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Abstract

Phylogeography, population genetic structure and reproductive biology of Antelope
ground squirrels

Joshua Ryan Whorley
Chair of the Supervisory Committee:
Professor George J. Kenagy

Zoology

The genetic structure of populations over a wide geographic area should reflect
the demographic and evolutionary processes that have shaped a species across its range.
Similarly, variation in physiological traits should reflect the degree to which a species
can either tolerate, through behavioral or phenotypic plasticity, or adapt to local
environments across its range. I examined the distribution and diversity of both neutral
genetic variation and reproductive physiology within the Antelope ground squirrel,
Ammospermophilus leucurus.

In my first and second chapters I examine the population genetic structure of
Antelope ground squirrels across the complex of North American deserts from the Great
Basin of Oregon to the cape region of the Baja California peninsula. I estimated

phylogenies of both the mitochondrial cytochrome-b gene and control region gene to



infer population structure and history. The gene trees revealed genetic uniformity in a
monophyletic northern clade, and a more diverse, monophyletic southern clade. The
distribution and diversity of mutations plus the minimal geographic structure of the
northern clade suggest a rapid northward expansion of the population that must have
followed a northward desert habitat shift associated with the most recent Quaternary
climate warming and glacial retreat. The more variable distribution of pairwise
differences and higher haplotype diversity of the southern suggests a longer, more
stable history associated with a southern peninsular refugium.

I then examined the diversity and distribution of additional mtDNA haplotypes
collected at the phylogeographic break between northern and southern clades, in the
Vizcaino desert region. I also analyzed microsatellite allele distributions to determine
whether members of different clades are currently interbreeding or remain
reproductively isolated. I recovered no unique haplotypes or hidden diversity but found
that most of the total genetic diversity of the previously sampled region (22° Latitude) is
contained in the small, 4° Latitude Vizcaino region. Microsatellite allele distributions
suggest that animals from the mid-peninsula represent a single panmictic population,
regardless of what mtDNA haplotypes they carry.

In my third chapter, I discuss how the geographic distribution of genetic
diversity and reproductive traits within 4./eucurus compares to an existing gradient of
environmental conditions. Gestation and lactation of an individual female require about
three months, and individuals breed only once per year. The overall breeding season of
populations are relatively short in Oregon and California, but extends over nearly half a

year in the southern Baja California peninsula. Litter size decreases significantly from



north to south. A major shift in environmental seasonality, biotic diversity, and
ecosystem composition are associated with the longer breeding season and lower litter

size at the southern geographic extreme of A. leucurus.
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Chapter I: Genetic structure of desert giound squirrels over a 20-degree-latitude
transect from Oregon through the Baja California peninsula
Introduction
Identifying and interpreting patterns of intraspecific geographic variation
provides an ongoing forum for discussion about the relative roles of ecological and
evolutionary processes in generating diversity. Darwin (1859) observed that phenotypic
variation often coincides with geographic distance. Mayr (1956) suggested that
ecogeographic variation has an adaptive basis and may represent a response to clinal
variation in environmental conditions across populations. Bergmann’s rule (1847), as
originally applied intraspecifically to homeotherms, serves as a familiar example of a
geographic pattern in adaptation; this "ecogeographic rule" explains larger body size at
higher latitude as a response to colder climatic conditions. This suggests that
temperature or other environmental characteristics that vary systematically over a
geographic gradient could, in principle, generate adaptive variation. The evolutionary
response of populations to an environmental gradient may occur either by genotypic
adaptation or by evolution of phenotypic plasticity (Via 1994). Mayr (1963) argued and
others have demonstrated (Kirkpatrick and Barton 1997) that gene flow should swamp
adaptation in such systems. However, other theoretical treatments suggest that selective
clines along geographic gradients might maintain adaptive genetic and phenotypic
variation (Haldane 1948; Fisher 1950; Kimura & Maruyama 1971) and even promote
speciation (Endler 1977).
Although environmental gradients may drive local adaptive evolutionary

processes, geological and climatological changes can mold more complex patterns of
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genetic diversification over a broader regional scale and a longer time scale (Arbogast

& Kenagy 2000; Conroy & Cook 2000; Riddle et al. 2000; Matocq 2002). Changes in
population size, levels of ancestral polymorphism, and patterns of gene flow can shape
the genetic structure of populations and thereby influence their ability to adapt to
different environmental settings. As these demographic processes are also the primary
modulators of neutral variation, we can better understand population and species-level
responses to historical changes of habitat and topography by examining variation at loci
mtDNA loci. We use gene geneaologies, which we conceive of as correlated to, but not
absolute indicators of population history (Edwards and Beerli, 2000) to infer past levels
of population connectivity. This phyiogeographic approach (Avise 2000) has been
applied to a variety of vertebrate taxa, both individual species (Riddle 1995; Zamudio
et al. 1997; Ashton & de Queiroz 2001) and regional biotas (Zink 1996; da Silva &
Patton 1998; Riddle et al. 2000). We also employ new methods that allow estimation of
relative times of population separation and divergence within species with greater
accuracy, taking into account multiple sources of variance. By tracing demography and
historical patterns of gene flow one can begin to assess the potential for adaptive
divergence in allopatry (Zheng et al. 2003).

To explore the evolution of populations in response to environmental variation,
we chose a small mammalian species with an extensive geographic range that includes a
lengthy north-south gradient across the four desert ecosystems of western North
America (Shreve 1942; MacMahon & Wagner 1985). This latitudinal gradient contains
variation in temperature, periodicity and abundance of rainfall, and vegetation types.

Thus it represents a good system for investigating the connectivity of populations and
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the potential for adaptive differentiation in allopatry. The antelope ground squirrel,

Ammospermophilus leucurus, is one of the latitudinally most wide ranging mammals in
North America, and it is the most widely distributed desert rodent of the family
Sciuridae in North America (Hall 1981). It ranges across the complex of North
American deserts from the Great Basin Desert in southeastern Oregon, at 43° North
Latitude, southward through the Mojave and Sonoran Deserts, and into the Peninsular
Desert of Baja California to the Cape Region, at 22° North Latitude.

To assess the potential for local adaptation and to recover details of population
history, we obtained samples of 4. leucurus over a 2200-km transect crossing its
geographic range. We examined geographic variation in genetic structure using
mitochondrial DNA sequences, both the coding cytochrome-b gene and the non-coding
control region. We use these data to provide insights into how historical changes in
climate and habitat distribution may have influenced genetic structure across the vast
environmental gradient that spans the north-south axis of this species' geographic range.
We investigated the alternative hypotheses that conspicuous genetic variation would be
associated either with a gradient of ecosystem characteristics or with vicariance tied to

historical barriers that may have intervened across parts of the transect.



Materials and methods
Sampling

We obtained tissues of 73 specimens from 46 localities in western North
America, spanning nearly 20° latitude. We consolidated the specific localities into 13
groups ("areas") based on ranges of about 1° latitude (Table 1.1, Fig. 1.1). Tissue
samples are associated with voucher specimens from the following museums: Burke
Museum, University of Washington (UWBM); Coleccién de Mamiferos, Centro de
Investigaciones Bioldgicas (CIB); Museum of Southwestern Biology, University of

New Mexico (UNM), and U.S. National Museum, Smithsonian Institution (USNM).

Laboratory techniques

DNA was extracted from liver or kidney tissue using the DNeasy Tissue Kit
(QIAGEN, Valencia, CA). We used PCR to amplify 555 base pairs (bp) of the
mitochondrial cytochrome-b gene for all 73 individuals. The primers used were 114724
(5-CGAAGCTTGATATGAAAAACCATCGTTG-3"), H15906 (5'-
CATTTCCGGTTTACAAGACCAGTGTAAT-3"), and L15162 (5'-
GCAAGCTTCTACCATGAGGACAAATATC-3'; Irwin et al. 1991), and H15149 (5'-
AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3'; Kocher et al. 1989). We
ran standard PCR reactions in a total volume of 25uL containing 10x PCR buffer, 2.5
mM MgCl,, 0.2 mM of each ANTP, 1.0 uM of each primer, 1 unit of Tag DNA
polymerase (Hoffmann-La Roche Inc., Nutley, NJ), and 1-2 uL genomic DNA. PCR
reactions were carried out in a GeneAmp PCR System 9700 thermocycler (Applied

Biosystems, Foster City, CA) as follows: 95°C for 2 min; 30 cycles of 95°C for 30 sec,
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50°C for 30 sec, and 72°C for 30 sec; and 72°C for 3 min. With each round of PCR

reactions we included one negative control to check for contamination in this and the
following.

We also amplified 511 bp of the control region for all 73 individuals. The
primers used were CTRL-L (5’-CACYWTYAACWCCCAAAGCT-3’; Bidlack & Cook
2001) and H16498 (5’-CCTGAAGTAGGAACCAGATG-3’; Kocher et al. 1993). PCR
reactions were run in a total volume of 25uL containing 1 x PCR Buffer, 2.0 mM
MgCl,, 0.2 mM of each dNTP, 1.0 uM of each primer, 1 unit of 7ag DNA polymerase
(Hoffmann-La Roche, Inc.), and 1uL genomic DNA. The PCR reactions were carried
out in a GeneAmp PCR System 9700 thermocycler (Applied Biosystems) as follows:
94°C for 45 sec; 35 cycles of 94°C for 10 sec, 50°C for 15 sec, and 72°C for 30 sec; and
72°C for 3 min.

PCR products were purified, for use in sequencing reactions, with a QIAquick
PCR Purification Kit (QIAGEN). Sequencing reactions were carried out in a volume of
10uL with the forward primers using a Big Dye Terminator Cycle Sequencing Ready
Reaction Mix (Applied Biosystems). Samples were run on an ABI 377 automated
sequencer (Applied Biosystems). To check the quality of obtained sequence data, in one
direction, we sequenced some individuals twice and found identical outcomes.
Sequences were aligned using SEQUENCHER 4.1 (Gene Codes Corp., Ann Arbor, MI).

All sequences were deposited in Genbank (accession numbers XXX-ZZ7).

Phylogenetic analysis



6
We used the neighbor-joining method in PAUP* 4.0b10 (Swofford 2002) to

reconstruct phylogenetic relationships among individuals for both cyt-b and control
region genes. By applying hierarchical likelihood ratio tests with the program
MODELTEST 3.06 (Posada & Crandall 1998), we determined that the HKY model of
substitution (Hasegawa et al. 1985) plus a gamma distribution (I") of rate heterogeneity
across all sites provided the best fit to the cyt-b data set. The estimated parameters
under this model were ['=0.0928, Ti/Tv=5.1938. For the control region, we found that
the HKY model plus invariable sites (I) and a T distribution of rate heterogeneity across
variable sites provided the best fit. The estimated parameters under this model were
I'=0.8382, I=0.7582, Ti/Tv=6.0700. We used bootstrap analyses with 1000 replicates to
evaluate nodal support, as implemented in PAUP* 4.0b10. For both markers we
constructed unrooted trées. As a comparison to the neighbor-joining trees, we also
constructed trees using maximum likelihood methods in PAUP* 4.0b10, which yielded

similar topologies and slightly longer branch lengths.

