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ABSTRACT: Two species of pocket gophers, Geomys bursarius and G. breviceps, are
found in central Oklahoma. These species were previously recorded as hybridizing in a
contact zone located within Cleveland County. This contact zone was first studied in
1951 and most recently in 1985 but has yet to be analyzed using modern molecular
techniques. Because pocket gophers are cryptic species, genetic analysis is needed for
species identification. I investigated the frequency of hybrid offspring within the contact
zone using mitochondrial and nuclear markers, and compared the historical contact zone

boundaries to the current boundaries using GPS and GIS. Overall, gophers were found
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primarily in the eastern locations of the contact zone and a large distribution was found
north of the original trapping locations around Stanley Draper Lake, an area in which
they were not previously documented. The species identification conducted using RFLP
analysis indicated all specimens were G. breviceps. Microsatellite data suggested two
distinct genetic clusters. The clusters were divided into a north-south pattern and
potentially represent two different species or two populations of G. breviceps that are
isolated by distance. Three admixture individuals were identified using STRUCTURE.
Future research including samples of both Geomys species outside of contact zones and

further microsatellite analysis is needed to elucidate the nature of the two clusters.
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Chapter I - Introduction
Species Concepts

The definition of a species has been difficult to convey and has included such
identifiers as the smallest, most exclusive taxonomic group being distinguished by similar
morphological traits and the inability to produce healthy offspring with members outside
of this group. The use of genetic analysis allowed the scientific community to no longer
rely solely upon morphological or reproductive traits for identification, which can be
misleading, as primary definitions for species (Heckman et al. 2006). The ability to
analyze DNA for species identification exposed some of the inadequacies of previously
used methods. For example, genetic studies have shown that organisms that differ in
appearance are in fact closely related or, conversely, organisms that are similar in
appearance have divergent genomes. However, the dichotomy of splitting versus
lumping, which increases or decreases the number of species identified and was common

when using morphological methods, was not solved when using genetic methods.

Reclassifying organisms has become commonplace in light of genetic analysis.
Markolf et al. (2011) discuss the increase in recognized lemur species; 36 species were
recognized in 1982 compared to 101 species as of 2011. They question if the increasing
species numbers are a result of better trapping methods or from overemphasis on genetic
diversity. The difficulty in classifying species based on genetic analysis is a lack of
criteria for the amount of diversity needed to identify the population as a distinct species

(Groves 2012). Tattersall (2013) states a loss of recognized subspecies has occurred by



elevating them to the species level, which also partially accounts for the explosion of

newly identified species.

The species inflation issue is further compounded when different levels of genetic
diversity can be found within the same population by using different molecular markers,
such as mitochondrial DNA (mtDNA) versus nuclear markers or two nuclear markers
with different evolutionary rates. Small sample size also can impact genetic diversity.
There is not a minimum specimen count required before labeling a genetically unique
population a new species. The main criticisms of the review of the lemur species
explosion were the use of small sample size and the total reliance on mtDNA analysis
(Markolf et al. 2011). Best practice will include multiple molecular markers as well as a
robust sample size which is what most current genetic research is adopting. These factors
have led to debates and ambiguity within the field of taxonomy and the need for a unified

species concept.

de Queiroz (1998) attempts to tackle the species definition problem by proposing
a unified species concept. He outlines how various definitions of species are influenced
by the authors’ field of expertise with some being more genetic based, others focused on
reproduction and mating behaviors, and still others relying on evolutionary history. While
all definitions have valid points of emphasis, de Queiroz simply defines species as
separately evolving lineages. He continues by not specifying what kinds of data (e.g.,
reproductive isolation; or phylogenetic, ecological, morphological, or genetic changes)
are required to show populations are evolving. While this concept may seem a step

backward in specificity, the brilliance in this definition is the acknowledgment that



species evolve at different rates and likely through different mechanisms or different
sequences of mechanisms. It also provides allowances for how quickly in the

evolutionary process two populations are relabeled as two species.

Contact Zones

As a result of sometimes ambiguous genetic data, further research is needed to
help define what makes a group a distinct species and how new species are formed. One
type of study examining the species question involves contact zones. Contact zones are
locations in which two species’ distributions overlap. These contact zones can be old,
resulting from glaciation or climatic fluctuations as seen in Europe and North America
after the last ice age, or more recent, resulting from anthropogenic impacts (Barton and
Hewitt 1985). Some contact zones have rapidly changing boundaries (Bilton and Foster
2016). In one example, a Blarina (shrew) contact zone was documented shifting 2.4 km
in 22 months (Benedict 1999). Barton and Hewitt (1985), however, argue most zones

have been located in essentially the same area for a millennium.

There are two types of contact zones: primary and secondary (Hewitt 1988). A
primary contact zone is created within an established, sympatric species distribution.
Genetic differences in the species arise within this distribution, splitting the area into two
distinct overlapping zones. These zones might originate from an environmental factor
impacting phenotypic fitness. They also might originate from the genesis of an
advantageous allele which creates gradients within a species distribution; if this is the

case, these clines can become further established by selection acting on the new allele.



A secondary contact zone is created when two previously isolated and allopatric
species distributions suddenly overlap, most often due to an environmental change
(Hewitt 1988). Most current hybrid zones are hypothesized to have formed through
secondary contact. Many of these zones were established after glaciers receded during the
last ice age. The warmer climate allowed for distribution expansion resulting in new
interactions and overlap of species. Hewitt (1988) lists 20 documented hybrid zones
which arose after glacial retreat. While conceptually the two different contact zones are
distinct, in practice designating a current contact zone as either primary or secondary can
be difficult if not impossible when the historic distributions are unknown (Barton and

Hewitt 1985).

Studies of contact zones often explore speciation mechanisms and look for unique
genetic traits in the species involved (e.g., Bradley et al. 1993). Hewitt (1988) describes
contact zones as “natural laboratories for evolutionary studies.” These zones are unique
in allowing the interactions of different species to be studied because the species often are
closely related and likely a result of divergent evolution; however, convergent evolution
also is a possibility in these zones. Studying the genetic similarities and dissimilarities of
parapatric species in contact zones can illuminate the various evolutionary processes
through which speciation has occurred. To date, speciation has been documented in these
zones as a result of intracistronic recombination (Ohno et al. 1969; Watt et al. 1972; Sage
and Selander 1979), gene conversion (Hillis et al. 1991), transposable element activity
(Bregliano et al. 1983; Kidwell 1990), and posttranslational modification of proteins

(Murphy et al. 1984; Woodruff 1989).



A common question addressed when studying contact zones is the rate of
divergence observed. Genetic studies of these zones often analyze gene flow, unique
alleles and gene combinations, as well as new genes. A molecular clock analyzes
mutation rates to estimate the time elapsed since divergence. Generally, these events are
assumed to be gradual, taking thousands to millions of years (Futuyma 1998). Another
looming question of speciation is whether a specific gene or suite of genes are involved
in the divergence of a species across all forms of life. Baker et al. (1989) suggested that
genetic studies have indicated speciation is not correlated to changes in specific genetic
markers and the genetic variation found likely excludes the future discovery of a

universal speciation marker.

