chosen by jModeltest
for this dataset. Several short chains were run to optimize the scaling factors for the
model parameters and then chains of 4 x 10’ generations were run, with parameters
sampled every 1000 generations (40,000 trees). The first 4 x 10° generations (10% — 4000
trees) were discarded as burn-in before the analysis reached stationarity, determined
using the program Tracer 1.4.1 (Rambaut and Drummond 2007).
Ecological Niche Modeling — Current & Paleo-distributions

Ecological niche models (ENMs) were constructed for P. hesperus using occurrence
records and climatic conditions both at present-day (0 kya) and during the last glacial
maximum (18kya). Occurrence records of individuals examined in this study (Appendix
B) as well as a subset of available records (n = 525) listed in MaNIS (http://manisnet.org)

were used to construct these models. Following the methods of Waltari and Guralnick
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(2008), duplicate locality records were removed and the final models included only
samples with a radius of geographical uncertainty that was less than 5km (Wieczorek et
al. 2004). This method reduces the bias inherent in imprecise occurrence data (Waltari
and Guralnick 2009). The maximum entropy method, implemented in MAXENT 3.2.1
(Phillips et al. 2006; Phillips and Dudik 2008) is designed to find distributions among
climatic variables and digital environmental layers to predict logistic non-negative
probabilities based on presence-only occurrence data (Stockman and Bond 2007). This
method has been shown to outperform similar habitat estimators (Phillips and Dudik
2008; Elith and Graham 2009) and has been used in several recent phyloclimatic studies
(Carstens and Knowles 2007; Waltari and Guralnick 2009). The predictions for this
analysis are based on elevation plus a suite of 19 bioclimatic parameters previously
compiled from the WorldClim climate layers (Hijmans et al. 2005; Waltari et al. 2007),
with a 5 km? pixel resolution.

Model calibrations were performed using 75% of the data as a training group and then
the predicted distribution models were tested with the remaining 25% (Evans et al. 2009).
Default parameters (500 maximum iterations, convergence threshold of 0.00001,
regularization multiplier of 1, 10000 background points) were used with a random seed,
the removal of multiple presence records from individual cells resulting from many
sampling localities within 5km? (i.e., one pixel), and logistic probabilities for the output
(Phillips and Dudik 2008). To reduce the effects of spatial autocorrelation, split-sample
approach was used that separates the geographically closest sample pairs between the

training and test groups (Fielding and Bell 1997; Parolo et al. 2008).
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A complete model (including all 20 variables) was run initially to produce “area
under the receiver operation characteristic curve” (AUC) values for each bioclimatic
parameter. A minimum AUC of 0.75 for the test group is considered the threshold for
good model performance (Elith et al. 2006; Sudrez-Seoane et al. 2008; Elith and Graham
2009). Consequently, those parameters with AUC values less than 0.75 were removed.
The reduced models were run using temporal transfer modeling from the present-day
distribution (0 kya) to the LGM (18 kya), incorporating information in the Community
Climate Model System Model (CCSM-Otto-Bliesner et al. 2006) and the Model for
Interdisciplinary Research on Climate (MIROC — Hasumi and Emori 2004). MaxEnt was
run three separate times using both the CCSM and MIROC climate reconstructions and
the habitat models were averaged, accepting only those areas that both methods agreed
were suitable (Waltari and Guralnick 2009). Binary maps were created of the habitat
models using ARCGIS 9.2 (ESRI Corp., Redlands, CA) by averaging the three
independent MaxEnt runs using the Spatial Analyst feature (Raster Calculator) in
ARCGIS. Because the suitability of the predictive area in the models is based on chosen
threshold values, the models were evaluated across four logistic thresholds: fixed
cumulative value of 10.0, equal training sensitivity and specificity, equal test sensitivity
and specificity, and equate entropy of thresholded and non-thresholded distributions.
These threshold values were used to assess a range of sensitivities and specificities to
ensure that our model interpretations are robust. Ultimately, the cutoff of suitable habitat
was set at a fixed cumulative probability of 10, a level that rejects the lowest 10% of

predicted logistic values. This value, though conservative, maintains a low emission rate
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(Pearson et al. 2007) consistent with the expectation that the occurrence records contain

georeferencing errors.

Results

Phylogenetic Analyses

To establish the basic phylogenetic structure of the populations, a portion of the
mitochondrial CR was sequenced (482 bp) along with a portion of the Cytb gene (402 bp)
for at least one individual from each collecting locality. This dataset yielded 36 total
samples with 94 informative characters for CR and 32 informative characters for Cytb.
Using JModeltest, the GTR+I+/"model was chosen as the best fit for the data (-In =
3059.1776, K=82) with a gamma shape parameter (o) = 0.6540 and a proportion of
invariant sites = 0.6230 (base frequencies: A=0.3508, C=0.2294, G=0.1214, and
T=0.2985). The resulting phylogeny of the combined dataset, using both ML and BI,
produced a phylogenetic tree with three well-supported, monophyletic clades (Figure
3.4). Strong nodal support includes bootstrap values above 70% and posterior
probabilities above 0.95 (Hillis and Bull 1993; Huelsenbeck and Ronquist 2001). The
clades correspond to three non-overlapping geographic areas (Figure 3.3). Clade 1
includes samples collected throughout the Chihuahuan Desert in Coahuila, New Mexico,
and Texas; Clade 2 includes individuals collected in California; and Clade 3 includes
individuals collected in the Great Basin and Mojave, Peninsular, and Sonoran Deserts
(Arizona, Baja California, Baja California Sur, Chihuahua, Durango, Nevada, Sonora,
and Utah). For simplicity, this clade will be referred to as the “Sonoran” clade. The

phylogeny indicates that Clade 2 is most closely related to Clade 3, indicating that the
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samples from California share and close evolutionary relationship with populations
currently distributed throughout the Baja California Peninsula, Colorado Plateau, Great
Basin, Mojave, and Sonoran Deserts (Figure 3.4). Within Clade 3, samples from Baja
California Sur appear to be the most basal lineage with strong nodal support of this
placement. Northernmost samples from Nevada and Utah also show a strong relationship,
supported by nodal support values. While these relationships are well-supported, many of
the internal branches within each major clade are unresolved (Figure 3.4).
Estimating Demographic Parameters

A median-joining haplotype network was created (Figure 3.5) that included Cytb
from all samples in the dataset (n = 96). This haplotype network included 31 distinct
haplotypes (37 informative characters) and indicated that these were separated into three
geographically defined clusters matching the pattern detected in the phylogenetic analysis
(Figure 3.4). A large number of mutation steps separated each of these regions with only
a few mutational steps separating haplotypes within each region (Figure 3.4). Generally,
haplotypes were confined to a single sampling locality, however haplotypes from
Arizona, Durango, and Sonora were found in multiple locations (see Figure 3.5). Based
on the results of the phylogenetic analysis of the combined dataset (Cytb and CR) and the
Cytb haplotype network, samples from the larger Cytb dataset were partitioned into three
geographic areas corresponding to the three clades. An AMOVA (Excoffier et al. 1992)
on the Cytb dataset (Table 3.1), using HYK85 adjusted genetic distances, indicated that a
almost all of the genetic variation is found within each of the major clades (99.85%)
compared with almost no variation found among those clades (0.15%), which is

consistent with monophyly among the major clades. Based on the AMOVA and the
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phylogenetic analyses, populations corresponding to the three major clades were pooled
and classified as three separate “populations” for estimating demographic parameters.
Demographic and neutrality statistics were calculated based on these three pooled
populations. Neutrality statistics (Tajima’s D and Fu’s Fs) were not significant for any
single population and pooling all populations also did not produce significant values.
Mismatch distributions for both the California (Clade 2, Figure 3.6A) and Chihuahuan
clades (Clade 1, Figure 3.6C) generated unimodal curves, which is consistent with recent
population expansions. The mismatch distribution for all pooled samples in Clade 3
(Colorado Plateau, Great Basin, Mojave, Peninsular, and Sonoran Deserts) appears
bimodal (Figure 3.6B) when all samples from these regions are included. However,
samples from the southern Baja California peninsula are separated from the remaining
samples in this region by several mutation steps in the haplotype network (Figure 3.5)
and are the most basal lineages within this clade (Figure 3.4), suggesting a possible
geographic separation and distinct population processes within these populations.
Removal of the Baja California samples resulted in a unimodal mismatch distribution for
Clade 3 (results not shown), consistent the patterns generated for each of the other clades.
For each clade, haplotype diversity (h) is high while nucleotide diversity (r) is low
(Table 3.2). Pairwise uncorrected Cyth sequence divergence values for each clade (Table
3.3) indicate that the Sonoran clade is separated from the California clade by 4.7% and
from the Chihuahuan clade by 4.5%. The Chihuahuan clade is separated from the
California clade by 4.2%. These values are consistent with Cytb sequence divergence
values for conspecific populations across many species of mammals (Bradley and Baker

2001).
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Coalescence Analyses — Estimating Divergence Times

