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Molecular tools allow us to answer ecological questions about some of the most 

intriguing animals, including North America’s native gray fox (Urocyon 

cinereoargenteus) and Northern Virginia’s recent colonist, the coyote (Canis latrans).  

This dissertation is divided into four independent chapters, cohered by the common 

theme of molecular ecology of North American canids.  The first chapter details a 

phylogeographical study of the gray fox, a widespread, but understudied, canid species.  

Fossil and historic records indicate that gray foxes were not present in the Northeastern 

United States until well after the Pleistocene (c. 900AD).  To test the hypothesis that gray 

foxes experienced a post-Pleistocene range expansion, I sequenced a variable portion of 

the mitochondrial control region from gray fox tissue samples representing the range of 

all three East coast subspecies.  Phylogeographic analyses indicated no clear pattern of 

genetic structuring of gray fox haplotypes across most of the Eastern United States.  



 

However, when haplotype frequencies were subdivided into a “Northeastern” and a 

“Southern” region, I detected a strong signal of differentiation between the Northeast and 

the rest of the Eastern United States.  Indicators of molecular diversity and tests for 

demographic expansion confirmed this division and suggested a recent expansion of gray 

foxes into the Northeast.  My results support the hypothesis that gray foxes first 

colonized the Northeast during a historic period of hemisphere-wide warming, which 

coincided with the range expansion of deciduous forest.  The second chapter describes a 

novel method to genetically identify canid species from scat (feces) found in the field. I 

used a short fragment of the mitochondrial control region that is a different length in kit 

fox (Vulpes macrotis), red fox (V. vulpes), gray fox, coyote, and dog (C. familiaris) to 

differentiate their scat without using multiple primer sets, real-time PCR, or restriction 

enzyme digestion.  All canid species included are potentially sympatric at the study site 

utilized in the following two chapters (Marine Corps Base Quantico, MCBQ and adjacent 

Prince William Forest Park, PWFP) except the kit fox.  I extensively tested this technique 

using published and novel control region sequences and then applied it to two large scat 

data sets collected in California and Virginia (at MCBQ/PWFP).  In the third chapter, I 

incorporate haplotype and genotype data obtained non-invasively from coyotes at 

MCBQ/PWFP into a regional analysis of patterns of coyote colonization across the 

Eastern United States.  Coyotes have undergone a dramatic range expansion across North 

America since the early 19th century, colonizing east of the Mississippi River in two 

routes that have converged in the mid-Atlantic region in the past few decades.  Notably, 

coyotes utilizing the Northern route of expansion show molecular evidence of admixture 



 

with the Great Lakes wolf (GLW).  The study site at MCBQ/PWFP is located at the heart 

of the convergence of these two fronts.  I screened scats collected at MCBQ/PWFP for 

species identification, then sequenced a hypervariable fragment of the mitochondrial 

control region to assign haplotype, and then used six microsatellite loci to identify 

individuals.  I detected seven haplotypes (in 39 individuals), all of which have been 

previously reported in diverse surrounding geographic localities.  Phylogeographic 

analyses indicated multiple sources of colonization of Northern Virginia and one 

common haplotype detected is of GLW origin, indicating the presence of admixed 

coyote/GLW individuals from the North.  In the final chapter, I use the non-invasively 

collected genotype data to describe population demographics at MCBQ.  I describe a 

population with low relatedness and minimal population genetic structure, reflective of 

the multiple geographic sources of colonization as described in the previous chapter.  To 

estimate population density and size, I used a new class of spatially explicit capture-

recapture models that address two key concerns of large carnivore demographic studies: 

violation of population closure and potentially sparse data sets.  These models 

incorporate spatial data to eliminate the need for post hoc buffering and also use a 

Bayesian framework to effectively deal with a small sample size.  Collectively, these 

studies are a significant contribution to the development and usage of non-invasive 

molecular technology, as well as to our understanding of phylogeography and population 

genetics of North American canids. 
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CHAPTER 1 

 

Phylogeography of the gray fox (Urocyon cinereoargenteus) in the Eastern United 

States 

 

INTRODUCTION 

Both molecular and fossil data have been used to document the range shift of 

animal species from Pleistocene refugia to modern distributions.  Genetic data have been 

used to show Holocene range expansions from low-latitude refugia and the resultant 

molecular population structure for several mammal species in Eastern North America 

(e.g. Hayes and Harrison 1992, Ellsworth et al. 1994, Arbogast 1999, Brant and Orti 

2003, Petersen and Stewart 2006, Arbogast 2007).   There is molecular evidence of 

south-to-north post-Pleistocene recolonization from a refugium in the Southeastern 

United States for red fox (Vulpes vulpes, Aubry et al. 2009), black bear (Ursus 

americanus, Wooding and Ward 1997), northern short-tailed shrew (Blarina brevicauda, 

Brant and Orti 2003), southern flying squirrel (Glaucomys volans, Arbogast 1999, 

Petersen and Stewart 2006), northern flying squirrel (G. sabrinus, Arbogast 1999), and 

eastern woodrat (Neotoma floridana, Hayes and Harrison 1992). 

The gray fox (Urocyon cinereoargenteus) is a wide-ranging mammal that 

occupies wooded, brushy, and rocky habitats and is strongly associated with deciduous 
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forest (Fritzell and Haroldson 1982).  It ranges from Southern Canada throughout North 

America and montane habitats in Central and Northern South America (Fuller and 

Cypher 2004).  This range includes areas that have been colonized over the last century, 

including notable expansions into the Northeastern states, Eastern Canada, and the plains 

states of the Midwest (Fritzell and Haroldson 1982).  Today, 16 subspecies have been 

described across the distribution range of the gray fox (Wilson and Reeder 2005).  

Despite their widespread distribution, there has been remarkably little work done 

examining their ecology, behavior, or population genetics (some exceptions include 

Weston and Brisbin 2003, Chamberlain and Leopold 2005, Weston Glenn et al. 2009).  

The gray fox is one of only two extant members of the genus Urocyon (the other 

is U. littoralis, the Channel Island fox).  The genus Urocyon evolved in North America 

and has been present since the end of the Hemphillian age (5 million years ago, mya) at 

the start of the Pliocene (Kurten and Anderson 1980).  U. progressus, presumed to be an 

ancestral form of U. cinereoargenteus, is the earliest known member of the genus and 

lived throughout the Blancan age (5 mya – 2 mya).  Evidence of another extinct species, 

which is possibly a transitional form, U. atwaterensis, has been dated to the late Blancan 

age.  Paleontological evidence of U. cinereoargenteus begins in the early Irvingtonian 

age (2 mya) with fossils found in Arkansas, Florida, Maryland, and Pennsylvania.  

Historical records suggest that gray foxes did not extend into the Northeastern states 

during the last glaciation (Kurten and Anderson 1980).  Archaeological evidence shows 

that they had not colonized north into Western Pennsylvania until 500 – 800 years before 

present (YBP, Guilday 1961a, b) and into Martha’s Vineyard, Massachusetts 400 – 1100 
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YBP (Huntington 1959).  Gray foxes were observed to be rare by the pilgrims in 

Massachusetts circa 1635 AD, who noted the presence of  “two or three kinds of fox, one 

a great yellow Fox, another Grey, who will climb up into trees” (Keay 1901).  The 

“yellow Fox” refers to the subspecies of native red fox (V. v. rubricosa) whose range 

before European settlement encompassed Northern New England, just barely extending 

to the south into Massachusetts (Churcher 1959, Kamler and Ballard 2002).  By the mid-

18th century, gray foxes had disappeared from the Northeast, possibly due to competition 

with the introduced red fox from Europe (Churcher 1959, Trapp and Halberg 1975, but 

see Statham et al. in review).  Since then, they have not only reappeared in the 

Northeastern states, but have expanded their range even further north (Trapp and Halberg 

1975, Fritzell and Haroldson 1982).  In the mid-Atlantic states, there is ample evidence of 

gray foxes in the archaeological record (Kurten and Anderson 1980).  John Smith noted 

their presence along the James River in 1612 AD, British settlers hunted them for sport in 

Maryland in 1650 AD, and William Byrd (the founder of Richmond, Virginia) recorded 

them in Virginia in 1730 AD (Linzey 1998).   

Along the East coast of North America there are three recognized subspecies of 

gray fox as differentiated by size and pelage coloration: U. c. borealis (Merriam 1903) in 

the Northeast, U. c. cinereoargenteus (Schreber 1775) in the Midwest east of the 

Mississippi and the Southeast north of Georgia, and U. c. floridanus (Rhoads 1895) in the 

gulf coast states (Fig. 1.1).  Although division into subspecies is common practice, many 

mammals do not display regional genetic structure in concordance with subspecies 

designations (Lehman and Wayne 1991, Lance et al. 2003, Helgen et al. 2008).  This may 
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be due to anthropogenic translocations or the extensive dispersal abilities of many of 

these mammals.   

In this study, I sequenced a 411 base pair (bp) section of the control region of the 

mitochondrial DNA to examine the phylogeography of gray foxes in the Eastern United 

States.  Mitochondrial DNA (mtDNA) in mammals mutates five to ten times faster than 

single-copy nuclear genes and variable blocks of the control region mutate four to five 

times faster than the rest of the mtDNA (Taberlet 1996).  Because of this rapid mutation 

rate, the control region has been used in many phylogeographic studies to detect 

population structure and signatures of demographic change in North American mammals 

(Vila et al. 1999, Lance et al. 2003, Rowe et al. 2004, Petersen and Stewart 2006, Rowe 

et al. 2006, Helgen et al. 2008, Wisely et al. 2008, Aubry et al. 2009).  The control region 

is an ideal marker for studying gray foxes since they may show subtle population 

structure and may have experienced very recent demographic changes.  I examined a 

portion of the mitochondrial control region for gray foxes from throughout the range of 

all three East coast subspecies to test two phylogeographic hypotheses.  First, I predict 

that gray foxes experienced a population expansion from Southern refugium much more 

recently than other post-Pleistocene colonizers (< 10,000 YBP).  Therefore, I expect 

reduced haplotype and nucleotide diversity as sampling moves away from the Southern 

source and also expect signatures of population expansion in the South.  Second, I 

hypothesize that modern gray fox populations will show little genetic structure across the 

Eastern United States despite morphological differentiation that characterizes each 

subspecies. 
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MATERIALS AND METHODS 

Sampling and molecular analyses. – I collected 286 tissue samples from various 

state wildlife, conservation, and trapping organizations in 15 states representing each of 

the three recognized subspecies (Fig. 1.1).  I also included seven scat samples from 