Hybridization

In some contact zones, the interaction between species results in hybridization and
the formation of hybrid zones. Hybrid zones are similar to contact zones between
sympatric species, however, their defining characteristic is mating between the parental
species and the presence of hybrid offspring, often both F; and F» generational
specimens. Also, like contact zones, hybrid zones have been intensely studied for decades
and recently have been found to be in higher frequencies than previously estimated
(Barton and Hewitt 1985, 1989; Hewitt 1988; Harrison 1990, 1993; Ferris et al. 1993;
Virdee and Hewitt 1994; Hodges et al. 1996; Foltz 1997; Wang et al. 2017). Hybrid
zones typically are narrow stretches within contact zones, from hundreds of meters to
kilometers in width, sometimes only becoming obvious after research within a contact

zone (Benedict 1999). Several factors can influence the width of hybrid zones including



habitat structure, selection against hybrids, and an organism’s mobility. Short (1969)
states unlike most hybrid zones, large and broad avian hybrid zones can be found on most
of the continents along with the more typical smaller and narrower contact zones. One

broad hybrid zone of orioles (Icterus galbula) is approximately 200 miles wide.

The use of the term hybrid can be broad. Here, a hybrid refers to an individual
with parents of different species. This event also is called secondary introgression
(Merrell 1977). Hybridization has been observed in a large variety of organisms
including seaweed (Coyer et al. 2002), Louisiana irises (Hodges et al. 1996), green toads
(Stock et al. 2010), short-tailed shrews (Rickert 2009), sea stars (Foltz 1997), and

warblers (Short 1969).

The importance of hybridization in speciation often is debated. Harrison (1993)
points out this debate is greatly impacted by being either a botanist or zoologist;
hybridization is largely seen within the botany community as a constructive and common
speciation process, whereas zoologists view hybridization as a rare and less common
speciation mechanism. For example, Lotsy (1916), a botanist, wrote a book not only
emphasizing hybridization but suggested it as the primary basis for evolutionary changes
such as speciation. The genesis of many plant species comes from the hybridization of
two parent species. One process, known as allopolyploidy, occurs when hybrids have
their chromosome numbers doubled, creating a new species. To illustrate this point, when
discussing the prevalence of plant hybrids Wissemann (2007) states, “Hybridization is

important because life on earth is predominately a hybrid plant phenomenon.”



Before genetic studies, finding naturally occurring animal hybrids was rare
compared to plants. The mule is the most well-known example of animal hybrids, being
the offspring of a female horse and male donkey and illustrates many issues hybrids face.
Mules are sterile due to nonhomologous chromosomes that cannot segregate properly for
viable gamete formation (Hartwell et al. 2008). Mules often are cited as examples of
heterosis, however, being described as having “greater size, more endurance and stress
tolerance, longer work life, and survive on poorer nutrition than their parents” (Troyer
2006). Inheritance patterns of mules are established enough that breeders can accurately
predict the offspring’s overall mature size and weight. This is a result of the larger female

influence on the hybrid offspring’s phenotype (Ensminger 1990).

Hybrids are sometimes less fit than their parental species and can be found in
areas called tension zones. Examples of this include fire-bellied toads (Bombina),
grasshoppers (Caledia, Chorthippus, and Podisma), pine trees (Pinus), leopard frogs
(Rana), lizards (Sceloporus), mole rats (Spalax), and pocket gophers (Thomomys; Hewitt
1988). Plant hybrids, however, have been shown to neither suffer decreased fitness,
negative selection pressure, nor reduced fertility (Wissemann 2007). Additionally, some
hybrids have been found to be equal or greater in fitness compared to the parents (Arnold
1988). One study found first generation hybrids to be phenotypically inferior compared to
the parental species, but after 20 generations the hybrids were found to have superior
fitness (Hwang et al. 2011). Grant and Grant (1992), when reviewing bird hybrids, found
a range of fitness outcomes with disadvantaged hybrids with decreased or no offspring

produced at one extreme to hybrids with similar fitness outcomes as the parental species



at the other extreme. Moore (1977) argues some hybrid zones could exist in which
selection pressure favors hybrids in an intermediate habitat, however, Barton and Gale

(1993) argue this is unlikely.

It often is assumed hybrids will have equally shared parental traits. Hybrids
sometimes do have a combination of parental traits; however, they also can strongly
resemble one parental species over another or may not look like either parental species.
Ellstrand (1987) found a hybrid in the heather plant genus (Ericaceae) which had a
blended appearance of both parental species, yet was physiologically much more similar
to one parent. Several bird hybrids in different genera with intermediate phenotypes of
the parental species were found to outcompete the parents in extreme environments and
better cope with environmental disturbances (Grant and Grant 1992). In a survey of
hybrids known to exhibit phenotypic variation, Rieseberg et al. (1999) found 91% of the
hybrid populations had at a minimum one extreme phenotype which allowed them to

thrive in a unique niche neither parental species inhabited.

Hybrids are not always easy to identify in the field using obvious phenotypic
markers. Many hybrids are identified after analyzing DNA and finding mixed allelic
combinations from both parental species. For this reason, hybrid research often involves
molecular analysis. Being similar to contact zones, the molecular data from hybrid zone
studies can be analyzed to study gene flow, adaptations, isolating mechanisms, epistasis,
interspecific competition, adaptation of parasites, and the impact of climate on fitness

(Benedict 1999).



Cryptic Species

Another result of analysis of genetic diversity within groups is the identification
of cryptic species. Cryptic species are two or more distinct species that lack identifying
morphological or other obvious traits to distinguish one from another, that were
previously clustered into one taxonomic group (Bickford et al. 2006). The concept of
cryptic species was first documented in letters written by William Derham in 1718
(Winker 2005). Despite the concept‘ predating the Linnaean classification system, the
requirements for the cryptic species label are still up for debate; there also is currently
ambiguity on differentiation between cryptic species and sister species (Bickford et al.
2006). In general, sister species are two taxa which have evolved from the same
immediate ancestor with specific species denotations; cryptic species are also generally
closely related but differ by commonly being confused for one another due to a previous

taxonomic designation.

Struck et al. (2018), in reviewing the current literature on cryptic species, found
inconsistent and ambiguous use of the cryptic species label. They proposed criteria for
cryptic species which included statistically divergent genotypes and limited
morphological differences compared to other species and to ancestors over time. The
existence of cryptic species is likely a result of several factors. One explanation for lack
of morphological differences is fitness within a sympatric habitat. Because cryptic
species are found in similar habitats, large morphological trait changes are unlikely
because the overall body form is likely ideally adapted for the current habitat.