Coalescence times were generated for the Cytb dataset (n = 96) using the program
BEAST 1.5.1 (Drummond and Rambaut 2007) and the HKY + /" model of nucleotide
evolution, chosen in JMODELTEST 0.1.1 with.the following model parameters: -In =
937.1311, nucleotide frequencies (A = 0.3171, C =0.2357, G =0.1388, T = 0.3084), and
gamma (o) = 0.030. The coalescence estimate of Tmrca for all alleles sampled in P.
hesperus was 3.2 million years ago (95% CI: 2.0— 4.5 mya) using a substitution rate of
2%/My (0.01 subs/site/My) for Cyth. The coalescence estimate for lineages within the
California clade is 0.67 mya (0.21 — 1.2 mya), the coalescence estimate for the Sonoran
clade is 1.02 mya (0.55 — 1.5 mya) and lineages within the California and Sonoran clades
coalesce at 2.7 mya (1.7 — 3.9 mya). The coalescent estimate for the Chihuahuan clade is
0.33 mya (0.13 — 0.57 mya), the most recent divergence among the three major lineages
of P. hesperus. The broad confidence intervals are consistent with analyses performed on
a single genetic locus and a short sequence of DNA. These analyses indicate that the
initial divergence between the major lineages occurred in the mid-Pliocene and the
California and Sonoran clades diverged shortly thereafter near the Plio-Pleistocene
boundary and each of the clades experienced divergences within the Pleistocene.
Ecological Niche Modeling

Habitat models were generated for P. hesperus using both CCSM and MIROC
models, which were not qualitatively different in their predictions. The ecological niche
models indicate predicted habitats for P. hesperus both at the present-day (0 kya) and
during the last glacial maximum (18 kya), assuming a high degree of niche conservatism

within this species over time. The results of all models were significantly better than
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random samples (AUC = 0.5) in receiver operating characteristic analyses (training AUC
=0.912, test AUC = 0.893). For P. hesperus, the present-day ecological niche models
indicate relatively continuous habitat extending across all of the major desert regions in
North America (Figure 3.7A). These models predict an abundance of high quality habitat
throughout the Central Valley in California and south into northern Baja California. The
predicted habitat extends northward into the Mojave and Great Basin with disjunct areas
of habitat predicted along the Snake River in southwestern ldaho, onto the Columbia
Plateau along the Oregon/Washington border, and into the Wasatch Mountains in Utah.
Habitat also extends south along the Baja California peninsula and eastward throughout
the Sonoran Desert, onto the Colorado Plateau and into the Chihuahuan Desert, with a
mosaic of suitability among these areas. This habitat extends south into Mexico on either
side of the Sierra Madre Occidental. Overall, the areas of predicted habitat in the present-
day models for P. hesperus very closely approximate the current distribution of this
species (see Figure 3.3 for current distribution).

The paleo-habitat models for P. hesperus during the LGM (18 kya) predict an overall
loss of habitat across the range of this species (Figure 3.7B), especially across the
Mojave, Great Basin, and Colorado Plateau and throughout the Peninsular Desert in Baja
California. High concentrations of highly suitable habitat remained throughout Central
Valley in California with moderate levels of separation between predicted habitat in the
Mojave Desert of southern California, south to northern Baja California and east into the
westernmost extent of the Sonoran Desert in Arizona and northern Sonora. There is a
disjunct, but concentrated area of predicted habitat in the southern Chihuahuan Desert

(east of the Sierra Madre Occidental) and along the western coast (west of the Sierra
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Madre Occidental) in Mexico. The genetic analyses indicate a separation of P. hesperus
populations into three major geographically defined lineages that may be roughly
coincident with the predicted areas of habitat during the LGM. With a high level of niche
conservatism and the accuracy of the included bioclimatic variables, the distribution of P.
hesperus may have been severely contracted southward during the LGM, into multiple
refugial areas corresponding to the habitat predicted in the paleo-habitat model (Figure

3.7B).

Discussion

A combination of phylogenetic, population genetic, and coalescence approaches in
concert with ecological niche modeling has been used to explore the evolutionary history
of Pipistrellus hesperus in western North America. Three well-supported clades were
identified across the distribution of P. hesperus, separated into three distinct geographic
areas (Figures 3.3 and 3.4). These results are consistent with the results of a genetic
analysis of pallid bats (Antrozous pallidus) that has a very similar distribution in western
North America (Weyandt and VVan Den Bussche 2007) and similar ecological preferences
(Hall 1981). The major eastern versus western separation between the Sonoran and
Chihuahuan Deserts is consistent with geographic variation in morphology reported for
P. hesperus (Findley and Traut 1970). While some bat species do exhibit population level
phylogeographic patterns (Russell et al. 2008), many species experience high levels of
gene flow between populations with few or no phylogeographic breaks when they are
distributed across broad geographic areas (LIoyd 2003; Russell et al. 2005). The major

clades within P. hesperus correspond to populations in California (western); the Colorado
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Plateau, Mojave, Peninsular, Sonoran, and Great Basin Deserts (west-central); and the
Chihuahuan Desert (eastern). The California and Sonoran clades share an evolutionary
affinity with each other more recently than either does with the Chihuahuan clade (Figure
3.4). The Chihuahuan lineages diverged from populations in the remaining regions earlier
in the evolutionary history of this species. However, the genetic lineages within the
Chihuahuan Desert have the most recent coalescence time of the three major clades. This
suggests that while these lineages diverged from Sonoran and California clades earlier,
the Chihuahuan populations may have experienced an extreme bottleneck causing a
severe decline in genetic diversity and a recent coalescence among these lineages. Again,
this reduced variability in the Chihuahuan populations matches decreased morphological
variability (compared to other regions) reported for populations in the Chihuahuan Desert
(Findley and Traut 1970).

The genetic patterns within P. hesperus clearly indicate a divergence into western and
eastern continental lineages consistent with many of the geographic barriers that have
influenced the genetic separations of many of the other taxa in this region. The uplift of
the Sierra Nevada Occidental and the Central Mexican Plateau in the Pliocene effectively
separated many lineages across Sonoran and Chihuahuan Deserts (see Figure 3.2). A
suite of ecological filter barriers have also been effective drivers of divergence
throughout this region, some consistent with the boundaries of regional deserts and others
acting as drivers of sub-regional diversity within each of the major deserts.

By examining the coalescence of lineages of P. hesperus both within each clade and
the overall coalescence, we can estimate that the initial divergence began in the late

Pliocene and divergence of each of the regional clades occurred within the Pleistocene.
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The coalescence estimates can be affected by inherent genetic structure within the
ancestral populations, before the divergence of the regional clades, as well as separation
of populations without an immediate impact on genetic divergences between lineages.
This general timeframe for the initial divergences within P. hesperus corresponds to the
continued formation of regional deserts in North America (Coney 1983; Riddle 1995),
including ongoing uplift of mountain ranges that act as biogeographic barriers between
desert regions. The Pleistocene divergence dates correspond to the climatic oscillations
and the glacial cycles in the Pleistocene (Pielou 1991; Gates 1993). These repeated
glaciations throughout the Pleistocene influenced the phylogeographic patterns in species
globally (Hewitt 1999; Hewitt 2000, 2004), including causing the repeated contraction
and expansion of species distributions south of the glaciated areas in North America
(Pielou 1991; Gates 1993).

Another influential factor affecting phylogeographic and population genetic patterns
in North American aridlands biota is the contraction of widespread species into glacial
refugia during glacial maxima. Using ecological niche modeling and the distribution of
present-day species, we can predict the distribution of species during the last glacial
maximum (18 kya), assuming a high degree of niche conservatism within the species and
the accuracy of the bioclimatic variables used to inform the models. These predicted
LGM distributions represent potential refugial areas and contracted habitats during the
LGM. The ecological niche models predict at least three potential refugial areas for P.
hesperus, including the Central Valley in California, a possibly separate area at the
intersection of the northern Peninsular, southern Mojave, and western Sonoran Desert,

and a disjunct refugial area in the southern Chihuahuan Desert in central Mexico. While
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the coalescence time of lineages within P. hesperus pre-date the LGM, it may be
reasonable to hypothesize that similar disjunct refugial areas existed during each of the
repeated glacial maxima throughout the Pleistocene. Ongoing cycles of population
contraction into geographically separate refugial areas could have repeatedly reinforced
the ongoing divergence of the three separate groups of populations (Jaeger et al. 2005)
which correspond to the three distinct lineages in P. hesperus.

The population genetic analyses further suggest that each clade may have experienced
a recent history of expansion from refugial populations during the LGM. While mismatch
distributions coupled with high haplotype diversity and low nucleotide diversity
correspond to a pattern of recent population expansions, the neutrality tests (Fu’s Fs and
Tajima’s D) do not significantly differ from a neutral expectation of stable populations.
An expansion model in which the time since population expansion was long enough to
produce haplotype variation through mutation but insufficient to produce significant
nucleotide differences in the haplotypes is consistent with the haplotype and nucleotide
diversity values for populations of P. hesperus (Grant and Bowen 1998; Avise 2000).
However, the neutrality statistics do not support these patterns and so the two sets of
demographic parameters are equivocal. A more localized approach to examine the
demographic properties of individual populations may help address the inconsistencies
between these demographic analyses and could indicate that populations or groups of
populations exhibit more pronounced patterns of recent populations expansions.

Are the climatic isolations alone sufficient to produce the deep phylogeographic
breaks seen within P. hesperus? While the retreat of populations into separate refugia

may have reinforced phylogeographic differentiation, the timing of coalescence of all
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lineages suggests that geologic events in the Pliocene may have been the driver forces
that initiated divergence within P. hesperus. This hypothesis is consistent with the genetic
patterns reported from pallid bats (Weyandt and VVan Den Bussche 2007) as well as for
aridland rodents with similar levels and patterns of genetic divergence in the late
Neogene (Riddle 1995).