Molecular diversity

Mean nucleotide diversities within and between clades were calculated with the
program ARLEQUIN 2.000 (Schneider et al. 2000). We used the substitution model of
Tamura and Nei (1993) with gamma corrections of 0.0928 for cyt-b and 0.8382 for
control region, as estimated with MODELTEST. Mean nucleotide diversity of cyt-b data
between the two clades was used to estimate divergence while taking into account
ancestral polymorphism using the equation for molecular diversity Dyy = D-0.5x(Dx+Dy)

(Nei & Li 1979), where D and Dy are mean molecular diversities within two different
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clades respectively; D is the mean nucleotide diversity between two clades, and Dy is

the corrected molecular diversity between two clades.

With ARLEQUIN 2.000 one directly calculates Dy and Dy, but not D. We
combined the two clades into one single population (t) and calculated mean nucleotide
diversity for this population (D) using ARLEQUIN 2.000. Then we used Dy, Dy, and D; to
compute D by the following formula:

DNi(Ni-1)/2 = DNNy + DN (Nx-1)/2 + DyNy(Ny-1)/2
where Ny, Ny and N; are sample sizes of populations x, y and t, respectively, and where

Ne= N+ N,.

Historical population dynamics

With the program ARLEQUIN 2.000 (Schneider et al. 2000) we calculated Fu's F
to test for demographic expansion (Fu 1997). This test statistic evaluates the probability
of observing a random neutral sample of sequences with a number of alleles similar to
or smaller that the observed value. Ramos-Onsins & Rojas (2002) demonstrated that
Fu’s F; is better for detecting population growth than other tests, so we used it as an
indicator of growth.

We also used ARLEQUIN 2.000 to compute frequencies of pair-wise differences
between haplotypes (the mismatch distribution) to evaluate the hypothesis of recent
population growth and to estimate growth parameters. Recent growth is expected to
generate a unimodal distribution of pairwise differences (Slatkin & Hudson 1991;
Schneider & Excoffier 1999). ARLEQUIN uses a non-linear least squares approach to

estimate parameters for a stepwise growth model: 8p= 2uNy (before expansion), 8; =
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2uN; (after expansion) and t = 2ut (time of expansion). Notice that u = mru is the

mutation rate for the entire DNA sequence under study, where mris the number of
nucleotides of the sequence, and u is the mutation rate per nucleotide (Rogers &
Harpending 1992). Npand N are effective population size of females before and after
expansion, respectively.

Approximate confidence intervals for t, 8y, and 8, are obtained by a parametric
bootstrap approach (1000 replicates). The validity of the stepwise expansion model is
tested using the same parametric bootstrap approach by a goodness-of-fit statistic P =
(number of SSDygin, larger or equal to SSDgps) / B. SSDyim is the sum of squared
deviation (SSD) between the simulated mismatch distribution and the model
expectation, SSDgps is the SSD between the observed mismatch distribution and the
model expectation, and B is the number of simulated samples (ARLEQUIN Version 2.000
Manual; Schneider et al. 2000).

To produce an additional estimate of population expansion we used the program
FLUCTUATE 1.3 (Kuhner et al. 1998), based on coalescence, to generate maximum
likelihood estimates of a present-day value of ©(® = 2uNr) and exponential growth rate
(g). Here u is mutation rate per nucleotide, and Ny is present-day effective population
size of females. FLUCTUATE 1.3 uses a Markov chain-Monte Carlo approach with
Metropolis-Hastings importance sampling to make estimates of ® and g by searching
through genealogies of highest probability. Transition/transversion ratio for the northern
clade was set to 2.6035 and 7.3875 for cyt-b and control region data, respectively, and
to 14.0429 and 7.4047 for the southern clade. These values were obtained from

MODELTEST 3.06. To begin the sampling on genealogies of high probability, we
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provided FLUCTUATE 1.3 with initial trees constructed using the programs dnadist and

Neighbor within Phylip 3.753c¢. For each population and each gene we ran 10 iterations
of the program. For the cyt-b data we ran 10 short chains of 1500-4000 steps each,
depending on the information content of the sequences, and two long chains of 15,000
steps each. Sampling increment was set to 20. Using control region data we ran 10
short chains of 1500 steps and two long chains of 10,000 steps. This strategy resulted in

low variability among intermediate estimates of ® and g.



10
Results

To investigate the genetic structure of Ammospermophilus leucurus populations
over the entire 2200-km transect, we sampled 73 individuals from 13 major locality
areas from Oregon to the southern tip of the Baja California peninsula (Table 1.1, Fig.
1.1). Evidence from both the cytochrome-b gene and the control region indicates two
distinct clades over the north-south axis of the geographic range (Fig.1.2). The genetic
distances between the two clades are 0.022 substitutions per site for cyt-b and 0.046 for
control region. The southern 25% of the range is occupied by a relatively heterogeneous
clade, whereas the northern 75% of the range contains a more homogeneous clade
(locality areas in Fig. 1.1b). Northern clade haplotypes do not cluster geographically,
except for a relatively well-supported monophyletic sub-tree within northern Baja
California (locality areas F, G, H, Fig. 1.2a and b). The southern clade shows less
haplotype sharing among locality areas than the northern clade. For cyt-b the
geographically more restricted southern clade contains 14 haplotypes among 29
individuals, whereas the more geographically expansive northern clade holds only 18
haplotypes among 44 individuals (Fig. 1.2a). Despite the much larger area occupied by
the northern clade, only 41% of the individuals had unique haplotypes, whereas 48% of
the individuals of the southern clade had unique haplotypes.

Mean nucleotide diversities for the cyt-b gene and control region were similar
within the northern and the southern clades (Table 1.2). For cyt-b, the nucleotide
diversity between the two clades was about an order of magnitude greater than that

within clades (Table 1.2). The corrected nucleotide diversities are slightly higher than
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those shown in the neighbor-joining trees (Fig. 1.2) and closer to those generated by

maximum likelihood analysis.

The F; statistic indicated population expansion in both the northern and southern
clades, with F; =-12.14 (P <0.001) and -11.58 (P = 0.001), respectively. The observed
distribution of pairwise differences does not differ significantly from the simulated and
modeled Poisson distributions, indicating recent demographic expansion in both clades
(Fig. 1.3). The lack of well-supported branches within each clade (Fig. 1.2), as well as
the preponderance of short terminal branches, also suggests recent expansion.

To investigate historical population dynamics, we applied two models of
expansion to our control region data. This allowed us to estimate effective female
population size and rate or time of expansion. The exponential expansion model
indicates rapid increase in population size of both clades (Table 1.3a). The present-day
© is larger for the southern clade than for the northern clade under this model. This
indicates a larger effective population size and consequently more polymorphism.
Comparison of the growth parameter g indicates demographic expansion of both clades,
and the model also estimates a more rapid expansion of the northern clade than the
southern clade.

The stepwise model (Table 1.3b) estimated periods of population expansion t of
9.936 for the southern clade and 6.042 for the northern clade, suggesting that the
northern clade expanded relatively recently while the southern clade had a longer, more
stable history in the southern Baja California peninsula. The estimated 6y before
expansion is much smaller than after expansion (8;) for both clades, but the estimated

0, reflecting current effective population size, is much larger in the south than in the
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north. This indicates faster and more recent demographic expansion of the northern

clade. This stands out further considering that the northern clade extends over nearly
three times the latitudinal distance of the southern clade. Interestingly, the estimated

northern 6 is larger than the southern 6.
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Discussion

Ammospermophilus leucurus consists of two distinct mitochondrial clades.
Together, they cover the 20°-latitude axis of the species' geographic range, which
represents a transect spanning several major desert ecosystems within western North
America. The geographically extensive northern clade stretches from Southern Oregon
to the northern edge of the Viscaino Desert in the central Baja California peninsula. The
much smaller southern clade occupies only the southern peninsula. The southern clade
contains a higher percentage of unique haplotypes and a greater overall haplotype
diversity than the northern clade. Our genetic analysis suggests that population size in
both clades has expanded recently, and that geographic expansion of the northern clade
must have followed a northward desert habitat shift associated with the most recent
Quaternary climate warming and habitat shift following glacial retreat. The southern
mtDNA clade shows a longer expansion time than the northern clade, and the greater
haplotype diversity within the southern clade also suggests a larger effective population
size and longer residence time in the southern peninsula. Population demographic
models also suggest that the northern clade had a higher rate of population growth than
the southern. Estimates of gene-trees and population growth support the hypothesis of
rapid northward expansion of the northern clade, probably from a small population in
northern Baja California. The occurrence of geographically widespread, similar
haplotypes throughout the northern clade bears this out, especially north of the US-
Mexican border. The comparative study of the northern and southern population groups

will be of interest for exploring possible adaptive divergence in allopatry.
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Phylogenetic differentiation and population expansion

Both of our mitochondrial gene trees demonstrate the existence of two distinct
clades separated by a relatively high number of mutations. No haplotypes are shared
between the two clades, and within-clade divergence is low compared to between-clade
divergence. The between-clade nucleotide divergence for cyt-b is 0.029 and for control
region is 0.043, which accounts for 85% and 69% of the total nucleotide divergence,
respectively. By comparison with other mtDNA data sets on rodents, this level of cyt-b
divergence falls in the middle of the range of within-species comparisons and at the low
end of the range for sister species (Bradley & Baker 2001; Spradling et al. 2001).

The northern clade is genetically homogeneous, with short terminal branches
separating haplotypes that are widespread and closely related. This tree structure also
suggests either recent demographic and range expansion or high rates of gene flow
relative to mutation. One exception to the general homogeneity of the northern clade is
the sub-tree within the northern clade that consists only of haplotypes from the northern
Baja California peninsula (areas F, G, H). This section of the northern clade is
monophyletic and has relatively longer branches than others and higher bootstrap values
separating the branches, especially on the control-region tree (Fig. 1.2). This suggests
that the northern clade may have been restricted to northern Baja California for some
period before expanding northward to fill its current range. The southern clade contains
greater haplotype diversity than the northern, even though its latitudinal extent is only
about one third as great. It also has longer branches—relative to the northern clade--
separating haplotypes, suggesting that it has been evolving at demographic equilibrium

within the southern peninsula for a longer time.
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The greatest genetic break in our mtDNA phylogenies occurs at the middle of

the Baja California peninsula, near the border between the states of Baja California
Norte and Baja California Sur, and falls near the 28° parallel (Fig. 1.2). This result
agrees with that of Riddle et al. (2000), who initially identified a similar mid-peninsular
pattern of phylogeographic structuring in a number of Baja California vertebrates,
including 4. leucurus. In our study of the full latitudinal extent of 4. leucurus
populations, we found the mid-peninsular break to be the only strong genetic break over
the entire transect. The structure of our observed gene tree fits a hypothesis of recent
demographic and geographic expansion northward from a refugial population of small
effective size in the northern peninsula. Based on emerging views of phylogeography
(Avise 2000), one can expect low diversity and lack of geographic structure for
mitochondrial genes in three situations that may pertain to our system -- (1) recent
demographic and geographic expansion from an ancestral population of small size, (2)
historically stable population size and geographic range, but with geographically
variable levels of gene flow between popuiations, and (3) a selective sweep, carrying to
fixation only a few of the total number of mitochondrial haplotypes in the population
(Bertorelle & Slatkin 1995). Unfortunately, we cannot test this last hypothesis against
the first two. However, to investigate the first two hypotheses, we subjected our control-
region data to treatment by two models of demographic expansion, one that assumed a
sudden step-wise expansion (using the program ARLEQUIN, Schneider et al. 2000) and
another that assumed exponential expansion (using FLUCTUATE, Kuhner et al. 1998).
Our first model uses pair-wise differences between sampled DNA sequences

(mismatch distribution) to analyze population history (Slatkin & Hudson 1991). Both
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theoretical explorations and practical analysis of human DNA sequences have

demonstrated that population history leaves detectable impacts on the form of the
mismatch distribution, especially when populations are not at demographic equilibrium
(DiRienzo & Wilson 1991, Schneider & Excoffier 1999). When Schneider & Excoffier
(1999) extended the original method of Rogers & Harpending (1992) to include rate
heterogeneity across sites, they found that reasonable estimates of both expansion time
T and initial population size 8y are achieved without much bias, whereas estimates of 8,
suffer from upward bias and highly conservative 95% confidence intervals. Such
estimates also reveal that the parameters of older expansions are more precisely
recovered than those of more recent expansions. Such difficulties may account for our
surprising estimates of a higher 6, for the northern clade than for the southern clade.
Based on haplotype divergence and diversity, we expected that the southern clade
should have the larger initial population size.