Additionally, Schonrogge et al. (2002) argue selection acting upon a species could



prevent morphological changes despite speciation, leading to the creation of cryptic

species. This could be especially true of species living in extreme habitats.

Another explanation for the formation of cryptic species is nonvisual mating
signals. Sister species have been found to have different auditory or pheromone cues
despite similar appearance (Narins 1983; Byers and Strubble 1990; Henry 1994; Cicero
1996; Kozlov et al. 1996; Jones and Barlow 2003). Mayr (1963) argues cryptic species
are found in higher numbers in organisms where visual ability is surpassed by olfactory
ability. Additionally, cryptic species are rarer in animals with strong reliance on visual
cues like birds. However, there is a bias of cryptic species research focusing on animals,

so it is unknown how ubiquitous this phenomenon is.

Research on cryptic species has greatly increased over the last 20 years, likely a
result of DNA analysis and the need for conservation strategies (Bickford et al. 2006).
The common method used to discover cryptic species is analyzing molecular genetic data
(Harrington and Near 2011; Satler et al. 2013; Hedin 2015; Liu et al. 2018). Sukumaran
and Knowles (2017) warn, however, that overreliance on molecular data, specifically the
process of genome scanning, can lead to labeling groups as putative species instead of
distinct populations when not using other diagnostic criteria like behavior, niche analysis,
diet, or other data. Lohman et al. (2010) summarizes the real-life consequences of the
species or cryptic species label in terms of conservation policy which is likely dependent
upon genetic data (Mace 2004; Bickford et al. 2006; Zou et al. 2007; Meier 2008; Balke

et al. 2009; Marks 2010).
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Molecular Identification of Species

MtDNA has been the most widely used molecular marker over the past 30 years,
in part due to being relatively cheap and easy to analyze (Galtier et al. 2009). MtDNA
commonly is used to identify species, especially when studying cryptic species (Herbert
et al. 2004; Janzen et al. 2005; Ball and Armstrong 2006; Galtier et al. 2009; Dupuis et al.
2012). MtDNA has many advantages over nuclear DNA including being found in up to
thousands of copies per cell, compared to two copies found in the nucleus. Because
mtDNA is circular, it also is durable against denaturing when compared to nuclear DNA.
MtDNA also does not have genome complications like transposable elements or allele
recombination. Additionally, mtDNA overall is highly conserved, with few duplications
and no introns (Galtier et al. 2009). Conversely, mtDNA has highly variable regions
which can be used to study population dynamics and species interactions. However, one
consideration of mtDNA analysis is the bias of maternal inheritance, which eliminates the

male parent’s DNA contribution.

The mtDNA Cytochrome b (Cytb) gene commonly is used as a marker for species
identification (Lopez-Giraldez et al. 2005), especially in mammals. It can readily be
amplified via polymerase chain reaction (PCR) and analyzed using restriction fragment
length polymorphism (RFLP) digest or DNA sequencing (Avise et al. 1979; Szalanski
and Powers 1996; Armstrong et al. 1997; Miller et al. 1999; Scheffer et al. 2001; Muraji
and Nakahara 2002; Toda and Komazaki 2002; Saltonstall 2003; Weathersbee et al.
2003; Szalanski et al. 2004). The RFLP process works by taking advantage of species

specific variations within the Cytb gene. Restriction endonucleases are enzymes which

11



cleave DNA at specific sequences called cut sites (Hartwell et al. 2008). These cut sites
can be highly variable, with mutations sometimes leading to the restriction endonucleases
not recognizing the site, leaving the DNA intact (Tropp 2008). This results in different
combinations of fragment sizes when the DNA is digested. The fragments are then
analyzed using gel electrophoresis, which separates the fragments within each sample by
size, creating a distinctive band pattern. The different fragments can correlate with
different species, therefore the banding patterns from gel electrophoresis can be used to

identify species (e.g., Harrison et al. 1985; Pfeiffer et al. 2004).

Microsatellite markers are biparentally inherited nuclear markers that are useful
for individual identification and have been used recently in the detection of hybrid
individuals (Genoways et al. 2008; Vilie et al. 2010; Van Haecke et al. 2012; Mauldin et
al. 2014). These markers are found throughout the genome and are highly variable.
Microsatellites are repeating motifs which are analyzed based on the fragment length.
These sites can have different alleles based on the number of repeats and individuals are
thought to be heterozygous at most loci. New repeats are created by slippage during
replication, both as an artifact of PCR and during natural cell replication. Because this
process occurs often, microsatellites show variation at the population level. Because they
usually are in noncoding regions, the repeats can accumulate without detriment to the
individual. These characteristics allow for the examination of gene flow, paternity, and

hybrid breeding events.

Using a combination of nuclear DNA and mtDNA markers to analyze specimens

within hybrid zones is especially crucial. Harrison et al. (1987) used a combination of

12



morphometric, nuclear, and mtDNA data to analyze field crickets within a hybrid zone
and found specimens which matched one mtDNA parental species yet were classified as
the other parental species based on morphometric and nuclear DNA data. Obtaining
various sources of genetic data was significant in this study in light of their finding that
viable hybrids occur only with mating of Gryllus firums males and G. pennsylvanicus
females (Harrison et al. 1987). Asymmetric breeding would provide an incomplete
picture if only mtDNA markers were used, due to its maternal inheritance. Both
asymmetric breeding and mtDNA introgression were investigated by Chan and Levin
(2005) in various reproductive models; they found small immigration rates within hybrid
zones can lead to rapid mtDNA introgression. They caution against the exclusive use of
mtDNA markers in species identification for this reason, despite the practice being

commonplace.

Geomys

Geomys (pocket gophers) are small, ubiquitous rodents. They can be found from
southern Canada through the central United States to northeast Mexico, extending
eastward along the southeastern coast of the United States and westward to the Rocky
Mountains (Hall 1981; Fig. 1.1). Geomys live a fossorial and mostly solitary lifestyle
(Sulentich et al. 1991). This fossorial lifestyle results in soil types being a major influence
on their distribution (Davis et al. 1938). In a study of three different pocket gopher
genera, Best (1973) found that each genus has a specific soil preference. Additionally,
some species within each genus also have different preferences for soil type. For
example, G. bursarius (plains pocket gopher) typically is found in sandy-loam soil (Best

13



1973) and G. breviceps (Baird’s pocket gopher) avoids sandy-loam soil (Davis et al.
1938). Wilkins and Swearingen (1990), using morphological analysis, found that soil
type had a stronger correlation to morphological differences compared to geographic

isolation.

Recent land usage also can influence the prevalence of gophers. When nitrogen-
poor soil is fertilized, there was increased pocket gopher activity as a result of the
increasing plant biomass (Inouye et al. 1997). One study found different vegetation types
in areas with G. bursarius, with larger amounts of annual grasses and annual forbs,
compared to controlled areas without gophers (Foster and Stubbendieck 1980). The
subspecies G. personatus maritimus was found to prefer areas which were mowed or
impacted by construction, but not overly manicured (Cortez et al. 2015). This preference
could be a result of mowing keeping vegetation from maturation resulting in a constant

higher nutritional value.