Additional samples and additional sequence data from P. hesperus are needed to
further address the sub-regional genetic diversity within this species. Ultimately, differing
dispersal abilities in concert with ecological and physiological traits and the degree of
niche conservatism can influence the biogeographic patterns among species within a
biota, including their responses to potential isolating barriers and patterns of population
expansion or shifting following the erosion of barriers or glaciations (Zink et al. 2001;
Zink 2002; Riddle and Hafner 2006). The evolutionary history and phylogeography of
Pipistrellus hesperus contributes to the comparative biogeographic history and the
evolution of deserts in western North America and the biotic history of this region
(Riddle and Hafner 2006, and references therein), including analyses that focus on
widespread bats in this region (Rodriguez and Ammerman 2004; Weyandt and Van Den
Bussche 2007).

Conservation Implications

Often, widespread taxa do not easily lend themselves to particular conservation
concerns. However, these species are tightly linked to a specific set of often patchily
distributed resources (e.g., spring-fed surface waters in desert ecosystems) and they
become integral components for signaling the overall health of these ecosystems. As key

resources are destroyed or co-opted for other uses (e.g., diverting or draining water
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sources to support urban development), the populations that depend upon them are
directly and often adversely affected. It is increasingly important to understand resource
and population connectivity in order to understand both regional and sub-regional
diversity and population structure within the desert environments so that we can more
clearly understand to what extent alterations to the resources will perturb or eliminate
natural populations, biotic assemblages, and entire ecosystems.

As human populations expand rapidly within desert ecosystems, the available
resources are increasingly strained to cope with this sudden demand. Accelerating losses
of habitat and connectivity among habitats are jeopardizing ecological connectivity
among regional populations in many species. As a result, the integrity of populations of
desert organisms such as bats, which depend upon scarce and unevenly distributed
resources, are particularly susceptible to anthropogenic effects. Urbanization and
landscape changes specifically threaten organisms that depend on habitat elements, such
as foraging and watering sites that are often separated by long distances from other such
resources across the natural landscape. In accord with bat populations globally,
populations of P. hesperus are directly affected by increasing human populations that
result in gross habitat destruction and modification, agricultural changes and pesticide use
that can influence the availability of prey species, as well as various roost site
disturbances, both incidental and deliberate, that result from the increased proximity to
humans (Hutson et al. 2001), and even emerging pathogens without an identified source,
such as white-nose syndrome (Blehert et al. 2009). While we typically focus our
conservation efforts on species and populations with restricted distributions, it is also

important to consider the impacts on a seemingly ubiquitous species because by inferring
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the evolutionary history of population gene flow across regional landscapes, we will have
a means of predicting the severity of impacts of landscape modifications that would
destroy or severely alter current ecological connections that have been shaped by strong,
persistent evolutionary forces. As evident in this study, the evolutionary history of
resident biota have been shaped over hundreds of thousands and millions of years and the
resulting genetic patterns may not be adequately predicted by present-day ecology and
vagility. The ultimate goal is to prevent further artificial erosion of genetic diversity and
population connectivity. This research serves to increase our understanding of the
historical biogeography, evolutionary ecology, and conservation biology of a desert-

adapted biota across the North American regional deserts.
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Table 3.1. Analysis of Molecular VVariance (AMOVA) with a comparison
of among population variation versus within population variation in P. hesperus.
Populations correspond to geographically defined clades (Figure 3.4).

Source of Sum of Variance Percentage of
Variation squares components Variation
Among
Populations 1.027 0.00073 Va 0.15
Within
Populations 34.432 0.49901 Vb 99.85
Total 35.458 0.49974 100.00
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Table 3.3: Average pairwise uncorrected Cytochrome b sequence

divergence values (percentages) for each major clade of P. hesperus.

California Sonoran Chihuahuan
California —
Sonoran 4.7 —
Chihuahuan 4.2 45 —
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Figure 3.1: Summary of area relationships among the core warm desert areas of
endemism in western North America (Riddle and Hafner 2006) based on a
primary/secondary Brooks Parsimony Analysis (BPA). Black areas and branches depict
postulated vicariance (primary BPA); gray areas and branches depict exceptions to
vicariance (secondary BPA). Major Biogeographic Events correspond to lettered nodes.
Numbers on branches indicate number of terminal taxa (species and phylogroups) that
support a given branch. PS, Peninsular South; PN, Peninsular North; CW, Continental

West; CE, Continental East..

Figure 3.2: Distribution of P. hesperus in western North America (shaded area) and
sampling localities of P. hesperus. Colors correspond to individual clades shown in
Figure 3.4 and circles are proportional in size to the number of individuals collected at

each locality (See Appendix B for details).

Figure 3.3: Alternative models of phylogeographic history within defined geographic
areas in western North America (using the visual approach of Knowles and Maddison
2002). A) Fragmentation of a widespread population, with no correlation between areas
and genetic lineages. B) Refugial model with genetic lineages separated into major
geographic regions; widespread gene flow occurs within each region. PN, Peninsular
North; PS, Peninsular South; GB, Great Basin; Moj, Mojave; Son, Sonoran; Chi,

Chihuahuan.
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Figure 3.4: Phylogenetic tree of combined data (mitochondrial Cytochrome b and
Control Region) depicting the phylogeographic relationships among populations of P.
hesperus, with Antrozous as an outgroup. The populations form three well-supported
clades corresponding to different geographic regions. Clade colors correspond to
sampling localities shown in Figure 3.3 and clade numbers correspond to text (Clade 1 =
Chihuahuan, Clade 2 = California, Clade 3 = Sonoran). Asterisks denote nodes with >
70% bootstrap support values (maximum likelihood) and > 0.95 posterior probabilities
(Bayesian inference). Numbers at nodes represent divergence time estimates (in millions
of years). Locality abbreviations: AZ — Arizona, BC — Baja California, BCS — Baja
California Sur, CA — California, CHI — Chihuahua, COA — Coahuila, DUR — Durango,

NV — Nevada, NM — New Mexico, SON — Sonora, TX — Texas, UT — Utah.

Figure 3.5: Median-joining network of unique Cytochrome b haplotypes in P. hesperus.
Colors correspond to sampling localities shown in Figure 3.3 and phylogeographic
relationships depicted in Figure 3.2. Black circles represent missing haplotypes, branch
lengths are proportional to the number of mutational differences between haplotypes and
circle size is proportional to the number of samples with that haplotype. Hash marks
represent a single mutation, except where indicated by paired hash marks (where
numbers correspond to the number of mutations). Abbreviations: AZ — Arizona, BC —
Baja California, BCS — Baja California Sur, CHI — Chihuahua, COA — Coahuila, DUR —
Durango, NM, NM — New Mexico, NV — Nevada, TX — Texas, SON — Sonora, UT —

Utah.
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Figure 3.6: Mismatch distributions for Cytochrome b haplotypes for each of the three
major clades of P. hesperus. X-axis represents the pairwise differences among haplotypes
and Y-axis represents the frequency of each haplotype. A) individuals collected in
California; B) individuals collected in Arizona, Baja California, Baja California Sur,
Chihuahua, Durango, Nevada, Sonora, and Utah; C) individuals collected in New

Mexico, Coahuila, and Texas.

Figure 3.7: Ecological niche models for P. hesperus predicting A) present-day
distributions (0 kya) and B) during the last glacial maximum (18 kya). Darker areas
represent predicted areas of highly suitable habitat with decreasing suitability
corresponding to lighter colors. White areas represent predicted areas of unsuitable

habitat.
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Figure 3.2
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Figure 3.3
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Figure 3.4
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Figure 3.6
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CHAPTER 4
INTEGRATING ECOLOGICAL NICHE MODELING AND PHYLOGEOGRAPHY
TO INFER THE PLEISTOCENE HISTORY OF THE UINTA CHIPMUNK
(NEOTAMIAS UMBRINUS) IN THE GREAT BASIN OF
WESTERN NORTH AMERICA
Introduction
Within the last several years, phylogeography and landscape genetics have been
strengthened by emerging techniques for analyzing genetic data, examining historical
patterns of population expansion/contraction and gene flow, and thus interpretation of the
processes that lead to present-day phylogeographic patterns. Previously, researchers were
challenged by an overall lack of analytical power to address the full range of plausible
historical and ongoing processes that lead to geographic population structure. However,
the development of enhanced phylogeographic techniques and capacity to dynamically
test a priori hypotheses (Knowles and Maddison 2002; Jezkova et al. 2009) has
overcome many of these challenges, by giving researchers an array of methods to address
the role of past biological processes on demographic parameters (e.g., gene flow,
population expansion/contraction, etc.), yielding estimates of population and species
histories, complete with estimates of errors associated with alternative hypotheses.
Ecological niche models (ENM), also called bioclimatic envelope or species
distribution models, have become another emerging tool that can be used to inform a
priori hypotheses of population histories (Waltari et al. 2007; Waltari and Guralnick
2009). While predictive habitat models based on presence/absence data of species under

present-day conditions is not new (Guisan and Zimmermann 2000; Pulliam 2000; Austin
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2002), we can now create paleo-distributional models projecting ENMs of extant
distributions onto models of past environmental conditions (Carstens and Richards 2007;
Phillips and Dudik 2008). The power of ENMs to infer paleo-distributions is currently
limited by: 1) recent advances in climatic simulations (Collins et al. 2004; Hasumi and
Emori 2004) that allow us to recreate the environmental conditions of the last glacial
maximum (18,000 years before present [18kya]), a period that has directly influenced the
extant genetic and distributional patterns of floras and faunas (Hewitt 1996, 2004); 2) the
estimation of past climatic conditions during specific timeframes, and typically the
inclusion of a suite of only 19 bioclimatic variables as estimators of niche parameters;
and 3) an assumption of a high degree of niche conservatism — the tendency of species to
retain ancestral ecological characteristics (Wiens and Graham 2005) — within species.
Even with these limitations, ENMSs can provide an independent means of exploring the
role of long-term climate changes in shaping phylogeographic structures within extant
species.