Demographic expansion should produce a unimodal distribution of pairwise
differences because populations that have recently expanded show fewer coalescent
events and have pairwise differences that fall in an intermediate range (Rogers &
Harpending >1992). The mismatch distribution for both clades conforms to this shape
quite well. Here again, such a distribution can arise by rapid spread of a selectively
advantageous mtDNA haplotype (DiRienzo & Wilson 1991; Bertorelle & Slatkin 1995)
or by homoplasy due to high mutation rates at some sites (Lundstrom et al. 1992). A
population bottleneck can also generate a unimodal distribution with elevated upper-tail
probabilities (Rogers & Harpending 1992). However, because the divergence time in

our system is relatively small (at most several hundred thousand years, based on the
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range of independent estimates of mutation rates of cyt-b; Arbogast et al. 2002), and the

sampled area is so large, homoplasy due to sequence saturation is unlikely to have
generated the unimodal mismatch distributions. Selection is also unlikely to have
confounded our analyses, because intraspecific selection on the mitochondrial genome
may not be strong enough to promote complete replacement of unfavored alleles over
such a large geographic area. Barring the influence of these confounding factors, our
observed mismatch distributions from both clades fit the simulated distributions.
Therefore, we accept the hypothesis of demographic expansion of the northern clade of
A. leucurus.

Because incorporating phylogenetic information into estimates of population
growth makes more efficient use of data than analysis only of pairwise differences
(Felsenstein 1992), we also used FLUCTUATE to estimate population size and growth
rate. This method allows us to account explicitly for homoplasy at rapidly evolving
sites. We qualitatively compared directions and magnitudes of change of the various
parameters between this method and that of ARLEQUIN. Estimates obtained by
FLUCTUATE indicate that the southern clade has a larger present-day effective
population size ® than the northern clade, in agreement with estimates obtained from
ARLEQUIN. The ratios of ® for southern to northern populations are similar, with
FLUCTUATE estimating 2.5:1 and ARLEQUIN estimating 4.2:1. The growth rate g
indicates more rapid expansion of the northern clade than the southern. These estimate
are robust, as multiple iterations of FLUCTUATE generated comparable estimates with

sharp likelihood surfaces (data not shown). Estimates of both @ and g are biased
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slightly upward due to cross correlation between the two (Kuhner et al. 1998), but

correction of this bias does not alter our conclusion.

In the context of western North America's deserts and their history, the northern
A. leucurus clade appears to have expanded both demographically and geographically,
most recently following the last glacial maximum. Our two models of population
growth both estimate that the northern clade grew more rapidly and more recently than
the southern clade. The contemporary western deserts and their associated biotic
communities are of recent origin, and Pleistocene glaciations and climate fluctuations
produced southward geographic shifts of the major North American desert habitats
(Van Devender ef al. 1987, Pielou 1991). Assuming that the northern extent of the
range of 4. leucurus has been limited by habitat and climate, as it appears to be today,
we conclude that recolonization of the Great Basin desert must have occurred since the

last glacial maximum.

Historical biogeography

Our phylogenetic trees together with estimates of population growth indicate
rapid expansion of the northern clade of A. leucurus from populations restricted to the
northern half of the Baja California peninsula. Supported by mtDNA evidence from
several vertebrate taxa, Upton & Murphy (1997) and Riddle et al. (2000) have offered
an explanation of a recurrent pattern of molecular divergence between taxa of the
northern and southern Baja California peninsula. They have proposed the formation of a
midpeninsular seaway about 1.5 million years ago, which would have isolated formerly

continuous populations of these taxa. Under the general scenario of mid-peninsular
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vicariant division accounting for the current haplotype distributions, we see two

possible explanations for the widespread but genetically homogeneous northern clade.
(1) A small panmictic population was isolated immediately north of a mid-peninsular
geographic barrier, and some time later that population expanded rapidly northward. (2)
The populations of the entire northern peninsula have been structured since the time of a
mid-peninsular barrier, whereas populations further to the north were and remain
relatively unstructured.

The distributional history of fossil Ammospermophilus during the Pliocene and
Pleistocene, in relation to climate cycles and associated habitat shifts, suggests that
explanation (1) is more likely. Ammospermophilus populations were apparently
widespread in the Pliocene and early Pleistocene. An extreme southern record for
Ammospermophilus exists in Baja California Sur from the late Pliocene (Miller 1980),
and the extreme northern record is from the Pliocene of south-central Washington
(Gustafson 1978). Pliocene fossil Ammospermophilus also occur in eastern Oregon’s
Juntura Basin (Black 1963). This broad fossil distribution contrasts with the pattern
seen today and throughout the Pleistocene. No Ammospermophilus live in Washington
today, and populations of 4. leucurus barely penetrate into the extreme SE corner of
Oregon. Although A4. leucurus fossils dating to the late Pleistocene occur in the southern
Mojave Desert (Goodwin & Reynolds 1989; FAUNMAP Working Group 1994), they
are notably absent from the Pleistocene record further north in the Great Basin (Grayson
1993), where, instead, the fossil record is rich with montane rodents. The most likely
explanation is that habitaf shifts associated with climate change pulled the northern

range limits southward throughout the Quaternary, as it did for many other North
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American mammals (Pielou 1991). The most recent (Cordilleran) ice sheet reached its

southern extreme about 18,000 years ago (Booth 1987). The northern range limit of 4.
leucurus has apparently expanded and contracted, shifting northward and southward, a
number of times, during the Pleistocene. Paleobotanical evidence corroborates these
kinds of climate-driven habitat shifts; the plant-species contents of packrat (Neotoma
spp.) middens throughout western deserts indicate that much of the vegetation currently
associated with Great Basin populations of 4. leucurus was not present in the Mojave

and Great Basin until at least 14,000 years ago (Van Devender et al. 1987).

Adaptive potential along environmental gradients

The north-south axis of 4. leucurus in western North America represents a
system that invites further investigation into intra-specific population genetics and
adaptation across an environmental gradient. Theoretical treatments of genetic
divergence and speciation (Felsenstein 1981) and laboratory experiments that simulate
speciation (Rice & Hostert 1993) suggest that speciation can be readily achieved in
allopatry, but that it requires intense, multifarious selection to develop in sympatry.
Endler (1973) and May et al. (1975) demonstrated that sharp, adaptive, genetic clines
can develop and be maintained in the presence of gene flow, but it is unclear whether
selective forces in the wild are sufficiently strong and consistent to promote divergence
among wild populations (Hoekstra et al. 2001; Kingsolver et al.2001). Although our
current expectations remain that genetic divergence is more likely in allopatry than in

sympatry, it is of additional interest to explore the complementary role of phenotypic
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adjustment in the response of a species of any environmental gradient that exists over its

geographic range.

Although we conclude that the major genetic divergence between two groups of
A. leucurus populations (mtDNA clades) probably developed with populations in
allopatry, associated with an historic geographic barrier, it is theoretically possible that
the break was also promoted by selection across an environmental gradient.
Alternatively, divergence may have occurred in sympatry across a permeable
geographic boundary. We can next ask whether the apparent historic boundary of the
mid Baja California peninsula is still being maintained, and, if so, what isolating
mechanisms are currently operating. A closer inspection of genetic patterns at the mid-
peninsular interface of the two clades will also be relevant to understanding the
population biology of a potential zone of hybridization and the processes that lead to
discordance between mtDNA and nuclear DNA. We plan to address these questions
using additional molecular markers across the mid-peninsular transition.

The exploration of adaptation (Reznick & Travis 1996) is also of interest across
the geographic range of 4. leucurus. Because this system consists of a cline of
environmental gradients that follows a linear range of populations, we can examine
geographic patterns of genotypic and phenotypic differences and ask whether they are
influenced by the cline, and, if so, why. Environmental conditions differ substantially
between the southern, middle, and northern parts of the range of A. leucurus, and this
undoubtedly produces phenotypic differences (Kenagy & Bartholomew 1985; Kenagy

et al. 2004). We will explore the nature of the environmental changes over the
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latitudinal gradient, and then ascertain whether selection has actually produced any

genotypic changes.

As an example, the reproductive ecology of A. leucurus over its latitudinal range
holds a potential for analysis of life-history adaptation across a range of populations.
Breeding by A. leucurus in the relatively more predictable winter-rainfall environment
and floristically simple ecosystem of the Northern Mojave Desert consists of a single,
precisely timed annual bout with a relatively large litter (Kenagy & Bartholomew
1985). On the other hand, breeding in the unpredictable summer monsoonal
environment and associated floristically diverse ecosystem of the southern Baja
California peninsular desert consists of a broad and protracted season of sporadic
reproduction with a relatively small litter size (Kenagy et al. 2004). The phenotypic and
genotypic components of life-history features such as these over the geographic range
can be identified through further empirical study. From the review of Reznick & Travis
(1996), several patterns are clearly possible: a match of geographic variation in traits
with the location of neutral genetic divergence, complex patterns of trait variation at
sharp environmental boundaries, or gradual variation of the traits over the course of the
environmental gradients. Few previous investigations have successfully addressed the
complex interactions of organismal function and genetics that represent geographic
adaptation (Powers & Schulte 1998), but such an approach seems to be a reasonable
way to investigate the challenging probleﬁ of selection and adaptation in natural
populations over geographic space (Endler 1986).

Development of our views of geographic evolution and adaptation of

populations arose from classic approaches that correlated morphological variation with
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differences in habitat. From such correlations it was originally concluded that ecological

variation or gradients promoted morphological variation, which may in fact may have
been either phehotypic or genotypic. Mitochondrial DNA analysis across geographic
space, on the other hand, is capable of generating patterns of substantial variation that
are cryptic by comparison to original observations of invariable morphological
characters across the same geographic space (Wilcox et al. 1997; Baric & Sturmbauer
1999; Bond et al. 2001). In the mean time we also have strong inferential examples of
adaptive evolutionary divergence across geographic space, where gene flow has been
constrained by a vicariant barrier, and ecological diversification may be post-
speciational (Peterson et al. 1999). The future study of geographic evolution and
adaptation appears to be complex. It will benefit from multiple molecular perspectives,
from understanding of the geographic facilitation or inhibition of gene flow, from
comparisons of morphological and life history data, and from assessments of the roles
of phenotypic vs. genotypic responses.