Virginia that were part of a larger study and were verified to be from individual gray 

foxes by molecular methods (Bozarth et al. 2010).  A sample from a Western gray fox 

(U. c. scottii) from Arizona was sequenced and used as an outgroup.  Upon collection, 

tissues were stored at room temperature in 75% ethanol and then transferred to -20°C 

upon arrival at the lab.  Scats were stored in plastic bags at -20°C. Total genomic DNA 

was extracted from tissue samples using the QIAGEN DNeasy DNA extraction kit and 

from scat samples using the QIAGEN QIAamp DNA stool kit (Qiagen Inc., Valencia, 

California).  I amplified 411-bp of the mitochondrial control region with universal 

primers H16498 and L15910 (Kocher et al. 1989) in a volume of 20 μL with 1.0 unit of 

AmpliTaq Gold (Applied Biosystems Inc., Foster City, California), 1x polymerase chain 

reaction buffer, 0.2 mM each deoxynucleoside triphosphate (dNTP), 0.5 µM each primer, 

2 mM MgCl2 and 1 μL template DNA.  An 11-min denaturation at 95°C was used, 

followed by 35 cycles of 95°C for 30 sec, 50°C for 30 sec, and 72°C for 2 min, and 

finally a 30-min elongation step at 72°C.  Polymerase chain reaction (PCR) products 

were cleaned using ExoSAP (USB Corporation, Cleveland, Ohio) and sequenced in both 

directions using the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) 

according to manufacturer’s recommendations.  Reactions were purified via 

centrifugation through Sephadex G-50 columns (Amersham Biosciences, Piscataway, 
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New Jersey).  Sequences were run on an ABI Prism 3100 Genetic Analyzer (Applied 

Biosystems) and aligned by eye in Sequencher 4.6 (Gene Codes Corporation, Inc., Ann 

Arbor, Michigan).  

 

 

Figure 1.1. Map of Eastern United States showing sampling locations (black dots).  
Subspecies ranges are divided by gray lines and marked with circled numbers (Hall 
1981).  1, U. c. borealis; 2, U. c. cinereoargenteus; 3, U. c. floridanus.  There are a total 
of 293 locations, but not all are shown due to the size and resolution of the map.  The 
division of the locations into a “Northeastern” and “Southern” region is shown (black 
line). 
 

Population Structure. – I sampled gray foxes from a broad geographic range, 

including the ranges of all three subspecies that occur in the Eastern United States.  To 

test for signatures of population structure, I used the two-parameter model of Kimura 
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(Kimura 1981) to calculate a neighbor-joining tree (Saitou and Nei 1987) in PAUP* 

4.0A109 (Swofford 2002) using the genetic distances between haplotypes.  I estimated 

bootstrap values using a neighbor-joining search in PAUP.  For neighbor-joining trees, I 

used the single gray fox from Arizona as an outgroup.  I created a minimum spanning 

haplotype network using statistical parsimony in TCS 1.21 (Clement et al. 2000) to 

visualize potential regional genetic structure.  TCS calculates the probability that pairs of 

haplotypes are similar for all combinations of haplotypes and then joins the most similar 

haplotypes together into a network where their combined probability is greater than 95% 

(Templeton et al. 1992) .  

To test for differences in molecular diversity between subspecies and between 

regions, I performed an Analysis of Molecular Variance (AMOVA), as implemented in 

ARLEQUIN 1.1 (Schneider et al. 1997a), which uses the sequence data of each haplotype 

and the frequencies of those haplotypes to test for population differentiation in designated 

regions and populations within those regions.  ARLEQUIN creates a squared Euclidian 

distance matrix and partitions the sum of squared deviations from the matrix into 

hierarchical variance components, which are tested for significance using permutation 

tests.  The AMOVA partitions the genetic variation among and within user-specified 

populations and regions.  These variance components are used to calculate Φ-statistics, 

which are analogous to Wright’s F-statistics.  Locations were first divided into three 

groups by subspecies designations to test for patterns of differentiation.  Locations were 

then divided into “Northeastern” and “Southern” regions with samples from the New 

England states and New York (Connecticut, Massachusetts, New Hampshire, New York, 
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Rhode Island, and Vermont) grouped in the “Northeastern” region and samples from all 

other states (Alabama, Georgia, Mississippi, North Carolina, New Jersey, Ohio, South 

Carolina, Virginia, and West Virginia) grouped in the “Southern” region.  This division is 

justified by the limits of the Pleistocene range of gray foxes as illuminated by the 

paleontological record (Kurten and Anderson 1980).   

I used DnaSP (Liberado and Rozas 2009) to test for pairwise differences between 

each of the three subspecies and then between the “Northeastern” and “Southern” regions 

using a distance method (FST).  I followed Wright’s guidelines to interpret the FST values, 

where a value of 0 – 0.05 indicates little differentiation, 0.05 – 0.15 moderate 

differentiation, 0.15 – 0.25 great differentiation, and > 0.25 very great differentiation 

(Wright 1978).  

Molecular Diversity. – To compare molecular diversity of gray foxes across the 

Eastern United States, I used DnaSP (Liberado and Rozas 2009) to estimate haplotype 

diversity and nucleotide diversity for four levels of organization: the entire Eastern 

United States, the two regions (“Northeastern” and “Southern”), the three subspecies, and 

the 13 degrees of latitude sampled.  I performed a linear regression of both haplotype 

diversity and nucleotide diversity for samples divided by latitude to test for a latitudinal 

trend of molecular diversity.  If the gray fox population has experienced rapid population 

expansion northward from a refugium in the South, then genetic diversity is expected to 

decrease as sampling moves away from the source (Rowe et al. 2004).  

Population Origins. – I generated a minimum spanning haplotype network using 

statistical parsimony in TCS 1.21 (Clement et al. 2000) to identify the origin of 
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population expansion.  In expanding populations, ancestral haplotypes are expected to be 

at the origin of the expansion with derived haplotypes more widespread (Templeton 

1998). I inferred the relationships of ancestral and derived haplotypes by their position in 

the haplotype network, where interior haplotypes are more likely to be ancestral and 

haplotypes at the tips are likely to be derived (Templeton et al. 1992).  Interior haplotypes 

will have multiple connections to the rest of the network; while more derived haplotypes 

will have only one connection to the network.  Any alternative connections between 

haplotypes in the network that are equally parsimonious may be due to homoplasy caused 

by the high mutation rate of the control region and by the rapid expansion of the gray fox.   

Population Expansion. – To test for evidence of demographic expansion from a 

Southern refugium, I calculated Fu’s FS (Fu 1997) in ARLEQUIN 1.1 (Schneider et al. 

1997a) .  The FS statistic uses the observed mean number of nucleotide differences among 

samples (θπ) to test whether there is a significant excess number of recent mutations or 

rare alleles compared to a random neutral sample.  A significantly negative FS value 

indicates recent demographic expansion.  The significance of the FS statistic is tested by 

generating random samples under the hypothesis of selective neutrality and population 

equilibrium based on a coalescent simulation algorithm adapted from Hudson (1990).  

The P-value is obtained from the proportion of random FS statistics less than or equal to 

the observed FS statistic.  I used ARLEQUIN to estimate the FS statistic for the 

“Northeastern” and “Southern” regions in one analysis, and then for the entire Eastern 

United States to investigate signatures of population expansion. 
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I also evaluated the hypothesis of recent (< 10,000 YBP) population growth by 

calculating mismatch distributions of pairwise differences between all haplotypes within 

each region using a Tamura & Nei distance method as implemented in ARLEQUIN 1.1 

(Tamura and Nei 1993).  ARLEQUIN uses the sequence data to estimate the parameter τ 

(the coalescent time of expansion), which can be used in the formula τ=2μt where μ is 

the mutation rate of the control region per base pair per generation and t is the estimated 

time since population expansion (Schneider and Excoffier 1999).  I used a generation 

time of one year and a molecular clock estimate of 17.75% mutations per 106 generations 

as previously applied to control region sequences in red foxes by Aubry et al. (2009).  I 

expect a mutation every 13,707 years in a 411-bp sequence and μ=7.30 x 10-5 

mutations/base pair/year.  I estimated τ and then t for each of the two regions and then in 

a separate analysis for the entire Eastern United States. 

 I used DnaSP (Liberado and Rozas 2009) to compare the distribution of pairwise 

differences in the “Northeastern” and “Southern” regions and then in the entire Eastern 

United States to the theoretical expectations of both changing and stationary population 

sizes.  If the population has experienced expansion, then the distribution of the observed 

pairwise nucleotide site differences will produce a right-skewed unimodal peak (Rogers 

and Harpending 1992). 

 

RESULTS 

I obtained control region sequences (411-bp) for a total of 229 out of 293 gray fox 

samples, and partial sequences (< 411-bp) from an additional 14 samples.  Five out of the 



11 

14 partially sequenced samples included enough variability to consider them unique 

haplotypes, but these samples were not included in the statistical analyses, except in the 

construction of the neighbor-joining tree (with and without bootstrap values) and the 

minimum-spanning network.  I failed to amplify 41 tissue samples and five scat samples.  

The complete sequence (411-bp) contained 28 transitions and two transversions, resulting 

in 32 haplotypes, none of which have been reported previously.  Eastern gray fox 

haplotypes were distinguished from each other by 1-11 variable sites, whereas Eastern 

and Western gray foxes were differentiated by 14-24 variable sites.  Sequences generated 

have been submitted to GenBank (accession numbers GU903018 – GU903054; Table 

1.1).  A complete list of sample locations and haplotypes is also available in Appendix A.  
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Table 1.1.  Mitochondrial control region haplotypes generated for this study with 
associated GenBank Accession Numbers. 
 

Haplotype Accession number 
Uci1 GU903018 
Uci2 GU903028 
Uci3 GU903039 
Uci4 GU903044 
Uci5 GU903045 
Uci6 GU903046 
Uci7 GU903047 
Uci8 GU903048 
Uci9 GU903049 
Uci10 GU903019 
Uci11 GU903020 
Uci12 GU903021 
Uci13 GU903022 
Uci14 GU903023 
Uci15 GU903024 
Uci16 GU903025 
Uci17 GU903026 
Uci19 GU903027 
Uci20 GU903029 
Uci21 GU903030 
Uci22 GU903031 
Uci23 GU903032 
Uci24 GU903033 
Uci25 GU903034 
Uci26 GU903035 
Uci27 GU903036 
Uci28 GU903037 
Uci29 GU903038 
Uci30 GU903040 
Uci31 GU903041 
Uci32 GU903042 
Uci33 GU903043 
Uci34 GU903050 
Uci35 GU903051 
Uci36 GU903052 
Uci37 GU903053 
Uci38 GU903054 
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Population Structure. – The neighbor-joining tree did not indicate clear 

population structure in relation to geographic location or subspecies designation and the 

neighbor-joining tree with bootstrap values revealed a polytomy and nodes with little 

support (Fig. 1.2).  I found low support for the Western gray fox outgroup despite twice 

as much differentiation between this haplotype and the Eastern gray fox haplotypes.  