The Great Basin of western North America (Figure 4.1) represents an ideal region to
test the synergistic value of phylogeography and ecological niche modeling to reconstruct
the recent biogeographic history of resident taxa. The Great Basin, part of the Basin and
Range Biotic Province, is a dynamic landscape composed of terrain that has been shaped
by geologic forces beginning with the uplift of the Coast and Cascade ranges during the
Miocene. These mountains formed a rain shadow that created drier climates to the east,
expanding the grasslands on the inland sides of the ranges in the northern Great Basin
(Swanson and McDowell 1984). During the early to mid-Miocene, an expansion of the

continental crust east of the Sierra Nevada created a series of north-south trending valleys
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and mountain ranges in the heart of the Great Basin (Baldridge 2004). Most recently,
habitat shifts driven by cycles of glaciation throughout the Pleistocene caused repeated
changes in the distribution and connectivity of populations in this region (Grayson and
Madsen 2000; Floyd et al. 2005; Grayson 2006; Galbreath et al. 2009a; Waltari and
Guralnick 2009). The intermountain west, and particularly the Great Basin (Figure 4.1),
represents a unique system in which the mountainous habitats represent isolated islands
surrounded by a “vast sea of sagebrush desert” (Brown 1971).

Brown (1971) used records of mammalian occurrences in this region to test the
equilibrium theory of island biogeography (MacArthur and Wilson 1963, 1967). The
basic hypothesis was that montane mammalian species assemblages on the ‘sky islands’
in the Great Basin represent insular faunas derived from source populations in the
adjacent Sierra Nevada to the west and the Rocky Mountains to the east, that now exist in
a colonization-extinction equilibrium with species richness on each mountain island
predicted according to size and isolation from source populations. He rejected this
hypothesis, however, by concluding that a common set of species distributed throughout
the Great Basin colonized the insular mountain ranges during the Pleistocene and there
have been no subsequent colonizations during the Holocene. Thus, species extinctions
have created the species assemblages and distributions seen today — a non-equilibrium
island system (extinction without colonization) that has been relaxing to a new set of
species-area relationships throughout the Holocene.

Ongoing evaluation of the distributional and genetic patterns of montane mammals
indicates that the arid lowlands of the Great Basin may not be impenetrable barriers to

post-Pleistocene gene flow (Lawlor 1998; Floyd et al. 2005). Several species of mammals
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that Brown (Brown 1971) reported as absent on various mountain ranges were discovered
to have existed on those ranges well into the early Holocene and some species still exist
there today (Grayson and Madsen 2000; Rickart 2001). Some mammals, including pikas
(Ochotona princeps — Beever et al. 2008) and woodrats (Neotoma — Grayson and Madsen
2000), thought to be restricted to higher elevations have been discovered in lower
elevation populations. These new data could support Brown’s model of ongoing
extinction without colonization (early Holocene occurrences of a species on montane
islands where it no longer occurs might simply capture an earlier snapshot of this
process) or alternatively, extinction with subsequent colonization. Regardless of which of
these alternatives eventually proves to be more accurate, re-analyses including updated
distributional data indicate that Brown’s original list of montane species assemblages is
not accurate, weakening the relationship between mountaintop island size and species
richness, requiring a revision of his original conclusions (Lawlor 1998).

Climatic oscillations throughout the Pleistocene played a role in altering the
elevational distributions of the montane habitats found throughout the Great Basin
(Grayson and Madsen 2000; Floyd et al. 2005; Grayson 2006; Galbreath et al. 2009a;
Waltari and Guralnick 2009). The most recent glaciation reached its maximum advance
(last glacial maximum — LGM) in the late Pleistocene, approximately 18 kya. Glaciations
and accompanying temperature changes altered the distribution of species in western
North America, either compressing them southward into refugial areas or allowing for a
likely expansion of many boreal and montane species into lower elevations. In either
case, species altered their distributions to track habitats that shifted with the changing

climates (Thompson 1990; Grayson 1993; Hewitt 2000; Grayson 2002; Hewitt 2004). In
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an analysis of ecological niche models for 13 montane mammals in the Great Basin,
Waltari and Guralnick (2009) found that suitable habitat extended to lower elevations in
the LGM than we find in this region today. They concluded that this expanded habitat
could have provided plausible dispersal routes between previously isolated mountain
ranges.

Based on vegetation macrofossils collected from ancient packrat middens found in
the Great Basin, the lower elevations in this area that are today characterized by desert or
semi-desert shrub vegetation, were inhabited by coniferous woodlands during periods of
cooler temperatures and glacial advance (Wells and Berger 1967; Van Devender and
Spaulding 1983; Wells 1983; Thompson 1990), supporting Brown’s (1971) assumption
that current habitat islands were more continuously connected during the LGM. The late
Pleistocene Great Basin was characterized by montane habitats that were up to 100m
lower than their current elevational limits (Thompson 1990). These patterns indicate that
the boreal habitats, inhabited by species such as the Uinta chipmunk (Neotamias
umbriunus), may have experienced some degree of connectivity at various times
throughout the Pleistocene. While these corridors or isolated patches of habitat may not
have been continuous at any time, the lowering of montane habitats effectively enlarged
the habitat islands, decreasing the distance between these islands and increasing the
potential for dispersal (Thompson 1990).

Recent genetic analyses of marmots (Marmota flaviventris), a widespread montane
species with populations on several Great Basin mountains, supports a strong pattern of
isolation-by-distance. Depending on historical populations sizes and the degree of

isolation, this may suggest that colonization either occurs now or has occurred
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sufficiently recently to override a pattern of lineage sorting that would have been
predicted by a model of instantaneous post-Pleistocene isolation among Great Basin
mountain ranges (Floyd et al. 2005). Similarly, genetic studies of pikas (Ochotona
princeps) in the Great Basin have similarly found that populations isolated on mountain
rages have experienced ongoing periods of range fluctuations with climatic oscillations
(Galbreath et al. 2009a; Galbreath et al. 2009b). Pikas consist of several geographically
restricted lineages representing mountain systems, not individual ranges, and each of
these lineages has experienced independent demographic histories. While there may not
be ongoing contemporary gene flow between populations, introgression has occurred
since their initial isolation (Galbreath et al. 2009a; Galbreath et al. 2009b). These results
contradict Brown’s hypothesis that posits a lack of dispersal between insular montane
habitats. Additionally, Holocene cave deposits have indicated low-elevation colonization
by woodrats in the genus Neotoma (Grayson and Madsen 2000). These results suggest
that, if recent or ongoing colonization characterizes montane mammal species
assemblages on Great Basin sky islands, each species within the Great Basin may have
had its own independent history of colonization and extinction, rather than being part of a
single ecologically-defined species assemblage with a shared Late Quaternary
biogeographic history (Floyd et al. 2005; Grayson 2006). Individual responses of
montane mammal species to climate change would be in line with the differential
dispersal histories reported for species of plants in the Great Basin as well (Thompson
1990).

Chipmunks (genus Neotamias) are ubiquitous in the montane habitats across western

North America. The Uinta chipmunk (N. umbrinus), common in coniferous forests above
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1800m throughout the intermountain west, occupies a number of the montane sky islands
in the Great Basin, as well as mountains farther east throughout Utah and Colorado, and
west into the White and Sierra Nevada Mountains in California (Figure 4.1 inset)
(Durrant 1952; Hall 1995). Herein, the Spring Mountains and Sheep Range in the Mojave
region of southern Nevada are included within a hydrographically-defined Great Basin
and a separate Mojave distribution is not referred to again. Because of the inclusion of
Spring Mountains within this distribution, the endemic N. palmeri, suggested as a
possible sister species to N. umbrinus (Piaggio and Spicer 2000, 2001), from this range is
included within a more broadly-defined N. umbrinus species group. While N. palmeri is
morphologically distinct from N. umbrinus (Hall 1981; Stanley 1991; Hall 1995), both
species have a similar karyotype (Sutton and Nadler 1969). Because of the very limited
distribution of N. palmeri, it is listed as “endangered” on the [IUCN Red List of
Threatened Species (IUCN 2009) and its evolutionary history and genetic diversity is a
particular concern for conservation efforts.

The present-day restriction of the N. umbrinus species-group to montane forests
throughout the intermountain west suggests that the biogeographic history this species
may be tightly linked to the availability and shifting elevational distribution of montane
forest habitats. Here, | use phylogeographic analyses to test the hypothesis that
colonization of the Great Basin mountain ranges by N. umbrinus occurred during the
Pleistocene with no subsequent or ongoing gene flow between populations isolated on the
mountains. Under this hypothesis, genetic lineages may coalesce either during or at some
time prior the LGM, although if the latter, dispersal and gene flow at or near the LGM

would then reinforce patterns of incomplete lineage sorting. Ecological niche modeling of
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current and LGM distributions of N. umbrinus are used to assess the likelihood of habitat
connectivity across mountain ranges, and possible sources of subsequent colonization. An
alternative to this hypothesis would be ongoing, periodic gene flow since the LGM that
would serve to prevent the sorting of lineages between populations, thus maintaining

patterns of widespread lineages among many different populations.