Over the past 100 years, the number of Geomys species and subspecies has been
greatly debated, with molecular studies resulting in the recognition of numerous cryptic
species (e.g., Genoways et al. 2008; Chambers et al. 2009). Hall (1981) recognized eight
species of Geomys, which was later expanded to 10 species in response to chromosomal
studies (Tucker and Schmidly 1981; Heaney and Timm 1983, 1985; Qumsiyeh et al.
1938; Baker et al. 1989; Dowler 1989; Block and Zimmerman 1991, Bradley et al.
1991b). An eleventh species was included after further revisions in the 1990’s and 2000’s
(Sulentich et al. 1991; Smolen and Bickham 1995; Burt and Dowler 1999; Jolley et al.

2000; Baker et al. 2003). Sudman et al. (2006) completed an extensive study of Geomys

14



using the mtDNA Cytb gene and concluded there are 11 species; however, another

mtDNA and nuclear study suggested a minimum of 12 species (Chambers et al. 2009).

Geomys contact zones have been studied extensively using different molecular
techniques including chromosome comparisons, mtDNA analysis, ribosomal DNA
analysis, and allozymic studies (Pembleton and Baker 1978; Tucker and Schmidly 1981,
Baker et al. 1989; Bradley et al. 1991a; Genoways et al. 2008). Geomys contact zones
have included interactions between G. lutescens (sand hills pocket gopher) and G.
bursarius majusculus, G. knoxjonesi (Knox Jones’s pocket gopher) and G. bursarius
major, G. breviceps and G. bursarius major, and G. breviceps and G. attwateri
(Attwater’s pocket gopher; Sulentich et al. 1991; Connior 2011). Heaney and Timm
(1983) analyzed Geomys distribution throughout the central and northern Great Plains,
using morphometric measurements, and found three areas of contact between Geomys
species within Oklahoma. Figure 1.1 shows the parapatric distribution between two

Geomys species in central Oklahoma.

Oklahoma Geomys

There currently are three identified species of Geomys in Oklahoma: G. breviceps,
G. bursarius, and G. jugossicularis (Hall’s pocket gopher) (Coffman 2018). Geomys
breviceps is distributed mostly in the southern United States, with a northern boundary in
eastern Oklahoma and western Arkansas extending southward to eastern Texas and
western Louisiana (Sulentich et al. 1991; Fig. 1.1). It is found in the eastern half of
Oklahoma. Geomys bursarius has a larger distribution extending northward to Manitoba,

Canada, southward to central Texas, westward into New Mexico, and eastward into
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lllinois and Indiana (Connior 201 1; Fig. 1.1). It is found in western Oklahoma, including
portions of the panhandle. Geomys jugossicularis is found in southern Nebraska, western
Kansas, eastern Colorado, and the panhandles of Oklahoma and Texas (Genoways et al.
2008). In Oklahoma it is restricted to the panhandle. This species is not the focus of this
study and will not be discussed further. Geomys species found in Oklahoma are
considered cryptic because there are no clear and reliable morphological differences that

can be used for species identification (Sulentich et al. 1991; Connior 2011).

In Oklahoma, previous work established a contact zone with suspected
hybridization between G. breviceps and G. bursarius in Cleveland County near Norman,
Oklahoma (Baker and Glass 1951; Hart 1971; Bohlin and Zimmerman 1982; Heaney and
Timm 1983; Cothran and Zimmerman 1985). This zone generally was described as 2 to
3.5 miles east of Norman (Hart 1971). Hart (1971) suggested the presence of two hybrids
from this area based on karyological studies. Bohlin and Zimmerman (1982) studied the
contact zone in Norman using allozyme electrophoresis to determine the extent of genetic
isolation between two chromosomal races, then recognized as G. bursarius and which
were later designated as G. bursarius and G. breviceps. They proposed limited
interbreeding between these groups and one hybrid was found (Fig. 1.2). Cothran and
Zimmerman (1985) claim the only hybrids observed were F» or backcrosses, despite two
localities having a mixed population of both species. While these studies suggest limited
hybridization events, no research has been conducted in this area using modern molecular
techniques (i.e., mtDNA or microsatellite analysis). Additionally, the location of the

preferred soil type of G. bursarius in this contact zone has been impacted by urban

16



sprawl since the previous studies. Because pocket gophers are considered pests by
homeowners, urban sprawl could have resulted in a reduction or elimination of pocket

gophers in those areas.

Research into the frequency of hybrid individuals has occurred in other Geomys
contact zones. Baker et al. (1989) conducted molecular analysis on 75 Geomys specimens
collected within a New Mexico contact zone and found 41 to have hybrid ancestry.
Genoways et al. (2008) conducted research using modern molecular techniques in a
Nebraska Geomys contact zone described by previous authors as having limited
introgression. They found 30 of 39 specimens exhibited a hybrid genotype at one site,

suggesting a high level of introgression despite previous research to the contrary.

MtDNA loci are useful species identification markers and have been used widely
in pocket gopher studies (Baker et al. 1989; Jones et al. 1995; Hafner et al 2005; Sudman
et al. 2006; Genoways et al. 2008; Chambers et al. 2009; Soto-Centeno et al. 2013).
Geomys hybrids with mtDNA indicating one species and nuclear DNA of another species
have been discovered (e.g., Baker et al. 1989; Bradley et al. 1991a; Jones et al. 1995).
This makes it best practice to include both mtDNA and microsatellite markers when

evaluating specimens of this genus for evidence of hybridization.

Objectives

The purpose of this research was to identify the boundaries of the contact zone
between G. bursarius and G. breviceps in Cleveland County, Oklahoma, using mtDNA

and microsatellite markers. The objectives of this research were to: 1) identify the current
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boundaries of the contact zone near Norman, Oklahoma, 2) compare the current contact
zone boundaries to those established by Cothran and Zimmerman (1985), and 3) identify

any hybrid individuals within the contact zone.

Hypotheses

Hypothesis 1a: The contact zone established by Cothran and Zimmerman (1985) will

largely remain intact.

Hypothesis 1b: The northern border of the contact zone will have shifted north and east

towards Stanley Draper Lake due to the urban sprawl of Norman.

Hypothesis 2: Based on Genoways et al. (2008), hybridization will be common when
using both mtDNA and microsatellites as a means of hybrid identification, contrary to
previous conclusions by Bohlin and Zimmerman (1982) and Cothran and Zimmerman

(1985).
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Figure 1.1 - Geomys distribution across the United States. The parapatric boundary of G.

bursarius and G. breviceps distribution in central Oklahoma is indicated by the circle.