Neither maximum-likelihood nor maximum parsimony methods of tree reconstruction 

can be resolved because there are too few informative sites in the population (Clement et 

al. 2000).  The TCS haplotype network revealed little genetic structuring across the 

region and produced a phylogeny with multiple alternate connections (Fig. 1.3).   
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Figure 1.2. Neighbor-joining tree with bootstrap values (> 50% shown) based on 411-bp 
for 229 gray fox specimens, and partial sequences for an additional 5 specimens (N = 
234).  Haplotypes Uci34-38 are partial sequences (< 411-bp).  The tree is rooted with a 
411-bp sequence from a single gray fox from Arizona. 
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Figure 1.3. Control region minimum-spanning haplotype network based on 411-bp for 
233 gray fox specimens, and partial sequences for an additional four specimens (n = 237).  
Haplotypes Uci35-38 are partial sequences (< 411-bp).  Haplotypes are designated with 
numbers corresponding to those presented in Table 1.1.  Gaps are treated as missing data, 
not a 5th state.  Circle sizes are proportional to the number of individuals represented. 
Each node represents a 1-bp change.  Alternate connections are shown as they could not 
be resolved with a neighbor-joining tree.  The “Northeastern” and “Southern” regions are 
represented proportionally by dark gray and light gray shading respectively. 
 
 

Despite the lack of genetic structure indicated in the neighbor-joining tree and 

minimum-spanning network, there is a clear geographic division in haplotype frequency 

and composition between the Northeastern states and the Southern states (Fig. 1.4).  

Additionally, there may be differentiation between subspecies causing structure.  I tested 

for genetic differentiation between each of the three subspecies and between the two 

regions using AMOVA and found that more genetic variance is distributed between 
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subspecies and between regions than between populations within each subspecies or 

region (Table 1.2).  Given the higher variance between regions as compared to within 

regions, coupled with a significant (P < 0.001) and high ΦCT (0.21353) value as 

compared to the lower ΦSC (0.15709, P < 0.001) value, the “Northeastern” region can be 

considered differentiated from the Southern region.  Since the variation between regions 

(21.35%) is higher than the variation between subspecies (18.31%), this division into two 

regions is justified.  The pairwise FST for the 3 subspecies is 0.25 (P < 0.001) and for the 

two regions is 0.21 (P < 0.001), both indicating great differentiation according to 

Wright’s guidelines (Wright 1978). 
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Figure 1.4. Geographic distribution of control region mtDNA haplotypes among 
populations of gray fox across the Eastern United States. Populations are divided into a 
“Northeastern” and “Southern” region.  Pie charts indicate proportional representation of 
haplotypes in each region.  Haplotypes are color coded according to the legend (some 
haplotypes are labeled alphanumerically as well). 
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Table 1.2.  Analysis of Molecular Variance (AMOVA) results for sampled populations 
divided into three subspecies and into two regions (“Northeastern” and “Southern”).  
Degrees of freedom (d.f.), sum of squares (SSD), variance of components, percentage of 
variation, fixation indices, and significance tests are shown for each test.  Total d.f., SSD, 
and variance are also shown. 
 

 
Source of 
Variation 

 
d.f. 

 
SSD 

Variance of 
Components 

Percent 
of 

Variation 

 
Fixation 
Indices 

 
Significance 

Subspecies       
Between 

Subspecies 2 49.926 0.338 Va 18.31 ΦCT=0.183 Va and 
ΦCT<0.0001 

Between 
Populations 

Within 
Subspecies 

117 198.449 0.214 Vb 11.61 ΦSC=0.142 Vb and 
ΦSC<0.0001 

Within 
Populations 109 141.083 1.294 Vc 70.08 ΦST=0.300 Vc and 

ΦST<0.0001 
Total 228 389.459 1.847    

Regions       
Between 
Regions 1 41.816 0.417 Va 21.35 ΦCT=0.214 Va and 

ΦCT<0.0001 
Between 

Populations 
Within 

Regions 

118 206.559 0.241 Vb 12.35 ΦSC=0.157 Vb and 
ΦSC<0.0001 

Within 
Populations 109 141.083 1.294 Vc 66.29 ΦST=0.337 Vc and 

ΦST<0.0001 
Total 228 389.459 1.952    

 

Molecular Diversity. – There is a trend of decreasing haplotype and nucleotide 

diversity from the south to the north that is significant for both indices (Fig. 1.5A,B; P = 

0.020 and 0.002 respectively).  This trend is also evident when comparing the three 

subspecies; U. c. floridanus, the southernmost subspecies, has the highest haplotype and 

nucleotide diversity and U. c. borealis, the northernmost subspecies, has the lowest 

values for these indices.  The diversity of the entire Eastern United States most closely 
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resembles the “Southern” region, which contains all of the haplotypes found in the 

Eastern United States (Table 1.3). 

 

 
 
 
Figure 1.5. Linear regression of haplotype diversity (a) and nucleotide diversity (b) by 
latitude.  Samples are divided by degrees latitude from 31°N to 43°N, excluding 40°N 
which was represented by only one sample.  Regression equation, R2, and P-values are 
shown. 
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Table 1.3.  Indicators of molecular diversity for four levels of organization: the entire 
Eastern United States, the two regions (“Northeastern” and “Southern”), the three 
subspecies, and the 12 degrees of latitude sampled (latitude 40°N was not included 
because it had only one sample). 
 

Region 
Sample 

Size 
Number 

Haplotypes 
Haplotype 
Diversity 

Nucleotide 
Diversity 

Eastern United States 229 32 0.84050 0.00882 
Regions     

"Northeastern" 71 4 0.52728 0.00199 
"Southern" 158 32 0.88658 0.00969 

Subspecies     
U. c. borealis 39 3 0.40351 0.00170 

U. c. cinereoargenteus 130 23 0.78912 0.00745 
U. c .floridanus 60 26 0.93898 0.01083 

Latitude     
31°N 18 10 0.87582 0.01096 
32°N 13 9 0.94872 0.01185 
33°N 30 14 0.91494 0.00980 
34°N 7 6 0.95238 0.01089 
35°N 8 3 0.46429 0.00408 
36°N 6 4 0.86667 0.01006 
37°N 7 5 0.90475 0.01020 
38°N 31 10 0.80040 0.00825 
39°N 36 13 0.88254 0.00832 
41°N 13 5 0.53846 0.00586 
42°N 34 3 0.53298 0.00193 
43°N 26 3 0.52000 0.00232 

 

Population Origins. – The minimum-spanning network (Fig. 1.3) shows little 

genetic structuring between the two geographic regions (“Northeastern” and “Southern”), 

a similar result to other studies of North American mammals that do not display regional 

structure (Lehman and Wayne 1991, Lance et al. 2003, Helgen et al. 2008).  Haplotype 

Uci12 is the most interior haplotype in the network with eight connections to other 

haplotypes.  Haplotype Uci1 is also internal, with five connections to other haplotypes.  

Nearly 2/3 of the haplotypes (23 out of 36) are completely peripheral, with only one 
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connection to the network.  Assuming that ancestral haplotypes are internal and derived 

haplotypes are peripheral (Templeton et al. 1992), haplotypes Uci1 and Uci12 are 

ancestral.  Notably, haplotype Uci1 is also the most common haplotype.  

Population Expansion. – I found large, negative, and significant values of Fu’s FS 

for the “Southern” region (FS = -11.801, P = 0.002) and for the entire Eastern United 

States (FS = -12.201, P = 0.005), but a small, positive, and non-significant value for the 

“Northeastern” population (FS = 0.605, P = 0.604) (Table 1.4).  

I rearranged the formula τ=2μt to solve for the time since coalescence for the 

“Northeastern” and “Southern” regions, as well as for the entire Eastern United States.  

Using mismatch distributions of pairwise differences between all haplotypes to estimate 

τ, and a μ of 7.30 x 10-5 mutations/base pair/year, I estimated a time since coalescence of 

4,791 YBP for the “Northeastern” region, but 34,749 YBP for the “Southern” region, 

which is similar to the 37,696 YBP estimated for the entire Eastern United States (Table 

1.4). 

 
Table 1.4.  Estimated population expansion parameters for each region (“Northeastern” 
and “Southern”) and for the entire Eastern United States. 
 

Region 
Sample 

Size 
Number of 
Haplotypes

Fu’s FS 
(P-value) τ=2μt 

Estimated 
Expansion Time 

“Northeastern” 68 4 0.605 
(0.604) 0.699 4,791 YBP 

“Southern” 165 32 -11.801 
(0.002) 5.070 34,749 YBP 

Eastern United States 233 32 -12.201 
(0.005) 5.500 37,696 YBP 
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The mismatch distribution of pairwise differences within the “Southern” region 

and also within the entire Eastern United States produced a right-skewed unimodal peak 

that is characteristic of population expansion.  Due to the extremely low haplotype 

diversity in the “Northeastern” region, the mismatch distribution analysis was not 

informative.  For both the “Southern” region and the entire Eastern United States, the 

observed curve more closely resembles the expected curve allowing for population size 

change than the expected curve for constant population size (Fig. 1.6A-D).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.6. Mismatch distribution of pairwise differences of haplotypes in the “Southern” 
region (c,d) and in the entire Eastern United States (a,b).  Observed (hashed lines) and 
expected (solid lines) frequencies obtained under a model allowing for population size 
change (b,d) and allowing for constant population size (a,c). 
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DISCUSSION 

During the Wisconsinan age (approximately 18,000 YBP), the last glacial 

maximum of the Pleistocene, many North American furbearing mammals were restricted 

to a refugium of hardwood forest in the American Southeast (Delcourt and Delcourt 

1981, Hayes and Harrison 1992, Arbogast 1999, Aubry et al. 2009).  During this time, the 

Laurentide ice sheet blanketed the Northern half of North America, extending south into 

Pennsylvania between 40° and 41°N, and into North Carolina along the Southern 

Appalachian ridge to 36°N (Berkland and Raymond 1973).  As the climate warmed and 

the glaciers retreated at the end of the Pleistocene (approximately 10,000 YBP), these 

mammalian species expanded their ranges northward.  For many mammal species, 

anthropogenic translocation and extensive dispersal capabilities can lead to vague signals 

of genetic structure, with only broad genetic patterns hinting at the history of a species.  