Materials and Methods

Taxonomic & Genomic Sampling

A collection of tissues from 286 individuals was assembled, including representatives
of N. umbrinus (130 samples) from 31 localities in Arizona, California, Nevada, and Utah
and N. palmeri (138 samples) from the Spring Mountains in southern Nevada (Figure 4.1,
Appendix C). While populations of this species are found farther east into the Rocky
Mountains, we are focusing on a recent Pleistocene history and the possibility of
dispersal within the Great Basin, following the studies of Brown (1971) and Lawlor
(1998). Samples of N. umbrinus nevadensis, a subspecies that is suspected to have been
extirpated from the Sheep Range in southern Nevada (Lawlor 1998) are also included.
The systematic relationships among species of Neotamias have yet to be conclusively
determined (Piaggio and Spicer 2000, 2001) and some studies have detected introgressive
hybridization and ancient hybridization between sympatric pairs of Neotamias (Good et
al. 2003; Good et al. 2008) which could confound estimates of population history for any
one species. Possible introgression has been detected between N. umbrinus and N.
dorsalis, although the extent and impact on demographic parameters in these two species
is unknown (J. Demboski, pers. comm.). The large numbers of N. palmeri were collected

previously during an investigation of population structure within the Spring Mountains
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(C. Lowrey, pers. comm.). For all newly captured individuals, ear-clips were collected or
animals were sacrificed and voucher specimens were prepared. VVouchers were deposited
in the New Mexico Museum of Natural History. All tissue samples were deposited in the
Las Vegas Tissue (LVT) collection at the University of Nevada, Las Vegas (Appendix
C). To explore the extent of geographic variation in Neotamias, we generated DNA
sequence data from the non-protein coding mitochondrial Control Region (CR) and from
protein-coding Cytochrome b (Cytb) gene for all 286 individuals in this dataset.
Laboratory Protocols

For each specimen, total genomic DNA was extracted from liver or kidney tissues
following either a lysis buffer protocol (Longmire et al. 1997) or using the Qiagen
DNeasy Tissue Extraction Kit (Qiagen, Inc.). A portion of the hypervariable left domain
of the mitochondrial Control Region (CR) was amplified for this study. This molecular
marker has been used effectively to address questions of recent population dynamics and
conservation genetics (Taberlet 1996; Weyandt and VVan Den Bussche 2007). A
polymerase chain reaction (PCR) using Ex-Taq (Takara-Bio USA) was used with CR
specific primers. The primers used were HO0651 and L15926 (Kocher et al. 1989) with a
PCR temperature profile of 95°C for 1 minute, 55°C for 1 min., and 72°C for 1 min (30
cycles) and a final extension step of 72°C for 10 minutes. For Cytb, samples were
amplified using the primers H15915 and L14724 (Kocher et al. 1989) and a temperature
profile of 95°C for 1 minute, 50°C for 1 min., and 72°C for 1 min (30 cycles) and a final
extension step of 72°C for 10 minutes. Double-stranded PCR products were qualitatively
examined using a 0.8% agarose gel with a molecular mass ruler for size comparison. The

amplified PCR fragments were purified using either a GeneClean 11 Kit (B10 101, Inc.),
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Qiaquick PCR Purification Kit (Qiagen, Inc.) or Exo-SAP IT (USB Corp.), following
manufacturers’ protocols. Purified PCR products (including both the light and heavy
DNA strands) were cycle sequenced using the ABI PRISM BigDye v.3.1 Cycle
Sequencing chemistry (Applied Biosystems, Inc.). Cycle sequencing reactions were
performed with the primers H00651 (Kocher et al. 1989) and TumbproL (5’-GCT GAT
ATT CTATTT TAA ACT ATT-3’, designed specifically for this study) for CR and Cytb
sequencing reactions were performed with the same primers used during PCR
amplification (see above). Unincorporated dye-terminators were removed using
Sephedex spin columns (Centri-Sep, Inc.) and sequence data were generated on either an
ABI 310 or 3130 Genetic Analyzer (Applied Biosystems, Inc). Complementary strands
of each gene were unambiguously aligned using SEQEUNCHER 4.9 (Gene Codes Corp.),
followed by manual proofreading and alignment.
Phylogenetic and Population Genetic Analyses

The phylogenetic structure within this species complex was assessed using a
maximum likelihood (ML) analysis with non-parametric bootstrapping (100 replicates,
Felsenstein 1985), implemented in Treefinder v.2008 (Jobb et al. 2004), as well as an
analysis of Bayesian Inference (BI) implemented in MRBAYES v.3.1.2 (Ronquist and
Huelsenbeck 2003), with posterior probabilities as evidence of support for clades. We
used JMODELTEST 0.1.1 (Guindon and Gascuel 2003; Posada 2008) and default
parameters with ML optimization to identify the most appropriate model of nucleotide
evolution chosen under Akaike Information Criteria (AIC — Posada and Crandall 1998;
Posada and Buckley 2004) to perform ML and Bl analyses on the combined dataset as

well as a partitioned (by molecular marker) Bl analysis using different substitution
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models for each genetic partition. MRBAYES was run for 4 x 10° generations with an
initial burn-in of 1 x 10° generations (10,000 trees) with four Monte Carlo Markov chains
and a temperature value of 0.05 to promote proper swapping of the chains. The proper
convergence of runs was assessed by examining the posterior probabilities of clades for
non-overlapping samples of trees using AWTY (Wilgenbusch et al. 2004), which
determines the proper mixing of chains and helps to determine if the analysis has reached
stationarity.
Estimating Demographic Parameters

A median-joining network of the combined CR and Cytb data, generated by the
program NETWORK (Bandelt et al. 1999), was estimated to visualize the relationships
among haplotypes of all samples. This method addresses the problems found with
intraspecific datasets with large sample sizes and short genetic distances between
samples. Median-joining networks are modified minimum-spanning networks that use a
maximum parsimony approach to find the shortest possible network to explain the
relationships between the individuals (Bandelt et al. 1999). Population genetic parameters
were estimated, including Tajima’s D (Tajima 1989b, a) and Fu’s Fs (Fu 1997) for all
populations using DNASP 5 (Rozas et al. 2003). An Analysis of Molecular Variance
(AMOVA) was performed using ARLEQUIN 2.0 (Schneider et al. 2000) to assess levels of
within versus among population variation. Pairwise Fst values (Charlesworth 1998) were
calculated for all populations using ARLEQUIN 2.0 with a Bonferonni correction of the
level of statistical significance (Sokal and Rohlf 1995).

To estimate the coalescence time for all lineages represented in the dataset, a Markov

Chain Monte Carlo (MCMC) approach was implemented in the program BEAST 1.4.8
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(Drummond and Rambaut 2007) to estimate the time to most recent common ancestor
(tmrca) for all alleles (scaled by a mutation rate ). The HKY+1+/"model of sequence
evolution was used with a coalescent model of constant population size over time,
assuming a relatively recent coalescence among lineages (and alleles). A number of short
chains were run to optimize scaling factors for model parameters and then chains of 2 x
107 generations were run with parameters sampled every 1000 generations after an initial
burn-in of 2 x 10° generations. The rate of evolution of the CR is known to vary among
mammalian lineages (Pesole et al. 1999) and it is problematic to estimate a standard
substitution rate because the rate can be higher for recently diverged or diverging taxa
with genomes that have not yet experienced high levels of saturation typical of
mitochondrial protein-coding genes (Ruokonen and Kvist 2002). Therefore, the
coalescence analyses were conducted using two different mutation rates for the CR: a
substitution rate of 30% (0.15 substitutions/site/million years), based on early estimated
rates for human CR (Ward et al. 1991; Schneider and Excoffier 1999) and applied to
Glaucomys (Petersen and Stewart 2006), a genus within the same family (Sciuridae) as
Neotamias. Additionally, a more conservative 15% (0.75 subs/site/My) total divergence
rate was used for the CR. For the Cytb partition, a rate of 2% (0.01 subs/site/My) was
used (Arbogast and Slowinski 1998).

To evaluate the history of gene flow between populations in the Great Basin,
coalescent analyses were performed using the isolation with migration model
implemented in the program IM (Hey and Nielsen 2004). This model is qualitatively
different than models that assume populations have been exchanging genes for infinitely

long periods of time. The isolation with migration assumes that populations separated at
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some point in the past with the possibility of ongoing gene flow (dispersal in the form of
immigration or emigration). Generally, samples collected from each mountain range do
not represent well-supported monophyletic lineages of haplotypes. This pattern can result
either from incomplete lineage sorting since the populations were isolated or ongoing
gene flow between populations. Based on the results of the ecological niche models (see
Results), pairwise patterns of gene flow were estimated between the White Mountain on
the Nevada/California border and the Spring Mountains in southern Nevada as well as
between the White Mountains and and the closest five central Nevada ranges (Desatoya,
Monitor, Toiyabe, Toquima, and Shoshone Mountains — Figure 4.1). To evaluate the
initial performance of the demographic estimators, the program was run with default
values supplied by the authors (Hey and Nielsen 2004; Hey 2007b, a) and each value was
adjusted based on the preliminary results. To analyze demographic properties of the
White and Spring Mountains, the following prior parameter values were used in IM:
upper bounds on priors for theta of the White Mountains (®;) and Spring Mountains (©>)
were set at 10 and 80, respectively; upper bounds for priors for migration from the White
Mountains (m;) and from the Spring Mountains (m;) were each set at 10; the upper
bound for the divergence time (t) was set at 30. Analyses were run for 50 x 10’
generations and discarded the first 5 x 10° (10%) generations as the burn-in and used 10
separate chains. The analysis was run three separate times to assess the repeatability of
the demographic estimates.