Edited from Sudman et al. (2006).
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Chapter II - Materials & Methods
Sample Collection

Fieldwork was focused in Cleveland County, Oklahoma, to examine how the
boundaries of a previously described contact zone (Bohlin and Zimmerman 1982;
Cothran and Zimmerman 1985) had changed over 30 years. Before conducing field work,
trapping sites from the previous studies were mapped using Google Maps (Fig. 2.1). In
the literature, the previous sites were denoted using a street reference and measuring the
distance from the site to the street. The locations of previous trapping sites were
approximated using the measuring tool on Google Maps and converted to GPS
coordinates. Using ArcGIS (ESRI 2011), the GPS coordinates were used to map the
previous trapping sites (Fig. 2.2). A soil type layer was added to the map to show in
which soil the mounds were found because soil is a major determining factor for Geomys

distribution.

A survey of current gopher mound distribution was conducted, with emphasis in
the area where two previous hybrids were identified, through personal observations made
while driving the area. Once a current gopher mound was identified, GPS coordinates
were recorded and later mapped using ArcGIS. The survey was conducted to determine
whether a shift in the distribution of Geomys had occurred by mapping the current
boundaries in the area. For comparison, the previous trapping sites and current mounds
were mapped together using ArcGIS (Fig. 2.3). After the survey was complete and the
current distribution of gophers was assessed, the study area was divided into transects.

Trapping sites were located in three different zones along east-west running transects to
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span the changing soil types within the suspected contact zone east of Norman (Fig. 2.4).
The area of focus expanded north around Stanley Draper Lake in response to the current

distribution of gopher mounds.

Active gopher mounds were identified by sight when driving transects. Once a
mound was found, Macabee or Victor kill traps were placed in the tunnel system (Fig.
2.5). These traps are approved by the American Society of Mammalogists (ASM)
Institutional Animal Care and Use Committee (IACUC; Sikes et al. 2016). The traps are
designed to kill the gopher upon capture; however, if a gopher was found alive in the
trap, it was euthanized in the field using a combination of isoflurane or chloroform
inhalation, and thoracic compressions if necessary. A combination of chemical inhalation
and thoracic compression is approved by the ASM IACUC (Sikes et al. 2016). Traps
were set and checked at short time intervals, and they were not left out overnight. The
described protocol was approved by the University of Central Oklahoma IACUC

(#14011).

GPS coordinates and date were recorded for each trapped gopher. Gophers were
processed in the lab, with all collected samples prepared as museum voucher specimens.
This included taking standard measurements (total body length, hind foot, tail, and ear)
recording sex and reproductive status, taking tissues (heart, kidney, lung, liver, spleen,
thigh muscle, and colon), preparing the skin for long-term preservation, and preserving
the complete skeleton. The voucher measurements were statistically analyzed using a
one-tailed t-test in the R statistical software package (R Core Team 2018). The specimens

were grouped in various ways (by sex, species, or genetic clusters) to determine if any
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significant morphometric differences were found. Only adult gophers were used for these

analyses.

DNA Extraction and PCR

DNA was extracted from liver samples using a DNeasy Blood and Tissue
Extraction kit (Qiagen, Valencia, CA). Species identification of samples was obtained
using RFLP analysis of the mtDNA Cytb gene. The complete mtDNA Cytb gene was
amplified via PCR for all specimens following the protocol of Sudman et al. (2006),
using primers L14735 and H15906 (Elrod et al. 2000). Once amplified, the DNA was
incubated with the restriction enzyme EcoRV (New England Biolabs, Ipswich, MA)
following the manufacturers protocols. The digested samples were analyzed using gel
electrophoresis (2% agarose gel). Species identification was made based on the number
of bands present with G. breviceps having a 727 base pair (bp) band and a 413 bp band,

whereas G. bursarius had a single 1140 bp band (Coffman 2018).

A series of nine nuclear microsatellite markers (Table 2.1) were screened for all
collected specimens following the protocol of Welborn et al. (2011). Six markers (Gbr09,
Gbr10, Gbr15, Gbr25, Gbr27, and Gbr33) were designed specifically for G. breviceps
(Welborn et al. 2011). The remaining three loci (Tm1, Tm6, and Tm7) were designed for
another pocket gopher genus (Thomomys; Steinberg 1999), but have been shown to work
in Geomys (Welborn et al. 2011). All protocols for PCR established by Welborn et al.
(2011) were followed except for two altered PCR thermal cycling profiles discussed
below. The PCR thermal cycling parameters were as follows with the altered

temperatures for Gbr10 and Gbr33 marked in parentheses: initial denaturation at 95°C for
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180 seconds; 9 cycles of 95°C denaturation for 30 seconds, 58°C (57°C for Gbr10; 56°C
for Gbr33) annealing for 45 seconds, and 72°C extension for 1 minute; 9 cycles of 95°C
denaturation for 30 seconds, 56°C (55°C for Gbr10; 54°C for Gbr33) annealing for 45
seconds, and 72°C extension for 60 seconds; 14 cycles of 95°C denaturation for 30
seconds, 52°C (51°C for Gbr10; 50°C for Gbr33) annealing for 45 seconds, 72°C
extension for 60 seconds; and a final 72°C extension for 600 seconds. The sample were
analyzed using an ABI3500 Genetic Analyzer (ThermoFisher Scientific, Waltham, MA).
Genotypes were visualized, edited, and scored using GeneMapper Software 5

(ThermoFisher Scientific).

Data Analyses

Microchecker v2.2.1 (Van Oosterhout et al. 2004) was used to test for the
presence of null alleles, large-allele dropout, and stutter-induced typing errors at each
microsatellite locus. FSTAT 2.9.3.2 (Goudet 1995, 2001) was used to test for deviations
from Hardy-Weinberg Equilibrium (HWE) and linkage disequilibrium, and to estimate
Fst values between genetic clusters. Cervus 3.0.7 (Kalinowski et al. 2007) was used for
allelic frequency analyses, observed and expected homozygosity, and polymorphic

information content for all nine microsatellites.

STRUCTURE 2.3.4 (Pritchard et al. 2000; Falush et al. 2003; Hubisz et al. 2009)
was used to estimate the number of clusters represented by the data. Parameters for the
STRUCTURE run included the correlated allele frequency model, 50,000 burn-in steps,
100,000 sampling steps, and 5 iterations for each K (number of putative populations

tested). K was set at 1 - 5. STRUCTURE result files were uploaded to STRUCTURE
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HARVESTER (Earl and vonHoldt 2012) to determine the value of K that best fit the data
using the Evanno method (Evanno et al. 2005). STRUCTURE result files for the optimal
K were analyzed using CLUMMP 1.1.2 (Jakobsson and Rosenberg 2007) and visualized

using distruct 1.1 (Rosenberg 2004).