As evidenced by mtDNA, red fox (V. vulpes, Aubry et al. 2009), black bear (U. 

americanus, Wooding and Ward 1997), northern short-tailed shrew (B. brevicauda, Brant 

and Orti 2003), southern flying squirrel (G. volans, Arbogast 1999, Petersen and Stewart 

2006), northern flying squirrel (G. sabrinus, Arbogast 1999), eastern chipmunk (Tamias 

striatus, Rowe et al. 2004), and eastern woodrat (N. floridana, Hayes and Harrison 1992) 

have weak genetic structure in Eastern North America.  Coyotes sampled across the 

continent also show no genetic structure (Lehman and Wayne 1991).  Red fox, eastern 

woodrat, and northern flying squirrel in North America have lower nucleotide diversity in 

sampled regions to the north and east than in more southern and western regions, 

indicating expansion from Pleistocene refugia.  In this study, I observe a similar 
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latitudinal pattern in haplotype and nucleotide diversity (Table 1.3; Fig. 1.5A,B).  I also 

find evidence of post-Pleistocene expansion from a southern refugium into the Northeast.  

However, despite very weak genetic structure across the Eastern United States, I can use 

the molecular evidence in conjunction with archaeological and historical records to 

pinpoint a narrow period of historical hemisphere-wide warming when gray foxes were 

able to expand into the Northeast.   

Population Structure. – Gray foxes did not inhabit the Northeastern states during 

the last glacial maximum (Kurten and Anderson 1980).  Archaeological and historical 

evidence supports gray fox colonization of the Northeast sometime between 900 AD and 

1635 AD, when the pilgrims observed them in Massachusetts (Keay 1901, Huntington 

1959, Guilday 1961a, b).  Modern mitochondrial sequences support a division between 

the Northeastern and Southern states.  Despite weak or no support in the neighbor-joining 

tree and no clear pattern of regional differentiation in a minimum-spanning network, a 

visual examination of haplotype distribution across the Eastern United States reveals 

unmistakable differences in haplotype composition and frequency between the Northeast 

and the rest of the sampled area (Fig. 1.4).  The “Northeastern” and “Southern” regions 

are genetically differentiated as supported by a higher percent variance and higher Φ-

statistic between regions than within regions (Table 1.2), and by a pairwise FST value 

indicating great differentiation.  This division into two regions is more strongly supported 

by the AMOVA than division by subspecies.  The “Northeastern” region is characterized 

by lower haplotype and nucleotide diversity when compared to the “Southern” region.  

These same values for the “Southern” region not only reveal more diversity, but are also 
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more similar to these indicators of molecular diversity for the entire Eastern United 

States.  These findings add support to the archaeological and historical evidence of the 

relative recent timing of the gray fox colonization into the Northeast.  

 Population Origins. – The most internal haplotypes on the minimum-spanning 

network are haplotypes Uci12 and Uci1 (Fig. 1.3).  Haplotype Uci12 was found in three 

foxes in New Jersey and one in West Virginia and occurs at a similar frequency to most 

other detected haplotypes (Fig. 1.4).  Haplotype Uci1 is the most common haplotype in 

the entire Eastern United States and is very widespread, occurring in 77 out of 234 

individuals from 11 of the 15 states included in this study.  Since Uci12 occupies the 

most internal node in the minimum-spanning network, it is most likely to be the ancestral 

haplotype (Templeton et al. 1992).  However, Uci1 is only one mutational step from 

Uci12 and is by far the most widespread haplotype.  This evidence, combined with the 

extensively branching topography of the network and the existence of alternate 

connections, suggests a rapid population expansion from Uci12, with Uci1 expanding 

most prolifically.  The dominant presence of Uci1 and Uci2 in the “Northeastern” region 

can be explained by a leptokurtic pattern of dispersal, where a few long-distance 

dispersers on the leading edge of an expansion colonize a new area, leading to modern 

signatures of reduced genetic diversity (Hewitt 2000).  These indicators of reduced 

molecular diversity are evident in the “Northeastern” region (Table 1.3).  In these 

expansions, the ancestral form, at the rear edge of this movement, is likely to experience 

a severe bottleneck.  For gray foxes in the Eastern United States, this has probably 

resulted in a reduced range and prevalence of the ancestral haplotype, Uci12. 
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 Population Expansion. – Evidence of a northward post-Pleistocene population 

expansion of mammals from a southern refugium in Eastern North America abounds (e.g. 

Hayes and Harrison 1992, Arbogast 1999, Aubry et al. 2009).  For gray foxes in both the 

“Southern” region and the entire Eastern United States, Fu’s FS statistic is negative and 

significant (Table 1.4).  The mismatch distribution of pairwise differences in the 

“Southern” region and the entire Eastern United States produces the right-skewed, 

unimodal peak that is characteristic of population expansion (Fig. 1.6A-D).  According to 

my estimates using a simple coalescence equation, the time of expansion for the 

“Southern” region occurred in the late part of the Pleistocene, approximately 34,749 YBP 

and for the entire Eastern United States around 37,696 YBP (Table 1.4).  These dates are 

likely overestimates of the date of the split because it has been demonstrated that mtDNA 

polymorphism can be generated before sister populations diverge (Avise 2000).  The 

similarity of date estimates for the “Southern” region and the entire Eastern United States 

further indicates that the expansion originated in the “Southern” region. 

 It is not surprising to see evidence of a late Pleistocene expansion into the 

Northeastern states from the Southeastern United States.  However, gray fox colonization 

of the Northeast appears to be much more recent than 10,000 YBP.  The estimated time 

of expansion is 4,791 YBP, which is probably an overestimate (Avise 2000).  

Additionally, this estimate assumes that the present haplotypes have evolved in the region 

and the fossil record suggests that they were recent migrants, first appearing 900AD-

1600AD on Martha’s Vineyard, Massachusetts (Huntington 1959).  If these haplotypes 

had originated in the Northeast, then it would have taken them approximately 4,791 years 
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to evolve to the observed composition and frequency.  However, the most parsimonious 

explanation is that the haplotypes observed in the Northeast evolved in the South and 

then expanded into the Northeast. 

Drawing a parallel between climate in the 20th century and during a historical 

period of hemisphere-wide warming, I support a hypothesis that gray foxes expanded 

their range into the Northeastern states during the Medieval Climate Anomaly (MCA, 

800 AD – 1300 AD), moving with a northern expansion of the deciduous forest, then 

retracted their range southward during the Little Ice Age (LIA, 1500 AD – 1850 AD), 

and finally recolonized the Northeast in modern times.  The appearance of gray foxes in 

the fossil record of the Northeastern states coincides with a trend of warming around the 

North Atlantic (Bradley et al. 2003, Jungclaus 2009).  During the MCA, the average 

temperature in North America and Europe was as warm as the period of 1901 – 1970 (the 

period after this is warmer) (Bradley et al. 2003).  The MCA was followed by a period of 

cooling, the LIA.  Historical records from this period indicate that the gray fox was either 

rare or absent in the Northeast (Allen 1876, Keay 1901, Churcher 1959, Trapp and 

Halberg 1975).  Today, gray foxes have recolonized the Northeastern states along with 

the warming trend of the last century (Palmer 1956, Godin 1977).  At the end of the 

Pleistocene, the Northeast was dominated by boreal forest, with more temperate mixed 

hardwood forest to the south (Delcourt and Delcourt 1981).  The native red fox inhabited 

the boreal regions of North America (Kamler and Ballard 2002), while the gray fox is 

currently recognized as very closely associated with deciduous forest (Fritzell and 

Haroldson 1982).  Changes in climate over time cause range shifts for major vegetation 
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types (Woodward 1987) and range shifts for assemblages of floral and faunal 

communities have been shown during the most recent period of climate change (McCarty 

2001).  Complex biotic and abiotic interactions make it difficult to explicitly state that 

gray foxes and native red foxes have tracked the range changes of deciduous and boreal 

forests since the Pleistocene.  However, knowledge of each fox species’ habitat 

preference, the movement of those habitat types, and the fossil record of the two species 

suggests a strong correlation between fox and forest type range movements. 

Though the gray fox is still strongly associated with the deciduous forest (Fritzell 

and Haroldson 1982), the red fox is no longer limited to the boreal forest (Kamler and 

Ballard 2002).  Unlike the period from the Pleistocene to the arrival of Europeans, gray 

fox and red fox are now widely sympatric (Hall 1981), with gray fox thought to generally 

dominate red fox due to its increased omnivory (Hockman and Chapman 1983, Cypher 

1993) and ability to climb trees to escape predation (Fritzell and Haroldson 1982).  The 

red foxes that inhabit the Eastern United States today are either descendants of the 

European red foxes that were introduced to Virginia in the mid-17th century and to 

Massachusetts in the mid-18th century (Kamler and Ballard 2002) or native red foxes that 

have colonized southward from Eastern Canada (Statham et al. in review).  The close 

association of red fox with boreal forest and gray fox with deciduous forest is not 

apparent in modern times and is probably due to some combination of anthropogenic 

influences.   

Furthermore, I cannot discount the possibility that the contraction of the range of 

gray fox out of New England was due to anthropogenic deforestation in the region.  The 
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application of European-style agriculture perpetuated massive deforestation efforts across 

New England from the settlement of the Pilgrims in the mid-1600s until around 1830, 

when the process slowed and was eventually reversed (Pfaff 2000).  The period of 

deforestation roughly coincides with the LIA and the subsequent reforestation coincides 

with the modern warming period, complicating differentiation between these two 

potential causes for gray fox range change. 

The genetic, fossil, and historic evidence cannot resolve the precise origins of 

gray foxes in the Northeastern states today.  The molecular data presented in this study 

cannot pinpoint a narrow enough time frame to distinguish between colonization during 

the MCA and colonization after the LIA.  Due to their absence from fossil and historical 

records during the LIA, it seems most parsimonious to conclude that modern gray foxes 

in the Northeast are descendants of an expansion in the last 150 years.  However, it is 

also possible that they are descendants of animals that colonized the Northeast during the 

MCA and survived the LIA undetected.  