In his classic essay on geography and evolution of pocket gophers (Thomomys),
Joseph Grinnell (1926) pointed out the enormous geographic variation in body size and
coloration of these rodents associated with habitat variation. He concluded that “the
evolution of habitats (differentiation areas) must have preceded differentiation of the
gopher stocks which came eventually under their impress.” It is interesting, by contrast,
that Grinnell also assessed geographic variation of antelope ground squirrels, the same
species we have studied here. He reported over the continuous range of the species in
California that "there are no hindrances to continuous mixing of breed, such as seem

essential to subspecific differentiation” (Grinnell & Dixon 1919). Likewise, from the
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southern to northern extreme of the state of Nevada, Hall (1946) reported for A4.

leucurus “I cannot detect any geographic variation...in coloration, size of animal, or in
proportions of the skull....” These early interpretations of naturalists appear to be valid,
and from the molecular perspective that we have now added, we can further conclude
that the historical fluctuations north and south in the geographic range of 4. leucurus
have probably been responses to a common general habitat type in which 4. leucurus
lives, and that morphological diversification, as known in other rodents such as pocket
gophers, has not been a part of the success of Ammospermophilus across the deserts

where it is found.
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Table 1.2 Mean nucleotide diversity (substitutions/site + SD) of the two 4. leucurus clades

Mean nucleotide diversity

Marker Northern clade (D,) Southern clade (Dy) Between clades (D) Corrected divergence (D))

Cytochrome-b  0.004572 (£0.002783) 0.004605 (+0.002834) 0.0337 0.0291
Control Region  0.018399 (£0.009561) 0.018831 (£0.009895) 0.0620 0.0434
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Fig. 1.1 Geographic range of Ammospermophilus leucurus and north-south transect of 13 general locality
areas. (a) Geographic distribution map modified after Hall (1981). (b) The 13 locality areas (labeled A-
M) represent clusters of the 46 specific localities that fall within a range of about one degree latitude
(Table 1.1). A geographic break in genetic structure is indicated by the dashed line midway down the
Baja California peninsula, separating two mt-DNA clades (black vs. white circles), as demonstrated by
data presented in Fig. 2.
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Fig. 1.2 Unrooted neighbor-joining trees for mt-DNA sequences of the cytochrome-b gene and control
region. (a) Cytochrome-b tree based on HKY + I model of substitution (o = 0.0928,
transition/transversion = 5,1938). (b) Control-region tree based on HKY + I" + I model of substitution (a.
=0.8382, piny = 0.7582, transition/transversion = 6.0700). Bootstrap support of >50% of 1000 replicates
is shown in bold above branches. Branch lengths (substitutions/site) separating the two major clades are
shown in bold between the branches. Numbers at each branch tip indicate haplotype number, and
numbers in parentheses indicate the number of individuals sharing that haplotype. Letters at branch tips

indicate locality areas of each haplotype (Table 1.1).
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Fig. 1.3 Mismatch distributions (observed, simulated, and stepwise-expansion model) of the two major
Ammospermophilus leucurus clades based on sequence data for the control region. The curves represent
the frequency distribution of pairwise differences for (a) the northern clade, P = 0.76, and (b) the southern
clade, P = 0.21. P-values represent the probability that the observed pattern of pairwise differences is

different from the simulated pattern based on the estimated model parameters.



Chapter II: Gene flow between two gene:)izcally distinct clades of Antelope ground
squirrel: Biogeography meets population genetics
Introduction

Population fragmentation has produced within-species divergences and cryptic
speciation in multiple taxa across a variety of North American landscapes (Arbogast
1999, Matocq 2002, Whorley et. al 2004). The occurrence of geoclimatic change is
often cited as the cause of barriers that cause such diversifications (Riddle, 2000).
While theoretical perspectives, simulations and laboratory studies demonstrate that
population separation can lead to divergence and allopatric speciation (Mayr 1963;
Coyne 1992), the effects of historic separation on contemporary gene flow between
populations is not well understood. In cases where isolating mechanisms are no longer
apparent, we must ask whether populations once isolated by historic barriers remain
isolated.

Researchers often use gene genealogies of mitochondrial DNA as proxies for
population history and demographic change, and from them infer patterns of
connectivity and vicariance (da Silva and Patton 1999, Matocq 2002). When gene trees
suggest genetic divergence that is not reflected by phenotype or taxonomy (e.g.,
Zamudio and Greene 1997), they are sometimes used to reclassify genetically distinct
populations as separate species or other taxonomic units. However, when these
populations lack current barriers, we can’t automatically infer that past separation
resulted in speciation. Temporary isolating events, such as changes in sea level (Riddle
et al. 2000), habitat shifts due to climate change (Sullivan 2000) or retreat of

Pleistocene ice sheets and associated habitat shifts (Arbogast and Kenagy 2001,
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Arbogast 1999) may simply leave a transitory genetic imprint of isolation on

populations in which gene flow is later resumed. If populations do reconnect prior to
speciation, we expect gene flow eventually to erode evidence of past separation (Avise
2000). However if reconnection is recent, within the past 15k years, mtDNA genes
alone may not reveal gene flow due to their relatively low mutation rates and lack of
recombination. While mtDNA gene trees can reliably identify past population
fragmentation (except see Irwin 2002), they cannot address questions concerning
current population dynamics. To identify relevant biological species, and to understand
how historic isolations shape genetic structure and influence speciation, we must
measure current levels of gene flow between historic isolates. To do this we turn to
microsatellites, which have the advantage of being diallelic and biparentally inherited.
Unlike single-locus, maternally inherited mtDNA, an array of microsatellite loci can be
used to identify individual migrants and hybrid individuals to obtain multiple
independent measures of gene flow.

The Antelope ground squirrel (Ammospermophilus leucurus), which inhabits all
four western North American Deserts from the Great Basin in Oregon, south through
the Peninsular desert to the tip of Baja California, is an excellent species system for
addressing these questions. My initial analysis, based on two mitochondrial markers, of
genetic structure over the entire north-south extent of this transect defined a single
strong genetic break in the middle of the Baja California peninsula across the Vizcaino
Desert (Whorley et al. 2004). This break was identified earlier (Riddle et al. 2000)
between two recognized subspecies of A. leucurus, and is largely concordant,

geographically, with genetic breaks found within white-footed mice (Genus
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Peromyscus) two pocket mouse species (Chaetodipus), a Kangaroo rat (Dipodomys) (all

identified in the same study), Le Conte’s thrasher and the red-spotted toad (Bufo
punctatus). These concordant phylogeographic breaks across multiple co-distributed
species lead them to hypothesize a common mechanism for population separation. They
suggested that an inland seaway had flooded the mid-peninsular lowlands of the region
~ 1.5Mya, effectively bisecting the peninsula and halting gene flow between
populations. Whatever the barrier to gene flow was, no obvious barrier now exists and it
is not known if contemporary populations of 4. leucurus just north and south of the
suggested historic barrier remain allopatric, or have reconnected and are interbreeding.
Additionally, as of 2000, the range boundaries of the recognized subspecies (based
largely on morphology) were admittedly poorly defined and deserving of further
investigation (Alvarez-Castafieda and Patton 2000). My reconstructed cytochrome-b
and control-region gene trees showed little substructure within the two large clades
north and south of the break, suggesting that recent population growth and/or migration
have produced genetically homogeneous populations to the north and south. A critical
remaining question, which I address here, is whether these historically isolated

populations have reestablished gene flow across this break.
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Materials and Methods:

Sampling—To determine more precisely the geographic location and néture of

the previously identified mtDNA break (Whorley et al. 2004) and to analyze

contemporary population genetics including potential isolate breaking, I sampled
heavily in the Vizcaino region of the Baja California Peninsula, from 30° - 26° North
Latitude. I obtained liver or kidney tissues of 111 specimens from 27 localities within
the region. I defined samples collected from within 5 minutes latitude of each other as
coming from the same “locality group”, which I identified by assigning the name of the
nearest town (Table 2.1, Fig. 2.1). Tissue samples are associated with voucher
specimens from the following museums: Burke Museum, University of Washington
(UWBM); Coleccién de Mamiferos, Centro de Investigaciones Biologicas (CIB);
Museum of Southwestern Biology, University of New Mexico (UNM).

DNA extraction, amplification and sequencing—I extracted and purified
genomic DNA from liver or kidney tissues using the Animal Tissues protocol in the
DNeasy Tissue Kit from Qiagen (Valencia, CA). I used PCR to amplify 548-554 bp of
the mitochondrial control region (CR) for 103 of the sampled individuals using the
following primers: CTRL-L (5’-CACYWTYAACWCCCAAAGCT-3’; Bidlack &
Cook 2001) and H16498 (5’-CCTGAAGTAGGAACCAGATG-3’; Kocher et al. 1993).
PCR reactions were run in a total volume of 25ul containing 2.5uL of 1x PCR Buffer,
2.5uL of 2.0 mM MgCl,, 2.0 uL of 10 mM dNTP, 2.5uL of each primer at 10.0 uM, 0.1
uL of 2.5 units/ul. Tag DNA polymerase (Hoffmann-La Roche, Inc.), and 1uL template

DNA. I carried out PCR reactions on an MJ Research Dyad Thermocycler as follows:
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94°C for 45 sec; 35 cycles of 94°C for 10 sec, 50°C for 15 sec, and 72°C for 30 sec; and

72°C for 3 min. [ purified the resulting PCR products, for use in sequencing reactions,
with a QIAquick PCR Purification Kit (QIAGEN).

I carried out sequencing reac;tions in 10uL volumes with the following reagents:
1.5 uL of purified PCR product, 2.2 uL. of Better Buffer (The Gel Company), 0.8 uL
each of 1.0uM Forward and Reverse primers, 1.0 uL of ABI Big Dye Terminator Cycle
Sequencing Ready Reaction Mix v3.1 (Applied Biosystems) and 4.5 uL. of ddH,0. I
used a slight modification of the suggested cycle sequencing protocol as follows: Rapid
thermal ramp to 96°C and hold for 1 minute; 30 cycles of 94 °C for 10 seconds, 50°C
for 10 seconds, 60°C for 30 seconds; a final extension at 60° C for 3 minutes; 1 hold at
4°C for 5 minutes.

I cleaned all samples to remove excess dye terminators using an ethanol
precipitation protocol copied from the Swanson lab (Department of Genome Sciences,
University of Washington):

1. Add 26 uL of 95% ethanol to each well

2. Mix, and incubate at -20 °C for 15 minutes.

3. Centrifuge for 25 minutes at 3000 x G

4. Centrifuge samples upside down for 1 minute at 350 x G to remove supernatant.
5. Add 125 uL of 70% ethanol to each well.

6. Centrifuge 10 minutes (right side up) at 3000 x G

7. Remove supernatants by centrifuging upside down for 1 minute.
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[ subsequently sequenced all samples on an ABI/PRISM 3100 Genetic Analyzer

(Applied Biosystems) in the University of Washington Biology Department’s
Comparative Genomics Center. I aligned sequences for phylogenetic analysis using
SEQUENCHER 4.1 (Gene Codes Corp., Ann Arbor, MI). All unique haplotype sequences
will be deposited in Genbank.

Phylogenetic Analyses—To identify the model of DNA sequence evolution that
best explained my data I first used ModelGenerator v0.61 (Keane et al. 2006) to make a
maximum likelihood (ML) estimate of the data given each of 56 possible models of
evolution. Exploratory analyses suggested some heterogeneity in rate of substitution
among sites, so [ designated five substitution rate categories, and allowed
ModelGenerator to estimate those. Both the Akaike Information Criteria (AIC) and
hierarchical Likelihood Ratio Test (hLRT), as implemented in ModelGenerator, used
the likelihood estimates of all 56 models of evolution to determine that the HK'Y model
of evolution (Hasegawa ef al. 1985) including rate heterogeneity across sites and a
fraction of invariable sites (HKY+G+I) was the simplest model that adequately fit the
data. Their estimates of sequence evolution parameters were identical, with
transition/transversion rate ratio (k) =10.5, Gamma distribution parameter (o) = 0.85,
and proportion of invariable sites (I) =0.76. I used these estimates as priors in all
subsequent phylogeny reconstructions.