Species and Hybrid Identification

The mtDNA data set was used to identify the species of each specimen within the
contact zone. Pure parental samples (G. bursarius: G10, G11, G12, G16, and G17 ; G.
breviceps: G23, G,24 G25, G26, and G28; Coffman 2018) were used with the collected
specimens when conducting RFLP. Based on RFLP data, each individual was identified
as either G. bursarius or G. breviceps. This allowed for comparisons of pure parental

samples to those collected in the contact zone.

Each individual also was assigned to a genetic cluster based on microsatellite
data. Microsatellite alleles can be analyzed using software programs like STRUCTURE
to place individuals into clusters based on allelic similarity. Individuals were considered
admixed if the estimated membership within the most likely cluster was <80%. Once
assigned to clusters, voucher measurements were compared in a t-test to look for

statistically significant differences.

Geographic Analysis
After species and hybrid identification of the samples, the geographic area of the

contact zone was mapped with clusters denoting locations of each species and putative
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hybrid. The sample sites of Bohlin and Zimmerman (1982) and Cothran and Zimmerman

(1985) were overlaid with current samples for a temporal comparison.
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Figure 2.1 - Example of how Google Maps was used to locate previous trapping sites. I
used reference trapping locations from Bohlin and Zimmerman (1982) and Cothran and
Zimmerman (1985) and converted them into GPS data. For example: 1.4 km northeast of

Highway 9 and S Jenkins Ave became 35.192933, -97.440531.
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Figure 2.5 - Image of trapping method used with pairs of traps being placed in the lateral
tunnels. Adapted from Marsh (1998).
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Chapter III — Results
Current vs. Historic Gopher Distribution in Cleveland County

When comparing the current distribution of gopher mounds to gopher records
used in previous studies, the current distribution was both further east and northeast,
located in the more rural areas of Cleveland County. One of the proposed hybrids from
the previous studies was collected in the northern most sampling location. Although this
survey did not find gopher mounds in that area, a large and concentrated distribution of
gopher mounds was observed further northeast around Stanley Draper Lake. Because of
this result, sampling was shifted further north compared to previous studies. In total, three
trapping zones were created using the survey data: zone 1 included Stanley Draper Lake
and the location of a previous hybrid gopher, zone 2 included the outskirts of Norman
and the northern half of Lake Thunderbird, and zone 3 included the southern half of Lake

Thunderbird and the location of another previous hybrid gopher.

Table 3.1 shows the breakdown of statistics by trapping zone. Overall, there was
a bias towards females in the dataset with 21 females, 10 males, and two subadults that
were likely male (Fig. 3.1). Trapping zones 2 and 3 each contained pregnant gophers,
with one in zone 2 and four in zone 3. The fetuses were collected and included in genetic
analyses. Unfortunately, paternity could not be established for any fetus. The specimen
mean value for each voucher measurement was similar to those reported in Sulentich et
al. (1991) for G. breviceps. When specimens were grouped based on the STRUCTURE

clusters, however, the southern cluster was found to be significantly larger in total body
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size than the northern cluster (one-tailed t-test, p = 0.04337). The other three

measurements were not found to be significantly different among clusters.

Species Identification and Hybridization
Results of the RFLP analysis indicated all samples were G. breviceps (Appendix).
Analyses were repeated three times, to confirm results, using pure parental samples of G.

breviceps and G. bursarius for controls (Fig. 3.2).

All samples were analyzed using all nine microsatellite markers and
Microchecker was used to look for an excess of homozygotes, presence of null alleles,
stuttering, or large allele dropout (Table 3.2). All loci were in HWE and there was no
evidence of linkage disequilibrium between any pair of loci. The mean number of alleles
per locus was 5.889, mean observed heterozygosity was 0.4272, mean expected
heterozygosity was 0.6107, and mean polymorphic information content (PIC) was
0.5688. The number of alleles per locus ranged from 1-9. Cervus results per locus are

shown in Table 3.3.

The samples were grouped into two clusters (K = 2), based on STRUCTURE
results, with 49% of the samples in cluster 1 and 51% in cluster 2 (Fig. 3.3; Fig. 3.4,
Appendix). Three admixture individuals were identified based on STRUCTURE
analyses: sample m24 (79.4% cluster 1), sample m25 (77.3% cluster 1), and sample m31
(56.6% cluster 1; Table 3.4; Appendix). None of these admixture individuals were found
in previous trapping locations. There was a distinct geographic separation between the

two clusters (Fig. 3.4). Cluster 1 represented 100% of specimens from trapping zone 1
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and 91.6% of specimens from trapping zone 2 (Table 3.3). Cluster 2 represented 8.4% of
specimens from trapping zone 2 and 100% of specimens from trapping zone 3 (Table
3.4). The Fst value between the two clusters was 0.123, indicating moderate genetic

differentiation between the groups.
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Figure 3.1 - Sampled Geomys marked within trapping zones and by sex. White squares
represent males, white circles represent females, and white circles with stars represent
pregnant females.
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Figure 3.2 - RFLP results with parental controls on the right. All 43 samples matched the
banding pattern of Geomys breviceps.
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Figure 3.3 - STRUCTURE results with three admixture individuals marked with black boxes. Cluster one is denoted in dark

gray and cluster two is denoted in light gray.
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Figure 3.4 - Geomys specimens grouped by microsatellite STRUCTURE cluster results.
White circles represent cluster 1, black triangles represent cluster 2, and stars represent
admixture individuals.
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Table 3.1 - Trapping data and voucher specimen measurements. The number of
individuals for each age and sex class are provided for each trapping zone and across
all samples. Average measurements are provided for all three trapping zones
combined and for the two clusters. Cluster measurements were compared to those
provided by Sulentich et al. (1991) for Geomys breviceps. Tests of significance were
performed using R statistical software (R Core Team 2018). *1 of 7 females in this
zone were pregnant. **4 of 10 females in this zone were pregnant.

Trapping Zone 1
Age
Adult 11
Fetus
Sex (Adults Only)
Male 6
Female 4
Unknown 1

Voucher Measurements in cm

Total length
Average 21.3
Max 244
Min 17.2
Sulentich et al. 20.8
Cluster 1 average 20.9
Cluster 2 average 21.8
significance
(1 tailed t-test) 0.04337

Tail
6.2
7.4
4.9

6.14
6.1
6.3

0.1031

3

Hind Foot
2.5
2.7
2.3

2.56
2.5
24

0.256

Total

33
10

10
21

Ear
0.3
0.5
0.2

0.3
0.3
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Table 3.2 — Summary of Microchecker results. Each “X” denotes a possible issue at that

locus.

Primer
Name

Gbr09
Gbrl10
Gbrl5
Gbr25
Gbr27
Gbr33
Tml1
Tm 6
Tm 7

Excess of
Homozygotes
X

X

X R X

Null
Alleles
X

XK KX

Stutter

Allele
Dropout
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Table 3.3 - Cervus analysis results. The number of alleles, observed heterozygosity (Ho),

expected heterozygosity (Hg), and polymorphic information content (PIC) are provided
for each locus.