Molecular evidence presented in this study verifies the recent expansion of gray 

foxes from a Southern refugium into the Northeastern states.  Signatures of post-

Pleistocene expansion, including a pattern of high diversity in the south and low diversity 

in the north, negative and significant Fu’s FS statistics, and unimodal mismatch 

distributions, are similar to that of other mammals in Eastern North America.  In this 

study, I was able to concatenate genetic, fossil, and historic data to support the hypothesis 

that gray fox did not appear in the Northeast until well after the end of the Pleistocene, 

during the MCA.  As the fossil record becomes more complete, we may be able to 
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pinpoint whether modern gray foxes in the Northeast are descendants of the MCA or 

modern colonists. 
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CHAPTER 2 

 

An efficient non-invasive method for discriminating among feces of sympatric North 

American canids 

 

Existing molecular methods to identify feces of sympatric carnivores use either 

multiple primer systems, real-time PCR, or restriction enzyme digestion of a PCR 

product (e.g. Krausman et al. 2006, Bidlack et al. 2007, O'Reilly et al. 2007).  Building 

on the work of Paxinos et al. (1997), I developed and tested a fast and reliable method for 

distinguishing faeces of five potentially sympatric North American canids -- kit fox 

(Vulpes macrotis), red fox (V. vulpes), gray fox (Urocyon cinereoargenteus), coyote 

(Canis latrans), and domestic dog (C. familiaris) -- based on sequencing part of the 

mitochondrial control region.  

 I designed primers from ear tissue biopsies from kit, red, and gray foxes, coyote, 

and dog from the San Joaquin Valley, California.  Tissues were stored in 95% ethanol at 

room temperature and extracted using the DNeasy® Tissue kit (QIAGEN®).  Universal 

primers (L15926 and H16340, Kocher et al. 1989) were used to amplify a 394-bp 

fragment of the control region of mitochondrial DNA.  Each 22 μL PCR reaction 

contained 4.0 μL template DNA, 0.23 mM each primer, 2.3 mM MgCl2, 1 unit Taq Gold 

polymerase, 1.1X Taq buffer (Applied Biosystems), 0.91 mg/mL BSA, and 0.23 mM 
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each dNTPs.  The PCR profile included 10 min at 96°C, followed by 34 cycles of 1 min 

at 94°C, 1 min at 53°C, and 1.5 min at 72°C, and an extension of 5 min at 72°C.  PCR 

products were cleaned using QIAquick® PCR purification kit (QIAGEN®).  Sequence 

reactions were done with Big Dye v3.1 Terminator cycle sequencing kits (Applied 

Biosystems) and cleaned via Sephadex G-50 columns (GE Healthcare).  Sequences were 

analyzed using an ABI PRISM 377 or a 3100 automatic sequencer and aligned by eye 

using Sequencher® 5.0 (Gene Codes Corporation).  Primers (KFSPID-F 5'-

TCAGCACCCAAAGCTGAAAT-3’ labeled with FAM on the 5’end and KFSPID-R 5'-

GTTTCTCGAGGCATGGTGAT-3’) were designed for both flanking ends of a variable 

region.  This set of primers amplified fragments ranging from 237 – 288-bp using the 

above PCR protocol.  To measure base-pair size differences, samples were run with GS-

500 ROX size standard on an ABI PRISM 3100 automatic sequencer and analyzed in 

Genotyper® 2.5 (Applied Biosystems).  All five canid species could be distinguished 

based on variation in the size of the amplified fragment (Fig. 2.1).  

To test the reliability of the method in other parts of North America, I examined 

the variable region in sequences obtained from GenBank.  I downloaded eight kit fox, 69 

red fox, 39 dog, and 185 coyote sequences (Appendix B).  Because there were no control 

region sequences for gray fox, I sequenced the variable region of 290 gray foxes from 

tissues collected across the Eastern United States (Bozarth et al. in press) and found 32 

unique haplotypes.  Sequences for all species were aligned by eye in Sequencher® 4.8 

(Gene Codes Corporation) and examined for length polymorphism.  Kit fox sequences 

ranged from 252 – 253-bp, red fox sequences from 260 – 264-bp, and coyote sequences 
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from 279 – 283-bp.  All dog sequences were 286-bp and all gray fox sequences were 

288-bp.   

I then tested the primers on samples from two large studies; one targeting kit 

foxes in the San Joaquin Valley, California (e.g. Smith et al. 2006), and one targeting 

coyotes in Northern Virginia.  The kit fox is broadly sympatric with coyotes and both 

target species are potentially sympatric with red and gray foxes, and dogs.  Fecal samples 

were stored either at -20ºC or at room temperature with silica beads.  I extracted DNA 

using the QIAamp DNA stool kit (QIAGEN®) and sequenced a subset of the samples 

using the methods described above.  In 28 California samples, I found three kit fox 

haplotypes at 253-bp and one with a significant deletion of 16-bp.  In 155 Virginia 

samples, I found five red fox, eight gray fox, seven coyote, and two dog haplotypes, all 

within previously reported size ranges.  I validated these species identifications based on 

fragment length by sequencing.  I then used the method on all of the samples in these two 

data sets.  I identified 1224 kit fox and eight coyote samples from the 1232 California 

samples and 111 red fox, 98 gray fox, 114 coyote, and four dogs from the 327 Virginia 

samples.   

Application of this method to published and novel haplotypes and two large fecal 

data sets revealed a high degree of interspecific size polymorphism in the region of 

interest that proved very efficient for the identification of these five canid species in 

diverse regions of North America.  This method is being used successfully in ongoing 

studies in California and Virginia as well as by Kays et al. (2008) in New York.  

However, swift fox (V. velox) and kit fox as well as red wolf (C. rufus) and coyote cannot 
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be distinguished using this method.  Swift foxes are closely related to kit foxes and have 

the same fragment length (Maldonado et al. 1997).  Additionally, both the single red wolf 

tissue I sequenced and the only published control region haplotype (Adams et al. 2003) 

are the same length as a common coyote haplotype (282-bp).  Methods for differentiating 

coyotes, red wolves, and their hybrid offspring exist (Adams et al. 2007, Adams and 

Waits 2007). 

 

Figure 2.1. Chromatograms showing variation in fragment size for five canid species.  
Sample sizes (n) include only fecal samples for which species assignment was verified by 
sequencing 
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CHAPTER 3 

 

Coyote colonization of Northern Virginia and admixture with Great Lakes wolves 

 

INTRODUCTION 

Members of the genus Canis have undergone dramatic range expansions and 

contractions in North America since the arrival of European colonists in the 17th century.  

Some taxa, namely the red wolf (Canis rufus) and the gray wolf (C. lupus) have 

experienced substantial range contractions due to predator control efforts and 

anthropogenic habitat modification (Nowak 1979).  In contrast, the coyote (C. latrans), 

has rapidly expanded its range from the grasslands and prairies of the American Midwest 

to most of North and Central America (Bekoff 1977).  Since the wave of settlement by 

European descendants westward across North America in the 1800s, coyotes have 

colonized west to the Pacific, north to Alaska, east to the Atlantic, and south to Panama 

(Bekoff 1977).  This proliferation of coyotes is probably the result of three anthropogenic 

influences: eradication of top predators, habitat modification, and purposeful 

translocations.  By the end of the 19th century, predator eradication including bounty 

programs and widespread poisoning had decimated nearly all of the gray wolves in the 

United States and Southern Canada (Mech 1970).  Gray wolves in North America have 

been reduced from approximately two million individuals (Seton 1929) to approximately 
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70,000 individuals today, with the majority of animals in Canada (Mech and Boitani 

2003).  This dramatic reduction in the gray wolf population may have released coyotes 

from the intraspecific competition that restricted them to the American Midwest 

(Peterson 1996).  Coyotes are also affected by predation and interference competition 

from cougars (Felis concolor), but the two species can share food sources and habitat 

(Koehler and Hornocker 1991).   Concurrent with the decimation of gray wolves across 

North America, massive anthropogenic habitat change that converted dense forests to 

agricultural lands opened additional habitat to coyotes (Parker 1995).  Coyotes prefer 

slightly disturbed habitat, as opposed to dense forest, because it increases prey 

availability (Boisjoly et al. 2010).  They are also adept at exploiting urban habitats, 

allowing them to populate major cities across the continent (Howell 1982, Gibeau 1998, 

Grinder and Krausman 2001).  These adaptive abilities facilitate the coyote’s range 

expansion across our anthropogenically-altered continent.  Coyotes have also been 

translocated for use as pets or hunting animals, with western coyotes released in the east 

as early as 1925 (Young and Jackson 1951, Hilton 1978, Bekoff 1982).  Anthropogenic 

translocations have been documented for several mammal species as far back as the 

Pleistocene, but many translocation events may go undetected because of the inability to 

distinguish them from other biogeographic events (see Grayson 2001 for a review). 

 As coyotes have expanded their range across the Eastern United States, 

hybridization with the significantly more rare red wolves (C. rufus) and Great Lakes 

wolves (GLW) has become a conservation issue.  The range of the red wolf has been 

drastically reduced by human persecution from much of the Southeastern United States to 
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approximately 6,000 km2 in North Carolina (Paradiso and Nowak 1972, Adams et al. 

2003).  All members of the current population are direct descendents of a captive 

breeding program begun in 1973 when the species received federal protection under the 

Endangered Species Act (USFWS 1989).  Today, their top threat to species recovery is 

hybridization with coyotes and intensive management operations are ongoing (Kelly et al. 

1999, Kelley 2000).  The species status of the GLW is currently under intense debate, 

with recognition of its molecular differentiation from the Western gray wolf (C. lupus) 

beginning 20 years ago (Lehman et al. 1991).  Differing hypotheses exist regarding the 

species status of GLW, degree and timing of hybridization/admixture between C. lupus, 

GLW, and C. latrans, and the exact route of the recent colonization by coyotes across the 

Great Lakes region (Roy et al. 1994, Roy et al. 1996, Wilson et al. 2000, Nowak 2002, 

Wilson et al. 2003, Kyle et al. 2006, Leonard and Wayne 2008, Koblmuller et al. 2009, 

Wheeldon and White 2009, Wilson et al. 2009, Kays et al. 2010, Rutledge et al. 2010, 

Wheeldon et al. 2010).  Despite these debates, it is clear that modern coyote populations 

in the Eastern United States have genetic signatures of admixture with GLW, with 

mitochondrial haplotypes that cluster with GLW found in coyotes in New England and as 

far south as Pennsylvania (Koblmuller et al. 2009, Kays et al. 2010, Way et al. 2010).  

Koblmuller et al. (2009) and Way et al. (2010) found mtDNA haplotypes of GLW origin 

in coyotes from New York and Massachusetts.  Kays et al. (2010) inferred a region in 

Western New York and Pennsylvania that is a contact zone between two advancing fronts 

of colonizing coyotes: one from the West with a high diversity of coyote mtDNA 

haplotypes and one from the Northeast with a lower diversity of coyote mtDNA 
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haplotypes and also GLW haplotypes.  From these studies, it appears that as coyotes 

moved through GLW territory, some bred and the mitochondrial signatures of that 

mixing are apparent in Northeastern states where coyotes have been studied.  To date, 

coyotes with signatures of admixture with GLW have not been reported farther south 

along the East coast states. 