[ used both Bayesian and ML methods to reconstruct phylogenetic relationships
among my samples. MrBayes v3.1.2 uses Bayesian inference to estimate a phylogeny of
highest posterior probability from a sample of DNA sequences. It uses the Markov

Chain Monte Carlo (MCMC) method to search through possible tree topologies (with
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the option of including informative or non-informative prior estimates of parameters of

sequence evolution) and concentrates it’s search on tree topologies of high posterior
probability. It uses this accumulated collection of tree topologies and parameter
estimates to approximate the phylogeny and model of sequence evolution. I ran 2 x 10°
generations, discarded 1/4 of these as ‘burnin’ (which allows the markov chain to reach
relative stationarity and does not influence the final estimate of the phylogeny), and
sampled a topology from the chain every 100 generations thereafter. The final estimate
of the phylogeny was made using the final 10,000 trees from this population of sampled
trees. I performed several runs, and several markov chains per run, using both
informative and non-informative priors to ensure that all runs converged to a similar
answer. It has been shown that using a uniform, non-informative prior on branch length
can produce incorrect topologies and inflated posterior probabilities of clade support
(Yang and Rannala 2005), so I also used two priors on branch length: both a uniform
and an exponentjal with a small mean. [ accepted this consistent behavior as evidence
that individual runs were not overly influenced by my choice of priors and that results
were robust. Phylogenies by Maximum Likelihood (PHYML) uses ML to estimate the
phylogeny from a sample of DNA sequences. In its search through tree space, it
simultaneously optimizes topologies and branch lengths to arrive at a final estimate of
the phylogeny. I made two estimates of the phylogeny using PHYML, assuming five
substitution rate categories as above. In one ML search I used the parameter estimates
produced by ModelGenerator as fixed parameters. To check that the data were
informative and produced consistent results across runs, I ran a second iteration of

PHYML in which I allowed it to estimate and optimize k, o, and I. To assess nodal
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support I ran 200 bootstrap replicates on the topologies produced by both the fixed

parameter and estimated parameter runs.

Molecular Diversity—For comparison with my original data set, consisting of
samples from across the entire 22° Latitude range of the species, I used ARLEQUIN
2.001 to calculate nucleotide diversity (pi), average number of pairwise differences,
(theta pi), and estimates of sequence divergence among the samples of my
geographically limited, 4° Latitude sampling area of the Vizcaino region.

Microsatellite Screening—Primers flanking microsatellite loci were chosen
from published primer notes and screened for variability and linkage disequilibrium. I
screened 43 loci (whose primer sequences I obtained from the literature) that were
developed for the following species: 21 from Sciurus vulgaris (Hale et al. 2001), 9 from
Spermophilus columbianus (Stevens et al. 1997), and 13 from Spermophilus brunneus
(May et al. 1997). I ordered all primers from ABI.

[ used a standard amplification protocol under non-stringent PCR conditions in 10uL.
reaction volumes to check for the presence of variable microsatellites:

1.00 uL of 10x PCR Buffer without MgCl,

0.60 uL of 25mM MgCl,

0.20 uL of 10mM dNTP mix

0.20 uL of 10uM Forward Primer

0.20 uL of 10uM Reverse Primer

0.15 uL of 2.5 units/uL of Jumpstart 7ag polymerase

6.70 uL of ddH,0
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I then optimized each primer pair by running them at three MgCl, volumes (0.4,

0.6, and 0.8uL) and four annealing temperatures, separated by ~3 C° and centered on
the published optimal annealing temperature. I ran each primer pair under the following
thermocycling conditions: One cycie for 2 min at 96° C to denature double stranded
DNA, followed by 33 cycles of 30seconds at 94°C, 30 seconds at the annealing
temperature, 15 seconds at 72°C to allow Tag polymerase to add dNTP’s, followed by a
final extension step of 4 minutes at 72°C to ensure that all fragments received a terminal
Adenine cap.

From this pool I obtained seven loci that appeared to be variable in both
populations (Table 2.2). I re-ordered these primers, this time with one of three dyes
(HEX, 6-FAM or NED) attached to the 5° end of the forward primer of each pair. I used
these labeled primer pairs in another round of amplifications (using thermocyling
conditions that were optimal for each locus) to fluorescently tag the alleles at each locus
for all individuals. I then diluted the amplified products in a 1:10 dilution with ddH0,
and added 1uL of diluted product to a genotyping cocktail consisting of 13uLL
formamide, to stabilize products, and 0.2uL GeneScan™ 400HD [ROX] size standard.‘
This final mixture was genotyped using Foundation DataCoHection v2.0 on the
ABI/PRISM 3100 Genetic Analyzer (Applied Biosystems).

I used GeneMapper v3.7 software to identify microsatellite alleles at each locus
and to automatically call alleles. All alleles flagged as suspect were visually inspected
and either accepted as accurate calls or rejected. In the latter case, I re-amplified the
locus and called the alleles again. If a locus was absent for an individual I coded it as

missing data and ignored it in subsequent analysis.
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Because my subsequent analyses of genetic structure rely on the assumptions of

neutrality and panmixia, I subjected each of these loci to a test of allelic differentiation,
linkage disequilibrium and Hardy-Weinberg equilibrium (H-W), as implemented in
GenePop (Guindon and Gascuel 2003, Guindon et al. 2005). Loci that failed the H-W
test were further tested for homozygote excess by the method of Rousset and Raymond
(1995) (also implemented in GenePop). An exces of homozygosity across all loci may
indicate inbreeding or population sub-structuring, but excess homozygosity in only one
or a couple loci probably does not, and may actually give false indications of sub-
structure where none exists (Table 2.2).

I tested all loci, both as single populations and as two putative populations, for Hardy-
Weinburg equilibrium and linkage disequilibrium, and tested the populations for.

To identify the number of populations in my sample and to characterize
population structure I used the program Structure 2.1 (Falush et al. 2003), which is a
model based clustering method that assigns multi-locus genotypes to “natural”
groupings. [ allowed Structure to assign individuals to populations in the microsatellite
analysis, regardless of which mtDNA haplotype they carried. The phylogenetic analysis
identified two distinct genetic groups with highly divergent haplotypes, which, in
conjunction with geographic separation, would suggest population subdivision.
However, as many of these individuals were collected in the same or a neighboring
locality, with no obvious intervening barrier, it seemed unreasonable to assume that
neighbors possessing divergent haplotypes belonged to two reproductively isolated
populations. A more reasonable if less simplistic model is to assume that gene flow is

occurring between reproductively competent members of historically isolated
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populations, and that nuclear loci will reflect this recent mixing. Structure 2.1 provides

an admixture model that incorporates this uncertainty. In calculating probable
population of origin, it allows for the possibility that each individual inherited some
fraction of its genome from the other population in the sample. It also allows for
correlation between alleles across loci, which is expected if populations have been .
isolated long enough for mutation and genetic drift to cause allele distributions to
diverge between them. The clear advantage of this model is that it will detect admixture
between populations if it exists. Because it accounts for population admixture as well as
some correlation among allele frequencies, which is often encountered in real data
(Pritchard et al. 2000), I used the admixture model when inferring number of
subpopulations.

Structure produces likelihood estimates of the data given the model, allowing
the user to infer the number of populations (K) most consistent with the data. The
program also produces likelihood estimates of various parameter values associated with
population substructure and mixing. I examined the values of Q, the admixture
proportion of each individual, Fst and o, the admixture parameter to assess
convergence. Large values of o (>>1) models individuals as inheriting allele copies
from all K populations in equal proportions, while small values (<<1) model individuals
as inheriting allele copies from primarily one of the K populations.

[ performed a series of independent runs of Structure for each value of K
between 1 and 3 to assess the performance of the program. I followed the methods of

Pritchard et al. (2000) to choose the burn-in period and to assess mixing, and attempted
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runs of between 10° and 3 x 10° iterations or more following a burn-in period of at least

10° iterations.
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Results:

Model of evolution—Both the hLRT and AIC, as implemented in
ModelGenerator, recommended the HKY+I+G model of substitution, with the
following parameter values: k=10.5, 0=0.85, [=0.76. I used these parameter estimates
as informative priors in the MrBayes analysis, and as fixed values for a PHYML run
with fixed parameters.

Phylogenetic structure—Both Bayesian and ML methods of phylogeny
reconstruction produced similar topologies with similar branch lengths separating taxa.
I present here only the tree produced by PHYML, but include both Bootstrap values and
posterior probabilities as measures of nodal support (Fig. 2.1). As in the previous
analysis (Whorley et al. 2004), the topology shows only one substantial, well-supported
genetic break between two monophyletic clades, which I name southern and northern,
near the center of the Baja California peninsula (28° N, Lat.). Though the Vizcaino
region immediately surrounding the previously identified genetic break was weakly
sampled before, the intensive sampling and analysis of the present study revealed no
new haplotypes of intermediate genetic difference. Within each monophyletic clade
internal node support is low; branch lengths separating individual or groups of
individuals are short; and numerous unresolved polytomies exist within each clade,
producing a star-like phylogeny.

[ detected little sub-structure within each clade, which is not unexpected given
that samples were obtained from such a geographically small sampling area. In light of
this, however, it is surprising that nearly as much haplotype diversity exists within this

tiny geographic sample of each clade as exists across the entire geographic range of the
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species. The mean nucleotide diversity (D) of the Northern and Southern clades

recovered by this analysis accounted for 85 and 88%, respectively, of the nucleotide
diversity recovered in the previous analysis of the entire western range of 4. leucurus
(Table 2.3).

All Bayesian analyses, regardless of whether I used informative or non-
informative priors, eventually produced topologies and branch lengths similar to each
other and to the ML topologies. I used both a uniform prior and an exponential prior
with a low mean as suggested by Yang and Rannala (2005).

Both PHYML runs returned the same topology and similar nodal support,
suggesting that the parameter estimates generated by ModelGenerator are robust.

Haplotype Distribution and Diversity—The geographic location of the genetic
break recovered in the previous analysis is pinpointed here. Haplotypes from both the
northern and southern clade appear throughout the Central peninsula (Vizcaino Desert)
region, from 26 — 30° N. Lat., but northern haplotypes are greatly overrepresented. Of
the 107 sampled individuals, 75 represent unique haplotypes. More than 83% of these
(62 of 75) are northern haplotypes and only 17% (13 of 75) are southern. Similarly, at
the four localities where haplotypes from both clades appear, northern haplotypes
outnumber southern haplotypes by at least 5 to 1 (Fig 2.2). The Northern clade extends
about 2° Latitude further south than was previously detected by the weaker geographic
resolution of our previous analysis (Whorley et al. 2004). It covers much of the salty
| floodplain south of Guerrero Negro and West of the city of Vizcaino and Hwy
1.Northern and southern clade haplotypes appear to interdigitate along an arc stretching

from the southwestern margin of the Vizcaino desert NE through it, ending on the east
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coast in the region of Volcan las tres Virgenes. Along this border, haplotypes from both

clades appear together at the same localities or at adjacent localities (Fig. 2.2).