Name # alleles Ho Hg PIC
Gbr09 4 0.5581 0.6947  0.636
Gbr10 9 0.6905 07576  0.713
Gbrl5 7 0.6047 0.7008  0.701
Gbr25 7 0.619 0.7212  0.671
Gbr27 1 0 0 0
Gbr33 9 0.5 07714  0.737
Tml 8 0.4884 0.8342  0.802
Tm 6 4 0.1163 0.3609  0.334
Tm 7 4 0.268 0.613 0.525
Average 5.889 04272  0.6107  0.5688
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Table 3.4 - Summary of STRUCTURE analysis results. Section one shows the three
admixture individuals (m24, m25, and m31) provided along with the sex, trapping zone,
and percentage designation into each genetic cluster. Individuals with a cluster
assignment less than 80% were considered admixture. Section two shows the cluster
assignments for specimens analyzed by their original trapping zone locations. Section
three is a demographic of clusters by sex and admixture individuals. *one specimen

(m32) was trapped in zone 2 but assigned to cluster two unlike the rest of the specimens
from zone 2.

Admixture Samples
Sample # Sex Trapping Cluster 1%  Cluster 2%

Zone
m?24 f 1 0.794 0.206
m25 m 1 0.773 0.227
m31 m 2 0.566 0.434
Cluster Assignment by Trapping Zones
Trapping Cluster Cluster % Cluster
Zone Membership Membership
1 1 11of 11 100%
2 1* 11of 12 91.67%
3 2 20 of 20 100%
Cluster Specimen Demographics
Cluster 1 2
female 10 11
male 8 2
admixture 3 0
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Chapter IV - Discussion and Conclusion
Current vs. Historic Gopher Distribution in Cleveland County

The survey of the previous trapping locations showed they were within residential
areas of Norman. Likely because of homeowner intervention, few mounds were found in
these locations in this study. Norman also has experienced substantial urban sprawl over
the last three decades, which might account for the gopher populations shifting eastward.
While the high gopher concentration around Stanley Draper Lake was unexpected,
Heaney and Timm (1983) did mention a possible contact zone in Oklahoma City near this
location. They analyzed specimens caught two miles east of Tinker Field (now Tinker Air
Force Base). This area was at the northern edge of trapping zone 1, which also is where
two admixture individuals were identified in this study. It is possible the contact zone
always extended this far north and the previous Cleveland County contact zone studies
simply did not sample these locations. The specimen from Bohlin and Zimmerman’s
(1983) study that was identified as a putative hybrid was at their northern most trapping

site (see Fig. 1.2).

There was a bias towards female specimens in the dataset. This could be a result
of the sexual dimorphism within Geomys, with larger males avoiding or escaping the
traps. If this is the case, it could also explain why the males caught were smaller
specimens; the two gopher specimens which could not readily be sexed were likely
subadult males. Thirty-one of the 43 specimens were collected from May to July of 2017.
It is of note that all pregnant females were caught during June and 50% of males were

caught in the first week of July. The reproductive season of both Geomys species is
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variable, with G. bursarius spanning January to November and G. breviceps spanning
February to August (Sulentich et al. 1991; Connior 2011). However, the mating season of
G. breviceps peaks in June and July (Sulentich et al. 1991), which explains the high
number of pregnancies. Additionally, males might also be more active during this time

looking for mates (Sulentich et al. 1991).

Overall, the gopher distribution seems to have shifted eastward, which is likely a
result of Norman’s growth. This result questions the hypothesis that the contact zone
established by Cothran and Zimmerman (1985) has largely remained intact. A dense
gopher distribution and the presence of admixture individuals were found further north in
Oklahoma City, Oklahoma County, around Stanley Draper Lake. It is important to note
that the admixture individuals may all be G. breviceps based on the mitochondrial data.
These data provide some support for the hypothesis of the northern border of the contact
zone shifting north and east towards Stanley Draper Lake due to the urban sprawl of
Norman. However, this result cannot be exclusively attributed to urban sprawl. As
mentioned earlier, Heaney and Timm (1983) did suggest a contact zone might occur in
this area, although there was not data to support this statement. Therefore, it is possible
this zone had been established but previously undocumented. It also is possible that there
is no contact zone in this area due to the lack of a signal of G. bursarius, indicating it

may have been extirpated from the area.

Species Identification and Hybridization
All 43 samples, including the 10 fetuses, were identified as G. breviceps based on

RFLP analysis. This result was unexpected, especially because the transects and trapping
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sites were positioned to include both soil types found within the contact zone and soil
type has found to be the most influential factor for gopher distribution. However, these
results could be illustrating two known issues that occur when working with mtDNA in
hybrid zones: introgression and maternal inheritance bias. MtDNA introgression occurs
when mtDNA of one species enters the gene pool of another species through
hybridization. This can result in hybrids with mtDNA of one species and nuclear DNA
from both species, as well as backcross individuals with nuclear DNA of one species and
mtDNA of another. Patton and Smith (1993) cited many instances of mtDNA
introgression in Thomomys and Geomys hybrid zones, therefore my results would support
findings from previous work. Additionally, both genera have been shown to exhibit
unequal interspecies mating behaviors, with viable offspring only resulting from females
of one species and males of the other (Baker et al. 1989). This would result in hybrids
having only the RFLP results of the female parent, inaccurately labeling populations as
one continuous species despite the presence of hybrids. This issue would be most

apparent in mtDNA data because only the female species would be represented.

Because the mtDNA RFLP data showed only one species was present, the nuclear
microsatellite data analysis was important in fully investigating hybridization;
unfortunately, genotypes of known parental species were unavailable, hampering
identification of hybrids. Across all nine microsatellite loci, the observed heterozygosity
was lower than expected heterozygosity based on analysis from Cervus which suggests
limited gene flow. Analysis of Gbr27 yielded only one allele across all specimens,

despite Welborn et al. (2011) describing the presence of five alleles at this locus; this
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could be a result of founder effect. Two distinct clusters emerged after STRUCTURE
analysis and the presence of three admixture individuals was suggested. With the lower
heterozygosity levels observed, it seems the two clusters are somewhat reproductively

isolated, although limited admixture was detected.

The clustering pattern seen could be the result of isolation by distance (IBD) or
the presence of two species in the dataset. IBD means the clusters were detected as a
result of limited amounts of gene flow and the establishment of a north-south allelic
gradient. Mapping showed this obvious geographic pattern, with one cluster containing
the northern specimens and the second cluster containing the southern specimens (see
Fig. 3.4). The geographic direction of this clustering pattern was unexpected. Before
mapping, it was assumed the two clusters would instead be divided into eastern and
western clusters, similar to the east-west distribution pattern of G. bursarius and G.
breviceps and the east-west variation in soil types. However, the amount of genetic
differentiation seen between the two clusters (0.123) is similar to that seen between the

two species across Oklahoma (Coffman 2018).