 The colonization of North America east of the Mississippi River has occurred 

over the last 100 years in two fronts (Parker 1995): a Northern front moving across the 

Great Lakes region and into the Northeastern United States and a Southern front moving 

through the Southeastern United States (Fig. 3.1).  Using reports of coyote presence from 

both primary literature and state and federal wildlife agencies, Parker (1995) tracks the 

expansion of these two fronts, which seem to converge along the Appalachian Mountains 

and in the mid-Atlantic region (Delaware, the District of Columbia, Maryland, and 

Virginia).  This region was the last to be colonized by coyotes as late as 1993 (Parker 

1995).  At the heart of this region is Northern Virginia, a loosely defined area consisting 

of several counties and independent cities radiating to the south and west of Washington, 

D.C.  This area has a dense human population and has experienced massive population 

growth in the past decade.  Public opinion of coyote presence in the area has been 

charged and polarized, with residents noting the need for more information on the new 

colonists (Battiata 2006).  There have been many studies involving coyotes throughout 

much of North America (e.g. Kamler and Gipson 2000, Prugh et al. 2005, Riley et al. 

2006, Gehrt and Prange 2007, Hailer and Leonard 2008, Kays et al. 2008, Sacks et al. 

2008, Way et al. 2010, Wheeldon et al. 2010).  However, to date, no peer-reviewed 
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articles focusing on coyotes in the mid-Atlantic States have been published.  In this study, 

I use non-invasive molecular technology, a powerful tool to answer ecological questions 

about elusive species, to obtain sequence data from a hypervariable portion of the 

mitochondrial control region for coyotes in this newly colonized population in Northern 

Virginia.   

 

 

Figure 3.1.  Map of the Eastern United States showing the Northern and Southern fronts 
of coyote expansion converging in the mid-Atlantic region (adapted from Parker 1995).  
The study site is marked by a star. 
 

Mitochondrial DNA (mtDNA) has been used to detect the source of recent 

colonizations and translocation events for many mammal species (e.g. Onorato et al. 
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2004, Van den Bussche et al. 2009, Epps et al. 2010, Kays et al. 2010).  A recent study by 

Kays et al. (2010) has correlated haplotype identities and diversity with postulated 

migration routes to uncover the colonization patterns of coyotes, despite weak 

phylogeographic structure.  Using indicators of colonization patterns across the Eastern 

United States, with two fronts apparently merging in the mid-Atlantic region, I examine 

the source of the recent colonization in Northern Virginia.  Here I sequence a variable 

portion of the mitochondrial control region from a coyote population in Northern Virginia 

and compare this population to the rest of the Eastern United States to show that the mid-

Atlantic region is a terminus for coyote colonization of the United States.  I hypothesize 

that this population will show evidence of multiple colonization events from surrounding 

regions.  Additionally, I infer that colonization from the Northern front will result in the 

presence of GLW haplotypes in the Northern Virginia coyote population. 

 

MATERIALS AND METHODS 

 Study Site. – This study was conducted at Marine Corps Base Quantico (MCBQ), 

which is located in the Southern reaches of Northern Virginia (Fig. 3.1), spanning 243 

km2 over three counties (Fauquier, Prince William, and Stafford).  The base was 

established in 1917 and was expanded during World War II to its current size.  Though 

MCBQ is an active military reservation, less than 30% of its holdings are used for strictly 

military operations.  The majority of the land is used for purposes such as forest and 

wildlife management, potable water production, waste disposal, and outdoor recreation 

(MCBQ 1996).  In the face of burgeoning suburban development surrounding the base, 
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MCBQ along with the adjacent Prince William Forest Park (PWFP) have become de 

facto wildlife preserves, hosting a wide variety of plant and animal species.  The study 

site represents a contiguous area of approximately 320 km2 and is composed of secondary 

growth deciduous forest, open fields, lakes, streams, and human development. Coyotes 

were first observed on MCQB in 1997 (Tim Stamps, personal communication).   

 Sampling. – I analyzed a total of 124 scats collected at PWFP (38°34′N, 

78°24′W) during July 2005 – September 2008 and 331 scats collected at MCBQ 

(38°31′N, 77°27′W) during July 2002 and November 2006 – October 2008. Scat from 

PWFP (July 2005-September 2008) and from MCBQ in July 2002 was collected 

opportunistically along roads and trails.  Scat from MCBQ obtained from November 

2006 – October 2008 was systematically collected each month along 500 m transects on 

roads dispersed throughout the base.  Although transects used in all collection sessions at 

MCBQ were non-random due to the restrictions of ongoing military training at the site, 

randomly generated locations would be ineffective since carnivores often deposit scats on 

roadways (Macdonald 1980) and humans are inefficient at locating scat in vegetation 

(Smith et al. 2001, Smith et al. 2003).  I also obtained tissue samples from seven coyotes 

trapped by hunters at MCBQ. 

Amplification of Target Sequence. – Collected scats were stored in plastic bags in 

the field and moved to freezers at -4°C within hours of collection.  I extracted DNA from 

scats using QIAGEN QIAamp DNA stool kits (Qiagen Inc., Valencia, California). DNA 

isolation and amplification (procedures done before PCR) were conducted in a separate 

room to minimize the risk of contaminating stock DNA with PCR products and aerosol 
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barrier tips were used for all pre-PCR procedures.  Since the scat of sympatric canid 

species may not be readily identifiable by visual examination (Davison et al. 2002), I 

conducted species identification of every scat sample following the protocols in Bozarth 

et al. (2010).  This protocol requires the amplification of a short fragment of the control 

region that is variable in length, identifying each of the potential canid species known to 

occupy the study area.  I reliably differentiated scat deposited by coyote, gray fox 

(Urocyon cinereoargenteus), and red fox (Vulpes vulpes) (Bozarth et al. 2010).  I did not 

detect scat deposited by domestic dog (C. familiaris).  I sequenced that same 282-bp 

region of mtDNA for all 126 coyote scats detected.  I repeated PCR amplification and 

sequencing for all samples with ambiguous results and amplified and sequenced seven 

coyote tissue samples from the study area as positive controls.  I used a 20 μL reaction 

volume containing 3 μL of template DNA (directly from kit extraction), 0.5 μM of each 

primer, 1x PCR buffer II, 1.5 mM MgCl2, 1 unit of AmpliTaq Gold polymerase (Applied 

Biosystems, Foster City, California), and 0.2 mM each deoxynucleoside triphosphate.  

Positive and negative controls were run with each batch of PCR.  I amplified DNA in 

PTC-100 and PTC-200 thermocyclers (MJ Research, Waltham, Massachusetts) using the 

following program: initial denaturation at 95°C for 11 min; 35 cycles of 30 s at 95°C, 30 

s at 58°C, and 2 min at 72°C; final extension of 72°C for 30 min. PCR products were 

cleaned using ExoSAP (USB Corporation, Cleveland, Ohio) and sequenced in both 

directions using the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) 

according to manufacturer’s recommendations.  Reactions were purified via 

centrifugation through Sephadex G-50 columns (Amersham Biosciences, Piscataway, 
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New Jersey).  Sequences were run on an ABI Prism 3100 Genetic Analyzer (Applied 

Biosystems) and aligned by eye in Sequencher 4.8 (Gene Codes Corporation, Ann Arbor, 

Michigan). 

Since the sequences used in this study targeted small 282-bp long fragments ideal 

for non-invasive samples and many of the published control region sequences are 

approximately 385-bp long, I tested the ability of the shorter region to differentiate 

haplotypes by sequencing a comparably sized fragment for several samples for each of 

the seven haplotypes to check for diagnostic variable sites outside the 282-bp region.  I 

used universal primers L15910 and H16498 (Kocher et al. 1989) in a volume of 20 μL 

with the same reaction mix described above except I used 1 μL of template DNA and 2 

mM MgCl2.  I used the same cycling conditions described above except I used an 

annealing temperature of 50°C.  Products were cleaned, sequenced, purified, and aligned 

as above.  I also compared my haplotypes (assigned using 282-bp) to longer published 

sequences that match my haplotypes to further verify the efficiency of the shorter 

sequence in assigning haplotypes.  

Verification of Individual Identities. – Individual identities of animals detected 

with scat were verified using up to six highly variable tetranucleotide microsatellite loci.  

Primers FH2001, FH2096, FH2137, FH2140, FH2159, and FH2235 were originally 

obtained from the canine genome map (Francisco et al. 1996) and adapted and validated 

for use in population studies of coyotes by Prugh et al. (2005). I used a 25 μL reaction 

volume containing 5 μL of template DNA (directly from kit extraction), 0.5 μM of each 

forward FAM, HEX, or TET-labeled forward and unlabeled reverse primer, 1x 
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polymerase chain reaction buffer II, 2 mM MgCl2, 1 unit of AmpliTaq Gold polymerase 

(Applied Biosystems), 0.008 mg/μL bovine serum albumin (New England Biolabs, 

Ipswich, MA), and 0.2 mM each deoxynucleoside triphosphate. I amplified DNA in PTC-

100 and PTC-200 thermocyclers (MJ Research) using the following program: initial 

denaturation at 95°C for 10 min; 45 cycles of 1 min at 95°C, 1 min at 58°C, and 1 min at 

72°C; final extension of 72°C for 10 min.  PCR products were separated and detected by 

capillary electrophoresis on an ABI 3130xl Genetic Analyzer (Applied Biosystems).  

Electropherograms were analyzed using GeneMapper Analysis Software version 4.0 

(Applied Biosystems).  Each DNA extract was subjected to at least three independent 

PCR amplifications for each locus for allele size verification. After each scat was 

successfully typed at all six loci, the reliability of each observed multilocus score was 

determined using the program RELIOTYPE (Miller et al. 2002).  RELIOTYPE is a 

program that assesses the reliability of an observed multilocus genotype using a 

maximum-likelihood approach for minimizing genotyping errors.  Due to the low quality 

DNA often present in scat samples (Taberlet et al. 1996), not all sequenced samples 

amplified at all six loci.  For each of these samples with incomplete data, comparisons of 

known loci (verified by at least three independent amplifications) to complete genotypes 

were done by eye to conservatively assign new genotypes to these samples when 

possible. 