Populatibn structure: Choice of K—The seven variable microsatellite loci
consisted of four di-nucleotide repeats and two, tri-nucleotide repeats (Table 2.2) and
provided adequate data to infer population structure. Two loci failed the test of HWE
and of homozygote excess. This is not too disturbing because Structure does not appear
to have been overly influenced by them. Had it detected significant population structure,
then I would perhaps worry that the excess homozygosity was leading to false, or
inflated indications of sub-structure. However, as no significant structure was detected
(see below), I determined that the distribution of homozygote genotypes was not biasing
my results.

I present results based on runs of 3 x 10° iterations or more following a burn-in
period of at least 10° iterations. I followed the methods of Pritchard et al. (2000) to
choose the burn-in period and to assess mixing. The final dataset consists of a tabled
summary of 7 — 10 iterations at each K to assess consistency (Table2.4). The probability
of the data is highest for K=1 (i.e. the -Ln likelihood is lowest under the assumption of a
single population) and point estimates of the likelihood remain stable after an initial
burnin of only 200,000 generations in the case of K=1. Point estimates of the likelihood
of the data were remarkably similar across runs at K=1. They varied more substantially
across runs at K=2 and at K=3, but the variability between runs at different K routinely
exceeded the variability encountered among run at the same value of K. This analysis

suggests that only one interbreeding population exists across the Vizcaino region.
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For all runs at K>1, values of Fst for each population settled down, but never

appeared to converge. Instead, the Fst value for one population shrank to 0.000 while
the Fst for other populations assumed some measurable value. For example, at K=2, for
5,000 generations after the burnin the Fst of population 1 remains at 0.000, and
population 2 fluctuates, then from generation blah to blah, Fst values switch completely,
and population 1 has measurable Fst while population 2 shrinks to zero.

Values of Q (estimates of the ancestry of each individual’s genome) for all
individuals are evenly divided between source populations, regardless of the value of K
that I assume. To illustrate this [ include results for a randomly chosen run at K=2 and
K=3 for five randomly chosen individuals (Table 2.5). The inference of ancestry at K =
2 is that all individuals inherited ~50% of their genes from one population and ~50%
from the other. Similarly, at K = 3, all individuals inherit ~33% of their genome from

population 1, ~33% from population 2 and ~33% from population 3.
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Discussion:

In my previous analysis of the phylogeography of 4. leucurus, which included a
range-wide sample of individuals covering 20° Latitude, all phylogeny estimates
contained a substantial genetic break near the middle of the Baja peninsula and little
substructure within the two major clades (Whorley et al. 2004) This analysis extends
that work and increases substantially the sample size in the Vizcaino region, near the
geographic location of the genetic break. The increase in sample number and density
allowed us to more explicitly quantify the genetic break, to identify areas of haplotype
overlap, and to assess population subdivision and gene flow across it.

The phylogenetic results of the previous analysis are reinforced here, with all
sampled individuals belonging strongly to one of two monophyletic clades (Fig. 2.1).
The lack of geographic structure within each clade across this short Latitudinal band
mirrors the lack of structure found previously across the entire range of A. leucurus.
Similarly, the preponderance of short branch lengths connecting individuals within the
two major clades combined with universally low support for internal substructure
suggests two things: individuals within each clade share relatively recent common
ancestry, and the demographic radiation from that common ancestor was explosive.
This is not surprising given the small geographic area sampled, but stands in contrast to
measures of haplotype diversity.

Estimates of nucleotide diversity for each clade account for a large percentage of
the total diversity found within the species (Table 2.3). Though our phylogeny shows
little intra-clade divergence and no geographic structure, most of the species-wide

genetic diversity (for both clades) occurs within the narrow 4° Latitude that
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encompasses the Vizcaino region. In light of our previous analysis (Whorley et al.

2004) it makes sense that much of the northern clade’s diversity remains present just
North of the genetic and geographic break. These new measures of nucleotide diversity
support our earlier conclusion that the entire northern group of A. leucurus arose
recently and explosively from a small founder population isolated just North of 28°
Latitude.

The current distribution of mtDNA haplotypes across the Vizcaino region is
complex, with haplotypes from both the northern and southern clade co-occurring at
multiple sites. Whatever geographic barrier or dispersal-limiting mechanism was
responsible for producing the genetic discontinuity near the mid-peninsula appears to
now be absent, as we see haplotypes from both clades spread across most of the
intensively sampled region. However, at the four sites where they occur in sympatry,
southern clade haplotypes are less numerous than northern clade haplotypes. Because
we recovered this same pattern at multiple sampling localities, it is probably not due to
chanc_e. This suggests that dispersal across thg region between the two clades is biased
toward northern clade dispersal southward. The mechanism responsible for this
asymmetric gene flow cross the Vizcaino region is unknown, but may be due to
asymmetric immigration of northern clade females into the southern clade geographic
area.

The pattern of haplotype distribution in the mid-peninsula suggests two models
of genetic architecture that the microsatellite data address: Either the mtDNA genealogy

identifies two reproductively isolated, monophyletic clades that are syntopic but non-
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interbreeding, or the gene genealogy is not an accurate indicator of reproductively

isolated populations and the clades have re-connected and resumed gene flow.

The microsatellite data suggest strongly that a single panmictic population exists
in the Vizcaino region of the peninsula. Based on consistent —Ln likelihood estimates
and variance in likelihood scores across repeated iterations of Structure, the assumption
of one population (K = 1) always yields the lowest likelihood scores. The much larger
variation observed between batches of runs at K=2 and at K=3 appears largely due to
Structure’s inability to consistently assign individuals to one of the two (or three)
assumed populations. In other words, individuals are so admixed that functionally, only
a single population exists.

Examining values of Q for various individuals at different assumed K also
provides insight into the degree of population subdivision. The results from a few
individuals (Table 2.5) demonstrate the problem of non-identifiable population of
origin: essentially, the allele distributions of all loci, across the entire sample, are
undifferentiated and allele frequencies are uncorrelated. When I assume more than one
population, every individual becomes as likely to originate from one population as it is
from another.

Though populations of 4. leucurus clearly diverged sometime in the past, either
due to habitat shifts or some major geographic barrier (Riddle et al. 2000, Alvarez-
Castafieda, pers. comm.), they appear to have reconnected and resumed gene flow.
Animais with highly divergent mtDNA haplotypes do not possess similarly divergent
microsatellite allele profiles, as would be expected if historic isolation continued to

influence gene flow among populations. The contrasting signal of divergence given by
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these two genetic markers suggests that recent interest in identifying different species

by divergence in mitochondrial genes alone (Bradley and Baker 2001) should be
approached with caution. In this case, we would mistakenly call the northern and
southern clade distinct species though they are currently interbreeding. I did not recover
a stepped or clinal pattern of gene frequency change across our mid-peninsular sample;
indeed, I encountered no geographic structure at all. However, this does not mean that it
does not exist, perhaps further north and south of the intensively sampled area. Further
research into the genetics of the regibn will demonstrate whether contemporary
populations of 4. leucurus are a reformed single species or a hybrid zone between
differently adapted forms (eg Second, et al. 2006).

The contrasting signal of differenti‘ation also leads to the more general question
of whether populations of peninsular organisms that share the phylogeographic break
with 4. leucurus, also share it’s recent population history of reconnection and
interbreeding. Quantification of the contemporary population genetics of these
syntopically-distributed-organisms will provide insight into mechanisms of speciation
and the importance of geoclimatically driven barriers in driving speciation across

multiple taxa.
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Table 2.2 Microsatellite loci used in the analysis of mid-peninsular samples

Product
T, (°C) size #

Locus Repeat  Primer Sequence (5'-3") working (bp) Alleles HWE

Scvl [CAlys F:.CTCCTCTTCCAAGGGTGACA 48 137-159 8 0.32
R:GATGGCCTCTGTTTCTCTGC

Scv3l [AGly F:CCAAGTTCCAGACCAACCTC 48 197-213 3 0.69
R:ITCGGGTCTCTAAGGAGATGG

IGS-1 [CA},y F:ATAACAGCACCCTGCTCCAC 57 86-113 16 *0.00
R:AATCCATCCTCTACCTGTAATGC

IGS-24d  [GTT]s F:CCCTCAGATTAAATTGAATTGG 55-52  145-164 7 0.87
R:GCCCTGCATGAAACCTTG '

IGS-110b  [TGCly F:CCATGGAAGCATGTCTGGTG 55-52 116-122 3 0.27
R:.TGCTTCCTGATTTCAAAGTTGC

GS14 [TGlso F:CAGGTGGGTCCATAGTGTTAC 48 257-279 12 0.06
R:TTGTGCCTCAGCACTTCTTTC

GS17 [TGlis F:CAATTCGTGGTGGTTATATC 59 146-176 17 *0.00




55

Table 2.3 Comparison of molecular diversity.

Comparison of intra-population molecular diversity (substitutions/site + SD) between a range-wide
sample of 4. leucurus (spanning 20° Latitude) and the mid-peninsular dataset (spanning 4° Latitude)

using Control region sequence data.

Sampling Range Northern clade (D) Southern clade (D)
20° Latitude 0.018399 (+ 0.009561) 0.018831 (+ 0.009895)
4° Latitude (this study) 0.015654 (= 0.008164) 0.016577 (£ 0.009222)
% Diversity contained in Vizcaino region 85.1 88.0
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Table 2.4 Inferring value of K, the number of populations, for 4. leucurus.
Inferred number of populations assuming a uniform prior on K (K € {1,2,3}), from the sample of 117

individuals across the Vizcaino region of the Baja California peninsula. The third column estimates the
probability of the model, given the data, and suggests the correct number of populations

K Ln P(X|K) P(KIX)
1 2310.1 ~1.0
2 2413.6 ~0.0
3 2504.5 ~0.0
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Table 2.5 Estimates of Q (the proportion of an individual’s genes inherited from each assumed
population) for 5 randomly chosen individuals (identified by Specimen #) for one randomly chosen run of
K=2 and at K=3.

Assumed # of Q values
populations Specimen # Population 1 Population 2 Population 3
LVT-01640/1991 0.456 0.544 NA
CIB 8521 0.474 0.526 NA
K=2 LVT-01717 0.449 0.551 NA
CIB 8513 0.479 0.521 NA
CIB 8503 0.568 0.432 NA
LVT-01640/1991 0.321 0.372 0.307
CIB 8521 0.350 0.332 0.318
K=3 LVT-01717 0.347 0.329 0.324
CIB 8513 0.341 0.332 0.326

CIB 8503 0.328 0314 0.358
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Fig. 2.1 Phylogeny of mid-peninsular samples.

Maximum likelihood tree for mt-DNA sequence of the control region based on HKY +I" + I model of
substitution (¢t = 0.85, piny = 0.76, transition/transversion = 10.5). Bootstrap support of >70% of 1000
replicates is shown above branches; Posterior probabilities of greater than 0.70 are shown below
branches.
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Fig. 2.2 Distribution of haplotypes in the Vizcaino region of the Baja California peninsula. Black dots
mark localities where Northern clade haplotypes were found and white dots mark localities where
Southern clade haplotypes were found. Localities where both haplotypes were found are marked with two
dots and an associated fraction: the number of southern clade haplotypes (numerator) over the total
sample from that locality (denominator).
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Chapter III: Variation in reproductive patterns of Antelope ground squii‘rels,
Ammospermophilus leucurus, from Oregon to Baja California

Introduction

Biological variation over geographic space and time is produced, both
proximately and ultimately, by patterns of environmental variation that include spatial
clines and temporal cycles. These kinds of physical environmental variation can shape
the expression of variable biological traits that determine the life history of populations
over the geographic range of a species. Because of the tight coupling of reproductive
traits to fitness and the success of local populations, comparisons of the timing and
incidence of reproduction over latitudinal geographic space have been of considerable
interest to both ecologists and evolutionary biologists. In fact Darwin (1859) observed
that phenotypic variation often coincides with geographic distance, and Mayr (1956)
suggested that ecogeographic variation has an adaptive basis and may represent a
response to clinal variation in environmental conditions. In terms of contemporary
evolutionary ecology, the study of reproduction over a gradient of latitude represents an
evaluation of the interplay between flexibility of local phenotypes and the evolution of
genotypic adaptation across the range of a species.