The average voucher measurements for the specimens in cluster 1 were nearly
identical to those listed in the G. breviceps species account, however, the average body
length measurements for those in cluster 2 were statistically significantly larger (one-
tailed t-test, p = 0.04337). The largest specimen for total length was an admixture
individual and all three admixture individuals were in the top 50% of total length. This
morphometric variance could be a result of cluster 2 having a high incidence of hybrids

which were not detected with the specific nuclear markers used in this study. In a review
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of pocket gopher hybrid zones, Patton and Smith (1993) discuss the mating asymmetry
documented in Geomys and Thomomys hybrid zones, suggesting female choice as the
explanation for mtDNA introgression with females from smaller species mating with
larger males of the parapatric species. Baker et al. (1989), in a study of a G. bursarius
and G. knoxjonesi hybrid zone, found mtDNA from the smaller G. knoxjonesi in all
putative hybrids. Geomys breviceps is the smaller pocket gopher within this hybrid zone
which would mirror the findings of Baker et al. (1989). If the two genetic clusters
represent different species, the data supports one-way gene flow into cluster 2 with

female G. breviceps mating with male G. bursarius.

From this data, hypothesis 2 that was based on Genoways et al. (2008) and states
hybridization will be common when using both mtDNA and microsatellites as a means of
hybrid identification, contrary to previous deductions by Bohlin and Zimmerman (1982)
and Cothran and Zimmerman (1985), should be further investigated. Three of 43
specimens were denoted as admixture individuals in STRUCTURE. These may be
hybrids or a mixture of two genetic clusters of G. breviceps. Individuals in cluster 2 also
possibly represent hybrids based upon a combination of nuclear and mtDNA data, are a
distinct genetic cluster of G. breviceps, or represent decreased gene flow across increased

geographic distance north to south.

Conclusions
My research has suggested that the contact zone between G. breviceps and G.
bursarius first described by Baker and Glass (1951) might be intact, although the

boundaries have shifted eastward. It is unclear if the putative northern boundaries of this
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contact zone have shifted further northward or if the suspected zone discussed by Heaney
and Timm (1983) was included as part of this study. The species identification conducted
using RFLP analysis indicated all specimens were G. breviceps. Microsatellite data,
however, suggests two distinct genetic clusters. The clusters were divided into a north-
south pattern and it is unclear whether these two clusters represent two species or
substructure within a single species. The presence of admixture individuals in the
microsatellite dataset suggests a need to continue to evaluate possible hybridization in
this area. My data suggests the contact zone and potential hybridization might occur
further north than previously described. Alternatively, the contact zone may no longer
exist with urban sprawl effectively eliminating G. bursarius from this area. Additional
trapping west of the suspected contact zone to look for G. bursarius and further north to

investigate admixture individuals found in that area is needed.

Further research using microsatellites to compare specimens in each cluster to
known G. breviceps and G. bursarius samples from outside the contact zone is needed to
elucidate if the two clusters indicate separate species that are hybridizing or
subpopulation structure. Sequencing the Cyrb gene in these samples would allow for
haplotype analysis as a further means to examine gene flow and population structure.
Additional sampling within Cleveland County further east of the locations used in this
study is needed to see if the southern cluster population extends northward towards
Stanley Draper Lake. This could be one explanation for the two admixture individuals at
the most northern trapping sites. Sampling further north around Tinker Air Force Base is

needed to investigate the claims of Heaney and Timm (1983) of a contact zone in that
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area. Finally, more trapping within Norman to obtain more samples within the other soil
type is critical to determine if G. bursarius still exists in this area or if the contact zone

has vanished due to anthropological impacts.
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Appendix: Table representing all Geomys samples used in this study. A, B, and C

designations after the sample name indicate fetuses. RFLP ID results and STRUCTURE

clustering results (Cluster) are listed for each individual. In the RFLP column, the

number of bands and the species ID (in parenthesis) are provided. GPS coordinates for

each specimen also are provided.

Sample | GPS GPS Trapping | RFLPID Cluster
Name Zone
(latitude) (longitude)

ml 35.33400 -97.36500 1 2 (breviceps) 1
m?2 35.37990 -97.37410 1 2 (breviceps) 1
m3 35.27606 -97.37041 2 2 (breviceps) |
m4 35.30501 -97.29560 1 2 (breviceps) 1
m5 35.27574 -97.28285 2 2 (breviceps) 1
mo6 35.29072 -97.31858 | 2 (breviceps) |
m7 35.29085 -97.37243 1 2 (breviceps) 1
m8 35.24725 -97.36915 2 2 (breviceps) 1
m9 35.24719 -97.34594 2 2 (breviceps) 1
ml10 35.32562 -97.34300 | 2 (breviceps) 1
mll 35.34242 -97.36514 1 2 (breviceps) 1
ml2 35.34143 -97.36419 | 2 (breviceps) 1
mi3 35.13141 -97.28850 3 2 (breviceps) 2
ml3 A 35.13141 -97.28850 3 2 (breviceps) 2
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ml4 35.18961 -97.30096 2 (breviceps) 2
ml4 A 35.18961 -97.30096 2 (breviceps) 2
ml4 B 35.18961 -97.30096 2 (breviceps) 2
ml5 35.19241 -97.33543 2 (breviceps) 2
ml6 35.26199 -97.34245 2 (breviceps) 1
ml7 35.26019 -97.36057 2 (breviceps) |
ml7A |35.26019 -97.36057 2 (breviceps) 1
ml7 B 35.26019 -97.36057 2 (breviceps) 1
ml8 35.26000 -97.36059 2 (breviceps) 1
ml9 35.20135 -97.23812 2 (breviceps) 2
m?20 35.20326 -97.24016 2 (breviceps) 2
m20 A | 35.20326 -97.24016 2 (breviceps) 2
m20 B 35.20326 -97.24016 2 (breviceps) 2
m20 C 35.20326 -97.24016 2 (breviceps) 2
m21 35.20165 -97.23795 2 (breviceps) 2
m?22 35.20167 -97.23745 2 (breviceps) 2
m22 A | 35.20167 -97.23745 2 (breviceps) 2
m22 B 35.20167 -97.23745 2 (breviceps) 2
m23 35.21325 -97.24847 2 (breviceps) 2
m24 35.37462 -97.34678 2 (breviceps) admixture
m25 35.37137 -97.34146 2 (breviceps) admixture
m26 35.36740 -97.33621 2 (breviceps) |
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m27 35.20314 -97.24081 2 (breviceps) 2
m28 35.20244 -97.23998 2 (breviceps) 2
m29 35.23127 -97.24767 2 (breviceps) 2
m30 35.21355 -97.24898 2 (breviceps) 2
m31 35.23273 -97.34948 2 (breviceps) admixture
m32 35.23270 -97.33450 2 (breviceps) 2
m33 35.24721 -97.37973 2 (breviceps) 1
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