Comparison to Published Haplotypes. – To detect the geographical source of this 

population and to compare indicators of molecular diversity across Eastern North 

America, I obtained 156 control region sequences from Canis spp. that were previously 
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published in GenBank (Appendix C, Adams et al. 2003, Hailer and Leonard 2008, 

Leonard and Wayne 2008, Koblmuller et al. 2009, Kays et al. 2010, Lance et al. 

unpublished data). Since there is molecular evidence of hybridization/admixture between 

C. lupus, GLW, and C. latrans in Southeastern Canada, the Great Lakes region, and New 

England (e.g. Koblmuller et al. 2009, Kays et al. 2010, Rutledge et al. 2010, Way et al. 

2010), I included haplotypes found in Canis from areas surrounding the mid-Atlantic 

region in animals that were morphologically assigned to any of the three taxa.  GLW 

sequences were specifically included to test for the presence of GLW haplotypes in the 

Northern Virginia coyote population, given their recent southward expansion along the 

North American East coast (Kays et al. 2010).  GenBank sequences were aligned by eye 

with the Northern Virginia coyote sequences in Sequencher 4.8 (Gene Codes 

Corporation). 

Population Genetic Analyses. – I used samples from Northern Virginia obtained 

for this study along with samples from the Southeastern United States (Adams et al. 

2003, Lance et al. unpublished data), Midwestern United States (Hailer and Leonard 

2008, Koblmuller et al. 2009), Northeastern United States (Koblmuller et al. 2009, Kays 

et al. 2010) and Southeastern Canada (Leonard and Wayne 2008, Kays et al. 2010) to test 

for signatures of population structure.  I used the two-parameter model of Kimura 

(Kimura 1981) to construct a neighbor-joining tree (Saitou and Nei 1987) in PAUP* 

4.0a109 (Swofford 2002) using the genetic distances between haplotypes and estimating 

statistical support of branching patterns based on 100 bootstrap replicates.  For neighbor-

joining trees, I used a golden jackal (C. aureus, accession number AF184048) as an 
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appropriate outgroup because it has been previously determined to be the nearest 

common ancestor to the Canis species included in this study (e.g. Sharma et al. 2004).   

I generated a statistical parsimony haplotype network using TCS 1.21 (Clement et 

al. 2000) to visualize potential regional genetic structure.  TCS calculates the number of 

mutational steps among all pairs of haplotypes and then joins the most similar haplotypes 

together into a network where their combined probability is greater than 95% (Templeton 

et al. 1992).  I created two networks:  one including only the Northern Virginia 

haplotypes (Hap1-Hap7) and one including both the Northern Virginia haplotypes and 

also haplotypes representing potential source populations.  

 To test for connectivity between populations surrounding the Northern Virginia 

population, I estimated pairwise differences between the regions (FST) as implemented in 

ARLEQUIN 1.1 (Schneider et al. 1997b).  I divided surrounding populations into six 

regions, using published haplotype frequency data and geographic divisions used by other 

authors (Hailer and Leonard 2008, Koblmuller et al. 2009, Kays et al. 2010, Lance et al. 

unpublished data).  The six regions are Texas (TX), Nebraska (NE), South Carolina (SC), 

Ohio (OH), Western Pennsylvania/Western New York (PA/NY), and the Northeast 

(NorE).  I use Texas and Nebraska to represent Western coyote populations (Hailer and 

Leonard 2008, Koblmuller et al. 2009).  South Carolina represents Southeastern coyotes 

(Lance et al. unpublished data).  Northern populations are divided into three regions as 

designated by Kays et al. (2010), with Ohio representing coyotes expanding from the 

West into the Northeastern United States, Western Pennsylvania/Western New York 

representing a contact zone between Western and Eastern coyotes, and the Northeastern 
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United States and Southeastern Quebec (the Northeast) representing Eastern coyotes 

including admixed coyote/GLW animals.  I considered all regions as potential sources of 

the colonization of Northern Virginia.  I followed Wright’s guidelines to draw 

conclusions regarding levels of genetic differentiation from average pairwise population 

FST values, where a value of 0 – 0.05 indicates little differentiation, 0.05 – 0.15 moderate, 

0.15 – 0.25 great, and > 0.25 very great (Wright 1978).  Although using FST to precisely 

estimate gene flow can be problematic because the model assumes an equilibrium 

between drift, migration, and mutation, this parameter can be used as a relative measure 

of population structure by comparing estimates of gene flow between populations (Neigel 

2002), and has been used in mammals to detect gene flow between newly colonized and 

source populations (e.g. Brown et al. 2009, Epps et al. 2010).  I circumvent statistical 

issues with FST-based inference by also directly tracking the distribution of individual 

haplotypes in this assessment. 

 Comparisons of pairwise FST between the population in Northern Virginia and 

populations that are potential sources of colonization provided guidance in testing for 

geographical population genetic units using Analysis of Molecular Variance (AMOVA) 

as implemented in ARLEQUIN version 1.1 (Schneider et al. 1997b).  AMOVA is a 

hierarchical analysis in which correlations between genotype distances at different 

hierarchical levels are used to calculate Φ-statistics, which are analogous to Wright’s F-

statistics.  These Φ-statistics were assessed for significance in ARLEQUIN by 

comparison to random (permutated) distributions of individuals. 
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A newly colonized population is expected to have lower molecular diversity than 

its source population, with these differences more pronounced when there are few 

founders, the colonization event is recent, and there is no subsequent gene flow between 

colony and source (Nei et al. 1975).  I calculated nucleotide diversity and haplotype 

diversity in DnaSP (Liberado and Rozas 2009) for the Northern Virginia coyote 

population.  I compared these values to the same values for studied coyotes populations 

in surrounding areas where these data were available (Hailer and Leonard 2008, 

Koblmuller et al. 2009, Kays et al. 2010).  I also calculated these values for a population 

of coyotes at the Department of Energy’s Savannah River Site in South Carolina (Lance 

et al. unpublished data). 

To visualize haplotype identities and frequencies across the Eastern United States, 

I mapped pie charts of haplotype frequencies for populations in the six regions used in 

FST and AMOVA analyses (TX, NE, SC, OH, PA/NY, NorE) and for the Northern 

Virginia (NoVa) population.  Where haplotype frequency data were not available, I 

mapped only haplotypes that matched ones detected in this study (Adams et al. 2003). 

 

RESULTS 

 I obtained control region sequences for 89 of the 126 coyote scats and for all 

seven coyote tissue samples.  Thirty-seven scat samples failed to yield sequence data.  

The 274 usable sites (less than 5% missing data) contained 14 transitions, zero 

transversions, and two indels, resulting in seven haplotypes that have been previously 

recovered in other Canis spp. and have been published in GenBank by other authors.  
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Therefore, they already have assigned accession numbers (Appendix C).  However, for 

the purposes of this paper, haplotypes found in Northern Virginia will be numbered 1 

through 7 (Hap1-Hap7).  

In order to check whether the flanking regions of the 282-bp fragment that I 

sequenced for my scat samples did not contain any diagnostic variable sites, I sequenced 

a 385-bp region for representative samples of each of the seven haplotypes that contained 

higher quality DNA.  However, because of problems associated with poor DNA quality 

characteristic of scat samples, I was unable to amplify the larger fragment for two of the 

haplotypes.  These haplotypes were represented by only one scat sample each and DNA 

degradation may have prevented the amplification of larger fragments.  In some cases I 

was able to amplify multiple scat samples for each haplotype that were determined to be 

from different individuals based on six microsatellite loci.  I then compared my short and 

long sequences to published sequences (length ranged from 223-bp – 460-bp) obtained 

through GenBank that matched the detected haplotypes (Table 3.1).  With the exception 

of two adjacent transversions that differentiated Hap1 and Hap2, no variable sites were 

present outside of the short fragment.  Nevertheless, all seven haplotypes had diagnostic 

sites within the short fragment, indicating that my haplotypes assignments are reliable 

and not likely to underestimate the presence of new haplotypes and could be used to 

conduct comparisons to investigate population structure, molecular diversity, and 

population origins. 
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Table 3.1.  Published haplotypes that match those observed in Northern Virginia.  
Haplotype name, the locality where it was detected, GenBank accession number, and 
source publication are shown. 
 
NoVa 
Haplotype 

Published 
Haplotype 
Matched 

Locality Haplotype 
Detected 

Accession 
Number 

Source 

Hap1 cla25 North Carolina AY280938 Adams et al (2003) 
 cla29 Northeastern U.S. GQ863719 Kays et al (2010) 
 GL16 Quebec GQ849365 Leonard and 

Wayne (2008) 
Hap2 GL20 Northeastern U.S. GQ863717 Kays et al (2010) 
 la19 New York and 

Massachusetts 
GQ849373 Koblmuller et al 

(2009) 
 coy11 South Carolina EF508170 Lance et al 

(unpublished) 
 GL1 historic Ontario, 

Michigan, Wisconsin 
GQ849346 Leonard and 

Wayne (2008) 
Hap3 la12 Nebraska FM209391 Hailer and Leonard 

(2008) 
 coy29 South Carolina EF508156 Lance et al 

(unpublished) 
Hap4 coy14 South Carolina EF508166 Lance et al 

(unpublished) 
Hap5 la06 Texas FM209365 Hailer and Leonard 

(2008) 
 cla28 Northeastern U.S. GQ863718 Kays et al (2010) 
 GL11 Quebec GQ849360 Leonard and 

Wayne (2008) 
Hap6 la15 Nebraska GQ849371 Koblmuller et al 

(2009) 
Hap7 cla22 North Carolina AY280935 Adams et al (2003) 
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Verification of Individual Identities. – I attempted to amplify six highly variable 

microsatellite loci that have been used previously on a coyote population (Prugh et al. 

2005) to verify individual identities from the non-invasively captured DNA.  Of the 96 

samples successfully sequenced, I found 39 individuals among the 65 samples 

successfully scored.  Genotypes were assigned only if they were observed at least three 

times for heterozygotes and five times for homozygotes from independent amplifications 

as recommended by Taberlet et al. (1996) for non-invasive samples.  Additionally, some 

alleles that did not meet these criteria were assigned using the program RELIOTYPE 

(Miller et al. 2002) which uses a maximum-likelihood approach to assess the reliability of 

an observed multilocus genotype.  I used 200 bootstrap replicates to assign alleles with ≥ 

95% reliability.  Fifty-three of the 65 samples were scored at all six loci, seven at five 

loci, two at four, one at three, and two at only one.  Individual differentiation for samples 

with less than six loci was accomplished by comparing the scored alleles for each 

incomplete genotype to all of the other genotypes within that haplotype.  Using this 

conservative method, even a sample with only one scored locus can be unique from the 

other genotypes. 