The isolation with migration model includes the assumptions that when performing
pairwise comparisons between populations, there cannot be other populations that are

more closely related to the sampled populations than the two populations under analysis
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are to each other and there cannot be un-sampled populations exchanging genes with the
populations of interest (Hey 2007b, a). To analyze demographic properties of the White
Mountains and the closest five central Nevada ranges (Desatoya, Monitor, Toiyabe,
Toquima, and Shoshone Mountains), samples from these mountain ranges were analyzed
both individually and collectively. Given the geographic proximity of these ranges to
each other and the approximately equal distance between each of these ranges and the
White Mountains, it cannot be determined a priori if any one range could be exchanging
genes with the White Mountains. For these analysis, the following prior parameter values
in were used in IM: upper bounds on priors for theta of the White Mountains (®;) and
each of the closest central Nevada ranges (®) were set at 10 and 20, respectively; upper
bounds for priors for migration from the White Mountains (m;) and from each of the
central Nevada ranges (m;) were each set at 10; the upper bound for the divergence time
(t) was set at 50. The analyses were run using 10 chains for 50 x 10° generations and the
first 5 x 10° (10%) generations were discarded as burn-in values. The analyses were each
performed three separate times, with a random starting seed for each analysis.
Ecological Niche Modeling — Current & Paleo-distributions

Ecological niche models (ENM) were constructed for Neotamias umbrinus and N.
palmeri using occurrence records and climatic conditions both at present (0 kya) and
during the LGM (18 kya). We used occurrence records of individuals examined in this
study (see Appendix A) as well as a subset of available records listed in MaNIS
(http://manisnet.org/). Following the methods of Waltari and Guralnick (2009) and Rowe
(2005), we removed duplicate records collected at the same locality and only included

samples with a radius of geographical uncertainty that was less than 0.8 km, thereby
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reducing bias inherent in imprecise occurrence data. Also, to offset the possibly of
confounding effects of elevation in montane habitats, we used only those records with an
elevational uncertainty of less than or equal to 100m, following the methods of Rowe
(2005). To construct the habitat models, we used the maximum entropy method
implemented in MAXENT 3.3.1 (Phillips et al. 2006; Phillips and Dudik 2008). Because
of the uncertainty regarding the relationship of N. umbrinus and N. palmeri and the high
degree of overlap in suitable habitat, ENMs of these species were estimated jointly (160
total occurrence records). MAXENT is designed to find distributions among climatic
variables and digital environmental layers to predict logistic non-negative probabilities
based on presence-only occurrence data (Stockman and Bond 2007). This method has
been shown to outperform similar habitat estimators (Phillips and Dudik 2008; Elith and
Graham 2009) and has been used in recent phyloclimatic studies (Carstens and Knowles
2007; Waltari and Guralnick 2009). The predictions for this analysis are based on
elevation plus a suite of 19 bioclimatic parameters previously compiled from the
WorldClim climate layers (Hijmans et al. 2005; Waltari et al. 2007).

Model calibrations were performed using 75% of the data as a training group and then
the predicted distribution models were tested with the remaining 25% (Evans et al. 2009).
We used default parameters (500 maximum iterations, convergence threshold of 0.00001,
regularization multiplier of 1, 10000 background points) with a random seed, the removal
of multiple presence records from individual cells resulting from many sampling
localities within 5km? (i.e., one pixel), and we used logistic probabilities for the output

(Phillips and Dudik 2008). To reduce the effects of spatial autocorrelation, we used a
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split-sample approach to separate the geographically closest sample pairs between the
training and test groups (Fielding and Bell 1997; Parolo et al. 2008).

A complete model (including all 20 variables) was run initially to produce “area
under the receiver operation characteristic curve” (AUC) values for each bioclimatic
parameter. A minimum AUC of 0.75 for the test group is considered the threshold for
good model performance (Elith et al. 2006; Sudrez-Seoane et al. 2008; Elith and Graham
2009). Consequently, we removed those parameters with AUC values less than 0.75. The
reduced models were run using temporal transfer modeling from the current distribution
(0 kya) to the LGM (20 kya), incorporating information in the Community Climate
Model System Model (CCSM — Otto-Bliesner et al. 2006) and the Model for
Interdisciplinary Research on Climate (MIROC — Hasumi and Emori 2004). MaxEnt was
run three separate times using both the CCSM and MIROC climate reconstructions and
habitat models results from both were averaged, accepting only those areas that both
methods agreed were suitable (Waltari and Guralnick 2009). Binary maps of the
predicted habitat models were created using ARCGIS 9.2 (ESRI Corp., Redlands, CA) by
averaging three independent MaxEnt runs using the Spatial Analyst feature (Raster
Calculator) in ARCGIS. Because the suitability of the predictive area in the models is
based on chosen threshold values, the models were evaluated across four logistic
thresholds: fixed cumulative value of 10.0, equal training sensitivity and specificity,
equal test sensitivity and specificity, and equate entropy of thresholded and non-
thresholded distributions. These threshold values were used to assess a range of
sensitivities and specificities to ensure that the model interpretations are robust.

Ultimately, the analyses used a cutoff of suitable habitat at a fixed cumulative probability

178



of 10, a level that rejects the lowest 10% of predicted logistic values. This value, though
conservative, maintained a low omission rate (Pearson 2007; Pearson et al. 2007)

consistent with the expectation that the occurrence records contain georeferencing errors.

Results

Phylogenetic Analyses

The dataset consisted of 500 base pairs (bp) of sequence data from the CR with 78
informative characters (15.6%) and 500bp from Cytb with 34 informative characters
(6.8%). This dataset yielded 78 unique total haplotypes (Figure 4.2), including 67 unique
haplotypes from N. umbrinus. The dataset included a large number of N. palmeri from
the Spring Mountains in southern Nevada and eliminating redundant haplotypes reduced
this sample size to only 11 unique haplotypes. Using jModeltest with AIC selection
values, the HKY+I+/" model was chosen as the best fit for the data (-InL = 1492.25, K =
160) for the combined dataset. The resulting phylogeny, using both maximum likelihood
and Bayesian inference, produced a mostly unresolved phylogeny with very few internal
nodes with support values above 0.95 for Bayesian posterior probabilities and 70% ML
bootstrap support (phylogeny not shown). No basal nodes within the phylogenetic tree
were well-supported and those nodes with higher levels of support were near the tips of
the phylogeny, often taken from the same populations.

While little divergence across mountain ranges was evident from the phylogenetic
analysis, geographic structuring of the haplotypes is more apparent in the median-joining
network (Figure 4.2). Samples from the White Mountains, near the Sierra Nevada in the

west, were most similar to the individuals from the Spring Mountains in southern Nevada
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and this set of haplotypes forms a discrete geographic unit, separate from the remaining
populations. Haplotypes taken from the eastern extent of the sampling distribution,
including populations from the Wasatch Mountains and the Markagunt Plateau in Utah,
formed a geographically clustered set of haplotypes, along with individuals from the
Snake Range in Nevada, the geographically closest locality from which samples are
included. Populations from the Grant and Monitor Ranges are closely related to a unique
set of haplotypes from the White and Wasatch Mountains. The central Great Basin
contains a set of populations with more haplotypes shared between populations,
consistent with an assemblage of populations in very close proximity to each other.
Overall, the haplotype network yields several discernable geographic patterns, with
private haplotypes in the most isolated populations and shared haplotypes common
among geographically closer sets of mountain ranges (Figure 4.2).

The distribution of haplotype diversity (h) within populations and across the Great
Basin indicates that those mountain ranges in the eastern Great Basin have the highest
levels of genetic diversity (Table 4.1). The genetic diversity shows a general trend of
decreasing from east to west across the sampled populations in the Great Basin. The
Markagunt Plateau (Pop 7: n = 6 haps; h = 1.0) and Wasatch Mountains (Pop 19:n=7
haps; h = 0.917) in Utah and the White Pine Range (Pop 21: n =6 haps; h =0.917) in
Nevada represent the highest levels of haplotype diversity. The westernmost population
represented by the White Mountains (Pop 21) has among the lowest haplotype diversity
(n =2 haps, h = 0.556), along with the Diamond Mountains (Pop 4: n = 3 haps; h =
0.524) in the central Great Basin. Nucleotide diversity (n) shows a similar pattern of

decrease from east to west across the Great Basin (Table 4.1). The Wasatch Mountains (r
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=0.01734) and Spruce Mountains (w = 0.2311), along with most central Great basin
ranges, show levels of nucleotide diversity that is almost 10-fold higher than the White
Mountains (r = 0.00418) and Spring Mountains ( = 0.00504) in the western and
southern extents of the distribution.
Demographic Parameters

An AMOVA (Excoffier et al. 1992) using HYKS85 adjusted genetic distances (Table
4.1) indicated that most of the genetic variation in the dataset was found among
populations (69.03%) compared with much less variation within populations (30.97%).
Neutrality statistics (Tajima’s D and Fu’s Fs) were not significantly negative for any
single population. Pooling all populations also did not produce significantly negative
values (Table 4.2). These values suggest low levels of polymorphism within populations
indicative of stable populations over time. Raggedness indices (r) of haplotypes within
populations were insignificant for most populations, except the Ruby/Humboldt and the
White Mountains (Table 4.2). An insignificant raggedness index indicates the possibility
of an expanding population. Failure to reject the null hypothesis of expansion does not
absolutely mean that these populations have undergone expansion, but they do not
support an alternative hypothesis of stability (Slatkin and Hudson 1991; Rogers and
Harpending 1992; Harpending 1994). Individual populations could have experienced
localized demographic expansions, consistent with continued isolation on separate
mountain ranges. The Fst values estimated for pairs of populations were significant at a
level of P =0.0028 (Table 4.3), which is a more conservative level of significance (using
a Bonferroni correction) and is consistent with the high among-population variation

explained by the AMOVA. The estimates of tmrca for all CR alleles sampled in N.
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umbrinus was 310,700 years ago (95% CI: 213,500 — 429,100) using a substitution rate
of 30% (0.15 subs/site/My) for CR and 2% for Cytb. The coalescence estimate using a
more conservative substitution rate of 15% (0.075 subs/site/My) for CR and 2% for Cyth
was 1,039,700 years ago (95% CI: 721, 900 — 1,383,700 years).