The relationships among latitude, length of breeding season, litter (or clutch)
size, and lifetime reproductive success, have received wide attention in the literature.
Lord (1960) called attention to interspecific patterns of increasing litter size with
increasing latitude in North American mammals; he explained this as a response to
higher winter mortality at higher latitude. Spencer and Steinhoff (1968) provided an

alternative explanation: that the shorter breeding seasons at higher latitudes,
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accompanied by reduction in potential longevity, promote natural selection for larger

litter size. This follows from Williams’ (1966) refinement of Lack’s (1954) principle
(based on observation of larger clutch size in birds at higher latitude) that the tradeoff
between energy allocation to present, vs. future reproductive value leads to reproductive
investments that maximize lifetime reproduction. An additional consideration in
analyzing reproductive output is the roles of predictability, constancy, and contingency
of environmental conditions and resources that influence the timing of breeding seasons
(Colwell 1974). We are interested here in the special problem of tradeoffs between
adaptation and phenotypic flexibility that come into conflict across large amounts of
geographic space, over which gene flow may be reduced or even halted at some point.
Relative to geographically distant and disjunct populations, we expect that neighboring
populations will show greater similarity in expression of reproductive traits, as well as
similarities of genetic structure.

Seasonal breeding results from a process of matching life-history traits and
physiological mechanisms to prevailing environmental characteristics. In desert
ecosystems, where resources required for reproduction are both sparse and ephemeral,
this matching process involves strategies that promote survival under extreme and
unpredictable conditions. The threshold for availability of sufficient energy, nutrients,
and water to allow breeding is reached only during a restricted season. The relationship
between a seasonal pulse of precipitation, the resulting germination of annual plants and
proliferation of perennials, and the breeding of desert rodents has been weil documented
in North American deserts (Beatley 1969; Reichman and van de Graaff 1975; Reynolds

and Turkowski 1972). In the Great Basin and Mojave Deserts the precipitation pulse
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occurs in winter, associated with Pacific storms, and in the Sonoran Desert it arrives in

summer, with Mexican Gulf storms. Within any single desert system, phylogenetic
diversity and associated life-history variation of desert rodent species is also associated
with differences in the timing and incidence of breeding (Kenagy and Bartholomew
1985). Like other small vertebrate animals, desert rodents show early stages of
physiological preparation for reproduction in response to predictive cues such as the
seasonal change in day length, or even an associated endogenous rhythm, but the final
activation of reproductive function clearly results from a direct response to a favorable
supply of food and water (Wingfield and Kenagy 1991).

The enormous north-south extent (2500 km and 21 degrees of latitude) of the
geographic range of antelope ground squirrels, Ammospermophilus leucurus, presents
an opportunity to examine a family of hypotheses and questions that concern proximate
local flexibility against a background of genetic relatedness (Whorley et al. 2004). We
explore here the application of these questions to patterns of reproduction, first by
characterizing reproduction in a population at the northern extreme of the range, in the
Alvord Desert of southeastern Oregon. We then evaluate available data on patterns of
reproduction, as well as the nature of environmental seasonality, over the full transect
from Oregon to the cape region of the Baja California Peninsula. Our study system
spans the entire group of North American deserts (Fig. 3.1). Ammospermophilus
leucurus is the most widely distributed desert-inhabiting sciurid of North America (Hall
1981; Alvarez-Castafieda and Patton 1999). Our new study site in Oregon lies at the
northern outpost of the Great Basin Desert, in the intermountain region characterized by

shrub-steppe and shadscale plant communities (West and Young 2000). The previously
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investigated sites with available comparative reproductive data lie in the northern

Mojave Desert (Kenagy and Bartholomew 1985) and at the southern extreme of the

Sonoran Desert (Kenagy et al. 2005).
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Materials and Methods

Sampling—We collectéd animals from Harney County, Oregon, in spring of 2004 and
2005, along the Fields-Denio Road, from 0.5 to 14 km south of Fields. We used
Sherman live traps and euthanized animals shortly after capture, preserving them on dry
ice for laboratory autopsy. Our live-animal procedures were performed in a humane
manner, following ASM guidelines and an approved University of Washington animal-
use protocol, as well as permits from Oregon Department of Fish and Wildlife.

In 2004 we collected eight males and seven females from 11-13 March to assess
the onset of the breeding season. We returned 25 March—3 April to collect pregnant
females, c'apturing 15 individuals. In 2005 we trapped for pregnant females 30 March-4
April, and again 11-19 April, obtaining 16 individuals. As a result of these differences
in sampling date between the two years, a bias exists in the potential for detecting
differences in dates of breeding for the two years; we thus have pooled the values from
both years to represent the general breeding season in the study area.

Autopsy and reproductive analysis.—We dissected and weighed the paired
testes, epididymides and seminal vesicles of the eight males collected 11-13 March
2004. We compared the mass of these accessory reproductive tissues to the peak values
reported by Kenagy and Bartholomew (1985).

We examined females externally, dissected the reproductive tract, and examined
ovaries macroscopically. We determined litter size in two ways: usually by counting
embryos or in a few cases by counting recent, discrete uterine scars of sufficiently

uniform size and quality to indicate that development had continued to parturition. We
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determined the occurrence of lactation from the simultaneous enlargement of nipples

and presence of active mammary tissue. To compare the new liﬁer size data from
Oregon with two other localities, in California and Baja California (see Environmental
data, below, for details), we tested for significant differences by ANOVA and corrected
for multiple comparisons via Tukey’s HSD.

In order to estimate age and to project a date of birth for embryos, we measured
the diameter of uterine swellings (embryos implanted within the uterine tract) and, if
development had proceeded sufficiently, the crown-rump length and mass of embryos
to obtain an average for each pregnancy. We used the growth curve reported by Kenagy
and Bartholomew (1985) to estimate the age of embryos and then projected the date of
parturition for each litter. We use the values obtained by Pengelley (1966), for gestation
(28 days) and lactation (two months) in laboratory-raised females, to describe each
component of the breeding season and to estimate its overall timing.

Environmental data—Records of monthly and annual precipitation were
obtained from NOAA’s National Climate Data Center (NCDC) website
(http://www.ncde.noaa.gov/oa/ncde.html). Due to occasional lacking data at each of two
nearby weather stations, we used a combination of data from both weather stations, at
Fields, Harney County, Oregon, and Denio, Humboldt County, Nevada, (32 km apart on
the Fields-Denio Road) to generate a long-term precipitation profile for our study site.
Because data for Fields were missing for eight of 24 months during the two years of our
observations of breeding seasons, we used only the precipitation data of Denio to
characterize those two years, for sake of uniformity. To represent the long-term

(normal) precipitation profile we used 52 available years of monthly data from 1952-
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2005; only 11 complete years were available for Fields and we substituted the

additional 41 years from Denio for the missing values at Fields.

Using the predictability analysis of Colwell (1974) we compared the
precipitation data from Oregon (42° 14°N, 118° 38°W) with the localities in California
(Kenagy and Bartholomew 1985; 37° 11°N, 118° 14°W) and Baja California Sur
(Kenagy et al. 2005; 24° 08°N, 110° 34’W). This treatment allowed us to assess the
breeding response of Ammospermophilus leucurus to local environment at three

positions over a large latitudinal gradient.
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Results

Normal monthly levels of precipitation range from about 15-25mm throughout
autumn, winter, and spring in the Alvord Desert of southeastern Oregon (Table 3.1).
This is followed, in July and August, by a consistent summer drought. This pattern of
precipitation drives the germination and proliferation of plants that support desert
rodent reproduction. During the 2004 and 2005 bfeeding seasons of antelope ground
squirrels, the Alvord Desert received somewhat below-normal precipitation in the first
year (74%) and slightly above in the second year (112%). Despite these differences,
‘rainfall sufficed during the critical winter-spring period to promote reproduction by the
ground squirrels in both years.

In 2004 we confirmed that males were fertile in the second week of March. Of
eight males examined, all had seminal vesicles and epididymides of maximal size,
indicating fertility. At this time none of the seven females examined was pregnant.
However, ovaries showed enlarged superficial follicles, and vulvas were open or
swollen, indicating onset of estrus.

For 2004 and 2005 combined, more than 60% of births (n=31) occurred in the
middle two weeks of April (Fig. 3.2). Parturition dates ranged over slightly more than a
month, from 27 March to 3 May, with an average date of April 17 (SD10). Projecting
back from these parturition dates, most of the mating occurred in March, with an
average copulation date of 21 March. Based on a lactation period of eight weeks (two
months) for an individual female, the season of lactation for the population spanned just

over three months, from the last days of March through the first days of July.
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Incidence of breeding by females in the population was high. Of the 37 females

captured in two years, 31 (84%) were producing young, consisting of 15 in 2004 and 16
in 2005. Of the six remaining females that were neither pregnant nor lactating when
captured, most showed signs of apparent estrus. This means that essentially all females
in the population are capable of breeding each year. In conclusion, both the synchrony
and incidence of breeding by female A. leucurus are high in the Alvord Desert.

Average litter size did not differ between the two years of study (P=0.17, two-
sample t-test). For the 31 cases documented, mean litter size was 9.3 (SD 1.8), with a
range of 6-14. Partial litter resorptions were occurring in six cases, three each year, with
the following reductions: from 12 to 11 (2 cases), from 10 to 8 (2 cases), and from 9 to

8 (2 cases).
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Discussion

The Oregon population of 4. leucurus lies in the Great Basin Desert ecosystem,
at the northern extreme of the geographic range of the species. It is the endpoint of a
latitudinal cline of two other populations, in California and Baja California, which we
compare here. The Oregon population shows a single, relatively brief breeding season
in early spring associated with the winter and early spring precipitation typical of the
Great Basin. The breeding season further south, in the Mojave Desert, overlaps that of
the Great Basin but is shorter (Fig. 3.3). The germination of desert annual plants,
vegetative growth of perennials, and further elaboration of the food chain, in response
to winter precipitation, support breeding of A. leucurus as for other rodents associated
with these deserts (Beatley 1969). Summer drought delimits the end of this critical
winter-spring period of favorable environmental conditions in the northern populations.
In the southern Baja California Peninsula, by contrast, the schedule of breeding is
extended markedly (Fig. 3.3). This environment is characterized by a broad and
bimodal season of precipitation that is associated with a subtropical monsoonal climate
and a more diverse and complex biotic community. We explore here the relationships
between ecosystem characteristics and the breeding of 4. leucurus over its full
latitudinal range. The demands for energy, nutrients, and water during reproduction are
extremely high for small rodents that bear a large number of young. The energy
demands of late lactation can amount to the greatest on a female of any time in her life,
because she is supporting a mass of growing young that exceeds her own body mass

(Kenagy and Bartholomew 1985; Kenagy et al. 1990).
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The relatively shorter intervals of pregnancy and lactation for populations at the

northern localities, in the Great Basin and Mojave Deserts (Fig. 3.3), involve a high
incidence of pregnancy within the populations. Virtually all females breed, and
individuals are synchronized to within only a few weeks of one another. By contrast,
females in the Baja California population demonstrate a low incidence of breeding at
any time. Over the prolonged period of essentially half of the year, from April through
September, females can be found in any stage of reproduction from implantation of
embryos to the final stages of weaning young. Thus, the combination of low incidence
of breeding and a prolonged reproductive season in Baja California females amounts to
a pattern of reduced precision and synchrony.