The results of IM analyses were limited in their ability to estimate all of the available
demographic parameters. With a small number of individuals per population and a
limited amount of sequence data per population, the analysis may be limited in its ability
to adequately explore the model space since the likelihood surface of the parameters can
be very flat over the parameter ranges. The data simply do not contain enough
information to properly identify the model (Hey 2007b). These data were unable to
reliably estimate the time since splitting (t) of the populations because the estimates of t
peaked sharply at a low value followed by a plateau that extended indefinitely, regardless
of the length of the analyses. Even with limited population sizes, the data were able to
adequately estimate values of migration for each of the pairwise analyses between
selected mountain ranges. For the comparison of the White Mountains (Pop;) and the
Spring Mountains (Pop,), the estimate for the migration rate (m;) into the White
Mountains was 0.015 (95% CI: 0.005 — 9.575) individuals per generation and the
estimation of the migration rate (my) into the Spring Mountains was 0.005 (95% CI:
0.005 — 8.015). Because the generation time in chipmunks is one year (Hirshfeld 1975),
the migration rate can be calculated independent of mutation rate. For the comparison of
the White Mountains (Pop;) and set of closest central Great Basin mountain ranges
(Pop>), the estimate of migration rate (m;) into the White Mountains was 0.025 (0.015,

9.075) individuals per generation and the estimation of the migration rate (m,) into the
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central Great Basin ranges was 0.005 (0.005, 1.755) individuals per generation,
effectively indicating no ongoing migration between populations. While the confidence
intervals seem high, they are 95% confidence intervals on the mean of each run, which
increases with increasing number of generations. The high confidence values surrounding
the estimates of migration (m; and m,) in both analyses are likely a result of the small
sample size and the use of a single genetic locus.
Ecological Niche Models

The habitat models for N. umbrinus and N. palmeri were estimated together, given the
small distribution of N. palmeri in the Spring Mountains in southern Nevada, the highly
similar habitats occupied by both species, and lack of mtDNA reciprocal monophyly
between species. The results of all models were significantly better than random samples
(AUC = 0.5) in receiver operating characteristic analyses (training AUC = 0.989, test
AUC =0.982). For N. umbrinus, the present-day habitat model (Figure 4.3A) indicates
high-elevation montane habitat from the Sierra Nevada in the west throughout the Great
Basin and east into Utah and the eastern slopes of the Rocky Mountains in Colorado and
Wyoming. Lower quality habitat extends north into Idaho and southeast into New
Mexico, well outside the known distribution of this species. For the most part, the higher-
quality habitat represented in the current models for each of these three clades correctly
captures the current distribution of individuals and currently recognized species. The
reconstructions of paleo-habitat models (paleo-models) for N. umbrinus and N. palmeri
during the last glacial maximum (18 kya) predicted a shift in available habitat, both in
total coverage and in elevation. This shift was most apparent in the western extent of the

distribution. Previously unoccupied valleys between ranges show the presence of
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moderately suitable habitat with a large continuous area of predicted habitat along the
eastern extent of the Sierra Nevada and western Nevada (Figure 4.3B). There was an
overall loss of habitat in the eastern portion of the range, in the vicinity of the Rocky
Mountains, though pockets of higher quality habitat remained in the Uinta Mountains and
the eastern extent of the Wasatch Mountains in Utah. The LGM model is consistent with
previous ENMs generated for N. umbrinus that predict an overall increase of total habitat

and shift to lower elevations throughout the Great Basin (Waltari and Guralnick 2009).

Discussion

The results of this study support the conclusion that populations of N. umbrinus in the
western (White Mountains) and southern (Spring Mountains) Great Basin are effectively
isolated on montane habitat islands, with no ongoing gene flow between them. These
conclusions are further supported by the relatively lower amount of genetic diversity
within these regions compared to other areas in the Great Basin. Coalescence estimates
indicate that current lineages originated in the Pleistocene, before the last glaciation but
well within the prolonged period of late Pleistocene glaciation cycles (Pielou 1991; Gates
1993). The ecological niche models indicate that the Sierra Nevada and other isolated
ranges (e.g., Spring Mountains) in the west and the Uinta Mountains in northeastern Utah
maintained the largest areas of high quality habitat during the LGM, suggesting that these
areas may represent refugial sources for the post-glacial expansion of current populations.
While some measures of the stability of populations (both individually and collectively)

indicate that they may be somewhat stable, the demographic parameters (high haplotype
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diversity coupled with low nucleotide diversity) suggest that many of the populations
have experienced recent expansions, possibly from the postulated glacial refugia.

The mitochondrial control region has a much higher rate of evolution than protein-
coding genes (Pesole et al. 1999) and there may be a negative correlation between the
effective population size and the mutation rate per generation within animal mtDNA
(Piganeau and Eyre-Walker 2009). This relationship could be amplified by the
evolutionary rate of the control region, which can vary widely among species and among
regions within the control Region (Pesole et al. 1999). To the extent that coalescent times
of sampled mitochondrial alleles approximately reflect coalescent times of lineages
within a population, the estimated coalescent date of the lineages almost certainly
predates the actual divergence of populations (Wakeley 2008). While the coalescence
dates for N. umbrinus lineages do not correspond to the most recent glacial period
(110,000 to 9,600 ybp, with a maximum extent at 18,000 ybp), the LGM may represent a
period of reinforcement for previously existing genetic patterns caused by repeated
glaciations throughout the Pleistocene. Periodic gene flow can prevent genetic isolation,
repeatedly reinforcing incomplete lineage sorting across seemingly isolated populations.
Alternatively, the use of a single genetic locus (mtDNA) and inconsistencies in the
analyses could overestimate the coalescence times of the lineages, resulting in the
lineages coalescing within a more recent Pleistocene timeframe and indicating that the
recent climatic cycles are actually the drivers of lineage divergence and not just providing
reinforcement of previously existing patterns.

The ENMs indicate an asymmetrical growth of LGM habitat in the western Great

Basin and a widespread reduction in quality habitat in the east, with a large pocket of
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habitat remaining in the Uinta Mountains in northeastern Utah. If this model accurately
reflects the changing distribution of habitats during the LGM, the only way to generate
higher overall genetic diversity in the east is to have broad habitat connectivity and range
expansion from the west without the loss of diversity typical of rapidly expanding
populations. This would be coupled with a subsequent loss of diversity in the west within
the more isolated populations. This is reasonable if the White and Spring Mountains,
geographically more isolated from other populations, are driving a pattern of eastward
expansion. The genetic data do not support the recent connectivity of these western
ranges with the central and eastern Great Basin ranges suggested by the habitat models
(Figure 4.3) or the likelihood of an eastward pattern of dispersal.

The demographic data further reveal that those populations in the easternmost Great
Basin have levels of nucleotide diversity almost a full order of magnitude higher than
western (White Mountains) and southern populations (Spring Mountains). Haplotype
diversity shows a similar trend of higher levels in the east and decreasing in western
populations. Under the assumption that higher genetic diversity is indicative of ancestral
populations, the genetic data suggest that this species colonized from an eastern origin.
Within the Great Basin, the eastern mountain ranges show the highest levels of genetic
diversity with shared haplotypes across several isolated mountain ranges. The Rocky
Mountains were suggested as a possible source population in Brown’s (1971) non-
equilibrium theory of island colonization in this system. The ecological niche models
suggest that the Uinta Mountains in eastern Utah maintained a large area of high quality
habitat during the LGM, suggesting that this area could serve as either the proximate

(during the LGM) or ultimate (original colonization of this area) source of present-day
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populations. An east to west colonization pattern is consistent with the higher levels of
genetic diversity in the eastern Great Basin, supporting the hypothesis that the either the
Uinta or the Rocky Mountains represent the source populations for the colonization of
this species westward throughout the Great Basin.

The distribution of N. umbrinus extends eastward into Utah and farther east into the
Rocky Mountains in western Wyoming and Colorado (Figure 4.1). Coupled with this
eastern extension of distribution beyond the Great Basin, the genetic data suggest that N.
umbrinus most likely originated in the east followed by westward dispersal, ultimately
reaching its current distribution. Therefore, the prediction from the ecological niche
models that the greatest areas of habitat diversity are in the western portion of the
distribution may be misleading for genetic analyses targeted at uncovering patterns of
ongoing migration. Given the extreme three-dimensionality of this complex terrain
throughout western North America, the ENMs may be over-predicting habitat availability
and indicating a much higher probability of habitat connectivity in the western Great
Basin than actually existed during the LGM.

Haplotypes in the more isolated western mountain ranges are geographically
restricted (e.g., the White and Spring Mountains) while specific haplotypes are
widespread throughout localized regions (e.g, central Great Basin). The most widespread
haplotypes originated in or spread into the Wasatch mountains in Utah, providing further
evidence for an eastern origin for this species. Widespread haplotypes shared among
many isolated mountain ranges suggest that the current distribution of genetic lineages
may be the result of either incomplete lineage sorting or ongoing dispersal between these

mountain ranges. While gene flow between the western ranges (White and Spring
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Mountains) is non-existent, dispersal between the central Great Basin ranges may be a
very likely given both their proximity to each other and their shared haplotypes in this
region.

Periods of even patchy habitat connectivity, suggested for coniferous forests in the
Great Basin (Wells and Berger 1967), would facilitate some level of gene flow which
would maintain genetic mixing among otherwise isolated populations. The
reconstructions of habitats during the LGM suggest that the overall availability of
habitats do shift over time in response to changing climatic conditions, but the true extent
of these shifts remains unknown. These shifting habitats may lead to some level of
connectivity between seemingly disconnected mountain ranges or at least decreasing the
dispersal distance and the potential for dispersal between isolated habitats. With warming
temperatures and glacial retreat, the coniferous forests that may have shifted downslope
would have retreated back to higher elevations, decreasing the likelihood for dispersal
between mountain ranges. If populations were forced into glacial refugia (e.g., within the
Uinta Mountains), then population genetic analyses would show evidence of widespread
recent population expansions, consistent with these demographic data.

Moreover, the current patterns of genetic connectivity suggest the possibility of
multiple colonization events from the eastern populations in the Wasatch Mountains. The
populations within the heart of the Great Basin are closely related to each other,
suggesting the likelihood that at least one episode of dispersal gave rise to these
populations. The haplotype network further reveals that samples from the Snake Range in
southeastern Nevada are more closely allied with the Wasatch Mountain samples from

Utah rather than to other central Great Basin ranges (Figure 4.2). This pattern presents the
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possibility that there may have been multiple pulses or colonization events from the
eastern source populations in Utah. Additional analyses are needed to address the timing
and the extent of the relationships between these lineages.

To further investigate the origin of this species, the direction of colonization, and the
connectivity between all populations (mountain ranges) in shaping the complete
biogeographic history of N. umbrinus, additional data and analyses are needed. Samples
from populations outside of the Great Basin, especially from the eastern populations in
the Wasatch, Uinta, and Rocky Mountains, would enable a more thorough test of the
alternative hypotheses of eastern versus western origin of the current populations. To
assess whether ongoing gene flow or incomplete lineage sorting is driving the widespread
distribution of genetic lineages throughout the central Great Basin, pairwise comparisons
of migration between each of these populations is necessary. These data would also allow
for a more complete assessment of Brown’s hypothesis of a single colonization event into
the Great Basin with no subsequent dispersal in the Great Basin. Additionally, nuclear
sequence data could provide another line of evidence to detect patterns and directionality
of migration since mtDNA is restricted to tracing only maternal lineages and thus only
female mediated gene flow. A more complete and robust phylogeny of Neotamias is
ultimately necessary to address demographic issues that may complicate the genetic
patterns within N. umbrinus (e.g., ancient or introgressive hybridization) and the genetic
relationships to sympatric and syntopic species.

The genetic signatures of several widespread species of mammals (e.g., marmots and
pikas) in the Great Basin indicate strong signatures of isolation-by-distance with

populations restricted to disjunct mountain ranges (Floyd et al. 2005; Galbreath et al.
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2009a; Galbreath et al. 2009b). In many cases, genetic lineages are restricted to mountain
systems rather than individual mountain ranges. These patterns are consistent with the
geographic distribution of haplotypes in N. umbrinus across the Great Basin. While more
isolated mountain rages contain geographically isolated lineages (e.g. Spring and White
Mountains), there appears to be an overall lack of reciprocal monophyly within
individual ranges in the central Great Basin, evident by geographically widespread
haplotypes. We now have a more complete picture of the shifting distribution of montane
species (Wells 1983; Thompson 1990) throughout the Great Basin during the Quaternary
(Lawlor 1998; Grayson and Madsen 2000; Grayson 2002; Grayson 2005). Species and
populations of mammals within the Great Basin can be characterized by a unique history
of colonization and differential response to climatic changes leading to their current
distributions and genetic signatures. Detailed analyses of widespread plants in this region
suggest a similar pattern of species specific colonization and dispersal histories.
(Thompson 1990). Given the growing body of evidence from species with different life
history traits, Brown’s (1971) hypothesis of a common colonization history across a suite
of Great Basin mammals seems unlikely. With the accumulation of genetic evidence (this
study; Floyd et al. 2005; Galbreath et al. 2009a; Galbreath et al. 2009b), we now
understand that the montane mammals within the Great Basin form a dynamic
assemblage of species that has responded to a common set of abiotic factors (climatic
oscillations) and unique abiotic influences (shifting habitats in response to the climate
changes). The synergy of these forces has served to create a unique biogeographic history
for each species of montane mammal in the Great Basin, creating a much more complex

system than originally envisioned by Brown (1971).
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Conservation Implications

Climate change is increasingly impacting complex ecosystems (Belant et al.
2010) and montane species are among the first to experience extinction events resulting
from climatic disturbances (Parmesan 2006). Montane mammals are particularly
susceptible to the effects of habitat loss because they are effectively isolated on islands of
limited suitable habitat. The distribution of coniferous forests are highly reactive to
temperature changes (Beever et al. 2003), which explains the shifting availability of
habitats along elevational gradients with expanding and contracting glacial cycles.
Ongoing climate change caused by increases in atmospheric CO, and other greenhouse
gases can increase the rate at which montane habitats contract upslope into higher
elevations. However, habitats do not necessarily need to change drastically to negatively
impact species distributions (Beever et al. 2003). Montane populations of pikas
(Ochotona princeps) have been extirpated recently, owing to a variety of factors
including climate change (Beever et al. 2003; Beever et al. 2010). There is evidence for
climate-mediated extinction in the Sheep Mountains in southern Nevada where the
subspecies N. umbrinus nevadensis is restricted to high elevation habitats. This endemic
subspecies has not been recorded since the 1960s (Lawlor 1998), despite extensive efforts
to document its existence. Sampling efforts at historical collection sites and additional
suitable habitats have detected only N. dorsalis (cliff chipmunk), a related but typically
lower-elevation species (C. Klinger and C. Tomlinson, pers. comm.). This suggests that
N. dorsalis may have either expanded or shifted its distribution to higher elevations,
displacing and perhaps ultimately causing the extinction of N. umbrinus nevadensis, a

unique genetic lineage.
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Neotamias palmeri is endemic to the Spring Mountains in southern Nevada and is
officially listed as “Endangered” on the IUCN Red List of Threatened Species because of
this restricted distribution (IUCN 2009). Analyses indicate that lineages of N. palmeri are
genetically distinct from N. umbrinus, though these two species do share a close
evolutionary history (Piaggio and Spicer 2000, 2001). Additional genetic data are needed
to fully address the evolutionary history of N. palmeri within the broader context of
Neotamias systematics and taxonomy. Given that samples of N. palmeri form a very
geographically isolated yet cohesive genetic lineage confined to a high-elevation habitat
within a single mountain range in southern Nevada, conservation efforts that support the

continued management and protection of this species are justified.
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Table 4.2 AMOVA indicating the amount of genetic variation within and between

populations of N. umbrinus/N. palmeri in the Great Basin.

Source of d.f. Sum of Variance Percentage of
Variation squares components Variation
Among
Populations 18 780.471 3.95945 Va 69.03

(mountain ranges)

Within
Populations 246 436.933 1.77615 Vb 30.97
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Figure Legends
Figure 4.1: Elevational relief map of the Great Basin in western North America
(outlined in yellow) indicating collecting localities for samples of Neotamias umbrinus
and N. palmeri. The colors (with corresponding numbers and abbreviations) correspond
to individual mountain ranges and haplotypes shown in Figure 4.2; size of each circle is
proportional to the number of samples from that locality (from 1 to 11 individuals); the
Spring Mountains are represented by the number of haplotypes (n = 11). Shaded blue
areas represent the distribution of N. umbrinus within the Great Basin and the yellow line
represents the boundary of the hydrographic Great Basin. Inset — complete distribution of

N. umbrinus in western North America.

Figure 4.2: Median-joining network of all haplotypes of the Neotamias umbrinus
species group (N. umbrinus + N. palmeri). The size of each circle is proportional to the
haplotype frequency and the colors correspond to localities indicated in Figure 4.1.
General geographic locality within the Great Basin for each haplotype assemblage is

indicated.

Figure 4.3: Ecological niche models representing the suitable habitat for A) the present-
day distribution of Neotamias umbrinus and N. palmeri in western North America, and
B) the extent of predicted habitat during the last glacial maximum (18k years before
present). Darker areas represent highly suitable habitat with decreasing suitability

corresponding to lighter colors. The white areas represent unsuitable habitats.
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