The antelope ground squirrel is an omnivore and consumes green plant food,
seeds, arthropods, and even vertebrate flesh throughout the year (Bradley 1968;
Grinnell and Dixon 1919). The ecological flexibility that accompanies omnivory should
suit A. leucurus for survival over the range of spatial and temporal variability and biotic
diversity of food resources that is found across the North American desert ecosystems.
However, it is the increase in quality and quantity of food that becomes available
following major precipitation pulses that appears to promote successful breeding by
these ground squirrels. To understand the nature of the breeding response of 4. leucurus
over its geographic range, we analyzed seasonality and predictability of precipitation at
our three study sites (Fig. 3.4). With average total annual precipitation of only 164mm
(Oregon), 142mm (California), and 182mm (Baja California Sur), all three areas share
values typical of extreme desert aridity. However, the patterns of timing and seasonality

differ in important ways among the three sites. The two northern sites show sustained
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precipitation in winter, which continues more strongly throughout the spring in Oregon

but is truncated earlier in California by summer drought and increased heat. In both of
the more northerly environments precipitation is distributed unimodally and generates a
single major trophic pulse of winter and springtime biotic production. The temporal
distribution of precipitation in Baja California Sur differs sharply from this and is
bimodal, showing an initial, high-amplitude pulse in July-September and a secondary,
lower pulse in November-January (Fig. 3.4). The heavier pulse of rain in Baja
California is associated with late summer monsoonal storms and results in two monthly
precipitation totals (August and September) that are more than twice as great as those of
any month at the other sites (Fig. 3.4).

To evaluate predictability of precipitation statistically we used the approach of
Colwell (1974), which partitions predictability into two additive components:
“contingency” (predictability associated with an expected level of precipitation for any
particular month) and “constancy” (predictability due to consistency of precipitation
across all months). All three sites displayed significant predictability, but the
proportions of predictability due to contingency (M/P) and constancy (C/P) differed
among them (Table 3.2). Predictability due to constancy influences the timing of
precipitation, and thus the potential timing of reproduction, in all three populations. In
the two northern populations, where most of the predictability is due to constancy (C/P),
A. leucurus shows regular and precise timing of its breeding season to match the trophic
pulse that is initiated by winter rains. The lower evapotranspiration of water in these
cooler northern environments assures that a greater effective moisture supply remains in

the seasonal water bank as the reproductive season progresses. The year-to-year
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reliability of winter precipitation in this environment appears to account for the routine

activation of reproductive function in male 4. leucurus, which occurs predictably in
advance of the actual trophic pulse through the mechanism of an endogenous annual
rhythm (Kenagy 1981). In contrast to the pattern of constancy and unimodality of
precipitation in the northern parts of the geographic range of A. leucurus, our analysis
indicates a different situation in the Baja California Peninsula, where predictability is
mainly determined by contingency. The bimodality of annual precipitation in the
southern Baja California Peninsula contributes to the weaker consistency and thus
overall weaker predictability of environmental conditions in this region (Table 3.2).
Thus our observations of prolongation of breeding season, weak synchronicity among
females, and low incidence of breeding among females (Fig. 3.3; Kenagy et al. 2005)
correspond with the divergence and greater variability of the climate of the Baja
Peninsula. The lack of a single, major, potentially synchronizing pulse of precipitation
in the south simply means that reproductive efforts are more likely to be spread over a
greater number of months.

Patterns of precipitation, plant density and structure, and phylogenetic diversity
have been characterized for North American deserts by several authors. MacMahon and
Wagner (1985) showed that percentage of annual rainfall that occurs in winter decreases
from north to south across the major desert ecosystems (Fig. 3.1). Thus, as observed in
our comparison (Fig. 3.4), the southern Baja California Peninsula is no longer a “winter
rainfall desert.” MacMahon and Wagner also demonstrate that percentage plant cover in
the Mojave Desert and northern Baja California Peninsula is low, generally less than

15%, but rises to 30-45%, and even higher in some local areas, in the southern
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peninsula. They also show, in terms of species isopleths, that Sonoran Desert woody

tree diversity increases from 5-10 species in the northern peninsula to 20-30 species in
the south. These patterns are indicative of a standing crop or biomass of plant materials
in the southern peninsula that far exceeds that of any of the desert systems to the north.
Leon de la Luz et al. (1996) describe in detail the great phylogenetic diversity and
phenology of the plant communities of the southern Baja California Peninsula. The
seasonal patterns of growth and reproduction of this highly diverse flora do not show a
unified seasonality, but rather a diverse array of temporal patterns. The basis of this
seasonality amounts to diverse strategies of water storage and use, including below-
ground and above-ground (e.g., cactus, euphorbs) storage of water. Owing to these
temporal patterns and the greater biomass in the southern Baja Peninsula, we conclude
that the food and water supply of 4. leucurus is broadly served by the distinctive
characteristics of this ecosystem in a manner that is consistent with the much longer,
though less intense breeding season of the ground squirrels in this environment (Fig.
3.3). The more dependable nature of biologically relevant precipitation in the northern
range of A. leucurus, consisting of the simplicity of unimodality together with Colwell’s
étronger measures of predictability, might explain the tight coupling of the reproductive
cycles of the northern populations to their food and water resource base.

Seasonality in general, as well as the availability and predictability of food and
water should influence the number of young produced by a female on each breeding
occasion during her life. Comparison of litter size at all three sites reveals significant
variation with latitude over the full north-south range of A. leucurus (Table 3.2). The

number of pups per litter increases with greater latitude; females produce about nine
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pups in the highly seasonal, northern environment in Oregon and about six pups in the

subtropical desert at the southern end of the range. Average litter size differs
statistically among all three sites, though not significantly between California and Baja
California Sur. This may reflect our small sample size from Baja California and
resulting low power for detecting statistical significance.

Our observation of litter size variation with latitude in 4. leucurus is consistent
with the well-recognized pattern of increase in litter size of mammals (Lord 1960) and
in clutch size of birds (Lack 1954) with increasing latitude. The number of litters or
clutches produced by a female annually adds to the complexity of litter size or clutch
size for each breeding bout. In general these patterns derive from the greater amplitude
of environmental seasonality and potentially shorter breeding seasons encountered as
one moves away from the equator. Spencer and Steinhoff (1968) have argued, in light
of Williams’ reasoning (1967), that shorter breeding seasons at higher latitude give rise
to reduced longevity and thus that natural selection acts to increase litter/clutch size at
each reproductive event. Williams has articulated the evolutionary response as a
tradeoff between energy allocation to immediate production of more young versus
extension of the investment over a longer lifetime of less young produced per event. In
terms of our ecological interpretation of the contrast between the sharper and more
intense breeding of northern populations of 4. leucurus and the less intense breeding in
the southern Baja Peninsula, we can offer an additional ecological hypothesis for the
latitudinal litter size cline of A. leucurus; we suggest that A. leucurus in Oregon are able
to produce more young in association with the more synchronous and intense pulse of

food and water resources that occurs in Oregon. Lord’s (1960) initial assessment of
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latitudinal litter-size patterns within genera of the squirrel family (Sciuridae) revealed

increases in litter size with latitude for “tree squirrels” (Sciurus, Tamiasciurus,
Glaucomys) and chipmunks (Tamias) but not “ground squirrels” (Spermophilus,
Ammospermophilus), though this lack of confirmation is likely due to lack of sample
size and robustness of available data. In the mean time, at the intraspecific level, our
data for 4. leucurus (Table 3.3) and those of Chapman and Lind (1973) both
demonstrate significant positive relationships between litter size and latitude in ground
squirrels.

Across the observed inter-population gradient in litter size and in timing and
incidence of reproduction, antelope ground squirrels also show a significant pattern of
genetic variation. Evidence from two neutral, mitochondrial DNA markers (the control
region and cytochrome-b) has shown that the two northern populations of 4. leucurus in
our study share widespread, similar haplotypes, suggesting that they are closely related
and recently expanded from a common ancestor (Whorley et al. 2004). The southern
population, on the other hand, is characterized by a diverse and highly divergent set of
haplotypes, indicating a more distant relationship to northern populations. In light of
this significant genetic distance, concomitant differences in litter size and breeding
patterns are perhaps not surprising. Closely related populations should share more traits
in common than should more distantly felated populations. The biogeographic
mechanism responsible for the latitudinal variation of 4. leucurus populations over the

entire north-south range of the species has not been identified.
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Table 3.2 Predictability of precipitation at three localities, analyzed by the method of Colwell (1974)
and expressed in components of predictability (P), constancy (C), and contingency (M). The localities
represent, respectively, three different North American desert systems (Fig. 3.1): Great Basin, Mojave,
and the Baja California Peninsular subdivision of the Sonoran.

(1) Table 3.1.

(2) Kenagy and Bartholomew (1985)

(3) Kenagy et al. (2005)

* P<0.001

Predictability of precipitation
Locality P C M Cc/p M/P
Oregon (1) 0.319*  0.229 0.090 0.718 0.282
California (2) 0.166*  0.097 0.070 0.581 0.419

Baja California (3) 0.430* 0.208 0.221 0.485 0.515
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Table 3.3 Litter size in Ammospermophilus leucurus.

Comparison of litter size among the three populations of Ammospermophilus leucurus (cf. Fig. 3.3).

(1) Present study.
(2) Kenagy and Bartholomew (1985)
(3) Kenagy et al. (2005)

*Significance, by ANOVA, corrected for multiple comparisons via Tukey’s HSD: Oregon vs. California
(P<0.0001), Oregon vs. Baja California (P<0.0001), and California vs. Baja California (P=0.080).

Locality Latitude Mean* SD N Range
Oregon (1) 42° 9.3 1.8 31 6-14
California (2) 37° 7.4 1.7 43 5~11
Baja California (3) 24° 5.9 1.5 7 4-8




— Great Basin
Mojave
Sonoran

—— Chihuahuan

Fig. 3.1 Major North American desert systems (after MacMahon and Wagner 1985). The geographic
range of the antelope ground squirrel, Ammospermophilus leucurus, extends across three of these deserts,
from the northern extreme of the Great Basin to the southern tip of the Baja California Peninsula.
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Fig. 3.2 Frequency histogram (by week) of projected parturition dates for 31 female 4. leucurus over the

2004 and 2005 breeding seasons in the Alvord Desert, Harney County, Oregon. Data for two years are
pooled due to differences in sampling dates between the two years.
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Fig. 3.3 Graphical summary of breeding seasons in 4. leucurus populations from three major North
American desert systems: Great Basin (Oregon; present study), Mojave (California; Kenagy and
Bartholomew 1985), and Sonoran-Peninsular (Baja California; Kenagy et al. 2005). Horizontal rectangles
represent intervals (by week) of projected pregnancy (PREG) and lactation (LACT) based on field
observations of presence of embryos and lactation in females.
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Fig. 3.4 Long-term (“normal’) monthly precipitation at three localities spanning the North American
desert systems compared here (cf. Fig. 3.3, Table 3.2.)
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