Comparison to Published Haplotypes. – Of the 156 published Canis spp. control 

region sequences found, 15 were identical to the haplotypes I detected in Northern 

Virginia (Table 3.1).  Some haplotypes detected in Northern Virginia were only detected 

in one other locality (Hap4, Hap6, and Hap7).  Others were detected in multiple 

localities, often from diverse geographical areas.  Hap2 was identical to two sequences 

that have been reported to originate in GLW (GL1 and GL20).  
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Population Genetic Analyses. – I used 149 Canis spp. haplotypes obtained from 

GenBank (I removed eight out of the 15 published haplotypes that were identical to the 

Northern Virginia haplotypes to exclude duplicates: see Table 3.1).  The neighbor-joining 

tree with bootstrap values revealed a polytomy for coyote/GLW haplotypes (Fig. 3.2).  A 

distinct dog/gray wolf clade was composed of two haplotypes found in coyotes that are 

known to be of dog/gray wolf origin (cla12 and cla17: Adams et al. 2003) and two more 

that are likely coydogs (coy21 and coy47: Lance et al. unpublished data).  Though the 

majority of haplotypes fall into a large polytomy, a few relationships within the 

coyote/GLW clade have support (> 50%).  However, these groups do not conform strictly 

to geographic localities.  A maximum likelihood tree produced congruent results (not 

shown).  
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Figure 3.2.  Neighbor-joining tree with bootstrap values (> 50% shown) based on 385-bp 
for 149 published Canis spp. control region haplotypes.  Branches with > 50% bootstrap 
support are shown.  Relationships of ≥ 6 haplotypes that could not be resolved are shown 
as triangles.  Haplotypes that were chosen to be included in the minimum-spanning 
network are starred.  4 haplotypes, including 2 that have been previously recognized as 
being of dog/gray wolf origin (cla12 and cla17, respectively: Adams et al. 2003) are 
assigned to a separate clade.  The tree is rooted with a 385-bp sequence from a golden 
jackal (C. aureus), the closest basal ancestor to coyote/GLW. 



54 

 

Figure 3.3. Control region minimum-spanning haplotype network based on 385-bp for 39 
coyotes collected in Northern Virginia.  Haplotypes are labeled as Hap1, Hap2, etc.  
Circle sizes are proportional to the number of individuals represented.  Each node 
represents a 1-bp change.  
 

The statistical parsimony network of the Northern Virginia haplotypes revealed 

five closely related haplotypes and two common haplotypes (Hap1 and Hap2) that are 

distantly related to the rest of the network (Fig. 3.3).  To simplify the second network, I 

included representatives of each supported (> 50%) group within the coyote/GLW clade 

as well as all of the haplotypes detected in Northern Virginia (Fig. 3.4).  Within each 

supported group, I chose the longest sequence that best represented the group to be 

included in the network.  This network showed little structure among coyote haplotypes 

and many missing haplotypes for this genetically diverse species.  Haplotypes of GLW 

origin (GL2, GL22, and Hap2; which are the same as the previously reported haplotypes 

GL20 and GL1; Leonard and Wayne 2008, Kays et al. 2010) originated in GLWs and 
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here clustered together in a closely related group.  Haplotype la52 is representative of a 

large clade of coyote haplotypes including animals from non-hybridizing coyote 

populations (Adams et al. 2003, Leonard and Wayne 2008, Kays et al. 2010). 

 

Figure 3.4. Control region minimum-spanning haplotype network based on 385-bp for 
coyotes collected in Northern Virginia for this study (gray shading) and representative 
haplotypes chosen from each supported (> 50%) group within the coyote/GLW clade in 
the neighbor-joining tree.  Gaps are treated at missing data, not a 5th state.  Each node 
represents a 1-bp change.  
 
 
 Pairwise differences between populations surrounding Northern Virginia and 

other populations in the Eastern United States revealed moderate and great levels of 

differentiation (Wright 1978), with the greatest difference between the Northern Virginia 
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population and Texas and the least difference between the Northern Virginia population 

and the Northeast (Table 3.2).   

 
Table 3.2.  Pairwise genetic distance (FST) values for 355-bp of mtDNA control region 
for a newly colonized coyote population in Northern Virginia (NoVa) and potential 
source populations (TX = Texas, NE = Nebraska, SC = South Carolina, OH = Ohio, 
PA/NY = Western Pennsylvania/Western New York, NorE = Northeast).  All 
comparisons are significant (P < 0.001). 
 

Population Pair FST 
NoVa-TX 0.230 
NoVa-NE 0.185 
NoVa-SC 0.184 
NoVa-OH 0.172 
NoVa-PA/NY 0.144 
NoVa-NorE 0.108 
 

 Using these pairwise difference values to guide groupings for the AMOVA, I 

tested 12 groupings of the seven coyote populations to uncover groupings with the 

maximum value of ΦCT and resulting percent variation between groups.  When the 

Northern Virginia population was grouped with its source population, it maximized ΦCT.  

I found that many groupings did not produce significant ΦCT values (Table 3.3).  Among 

those groupings that produced a significant ΦCT value (P < 0.02), the Northern Virginia 

population is grouped with other East coast populations (to the North or South) or is 

grouped alone. 
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Table 3.3.  Examples of analysis of molecular variance (AMOVA).  Fixation indices are 
indicated, as well as the percentage of the total that is explained by the grouping and its 
significance.  Significant (P < 0.02) ΦCT values are marked with an *.  
Populations/regions are named as in Table 2. 
 
Groups ΦSC ΦST ΦCT % among 

groups 
P 

[NoVa, NorE], [TX, NE, 
SC, OH, PA/NY] 

0.202 0.148 -0.068 -6.74% 0.558 

[NoVa, PA/NY, NorE], 
[TX, NE, SC, OH] 

0.070 0.236 0.178 17.79% 0.058 

[PA/NY, NorE], [NoVa, 
TX, NE, SC, OH] 

0.080 0.215 0.147 14.70% 0.078 

[OH, PA/NY, NorE], 
[NoVa, SC], [TX, NE] 

0.057 0.229 0.182 18.22% 0.016* 

[NoVa, OH, PA/NY, 
NorE], [SC], [TX, NE] 

0.054 0.257 0.215 21.52% 0.011* 

[NoVa, PA/NY, NorE], 
[SC], [TX, NE, OH] 

0.050 0.240 0.200 20.01% 0.013* 

[OH, PA/NY, NorE], 
[NoVa], [SC], [TX, NE] 

0.040 0.236 0.204 20.39% 0.003* 

 

 Comparisons of molecular diversity between the Northern Virginia population 

and surrounding populations revealed similar levels of nucleotide diversity across Eastern 

North America (Table 3.4).  Haplotype diversity was more variable, with diversity in 

Northern Virginia (0.722) most similar to diversity found in Western 

Pennsylvania/Western New York (0.721).  In general, there was a pattern of lower 

haplotype diversity in the recently colonized Eastern states and high haplotype diversity 

in the long-existing Western populations. 
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Table 3.4.  Genetic diversity in the study population in Northern Virginia and in 
surrounding populations that are potential sources of the colonization.  
Populations/regions are named as in Table 2. 
 

Region N bp Number of 
Haplotypes 

Nucleotide 
Diversity 

Haplotype 
Diversity 

Source 

NoVa 39 366 7 0.016 0.722 This study 
NY, MA 48 420-425 7 0.016 0.780 Koblmuller 

et al. 2009 
OH 30 369 11 0.016 0.844 Kays et al. 

2010 
PA/NY 207 369 16 0.015 0.721 Kays et al. 

2010 
NorE 450 369 6 0.016 0.664 Kays et al. 

2010 
TX 53 393-400 26 0.020 0.949 Hailer and 

Leonard 
2008 

NE 76 393-400 36 0.019 0.967 Hailer and 
Leonard 
2008 

SC 44 445 9 0.015 0.494 Lance et al. 
unpub. 

 

 All haplotypes detected in Northern Virginia had previously been found in 

populations to the North, South, and West (Fig. 3.5).  Hap1, Hap2, and Hap5 were found 

in areas both to the North and South of Virginia.  Hap3 was found to the South and West 

of the study site, Hap4 and Hap7 were detected only to the South, and Hap6 was only 

observed to the West.  
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Figure 3.5.  Map of coyote haplotype frequencies in Northern Virginia (this study; 
highlighted by black border around pie chart); Texas and Nebraska (Hailer and Leonard 
2008, Koblmuller et al. 2009); South Carolina (Lance et al. unpublished data); and Ohio, 
Western Pennsylvania/Western New York, and the Northeast (Kays et al. 2010).  Colored 
pie wedges represent haplotypes also found in Northern Virginia.  Hap 1 is blue, Hap2 is 
brown, Hap3 is green, Hap4 is purple, Hap5 is red, Hap6 is yellow, and Hap7 is orange.  
Where haplotype frequency data was not available, small colored circles indicate the 
presence of haplotypes also occurring in Northern Virginia.  Sample sizes (N) are shown 
for all populations.  
 
 
DISCUSSION 

I used a fast and reliable method to assign haplotypes to coyotes from scat with a 

short (282-bp) fragment of mtDNA.  Smaller fragments are more likely to amplify in 

non-invasively collected samples because these samples may contain degraded DNA 
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(Taberlet et al. 1996).  I determined that the short fragment sequenced for most of the 

scats samples in this study included a highly variable region that contained most of the 

variable diagnostic sites found in previously reported control region haplotypes with 

longer sequences used for comparison in this phylogeographic analysis.  Using six highly 

variable microsatellites and extensive verification of allele scores, I identified 39 

individuals out of 65 scats successfully scored.   

Source of Colonization. – I found that all seven haplotypes detected in this study 

have also been observed in coyote populations from diverse geographical localities to the 

North, South, and West of Northern Virginia, consistent with this region being the 

terminus of colonization in the continental United States. 

The neighbor-joining tree and haplotype networks indicated little 

phylogeographic structure in coyotes.  This result is in concordance with Lehman and 

Wayne’s (1991) mtDNA analysis of coyotes across North America, which also showed 

weak phylogeographic partitioning, with similar haplotypes found in animals from such 

distant localities as California and Nebraska.  Weak phylogeographic structure of mtDNA 

has been found in other canids and has been attributed to the high dispersal abilities of 

these animals (Lehman and Wayne 1991, Vilà et al. 1999, Dalen et al. 2005).  The 

haplotype network of the Northern Virginia population revealed that some common 

haplotypes (e.g. Hap1 and Hap2) are distantly related to the rest in the network (Fig. 3.3).  

The haplotype network showing the relationship of published haplotypes from 

surrounding regions placed the Northern Virginia haplotypes throughout the network 

(Fig. 3.4).  This suggests that Northern Virginia was colonized by coyotes from diverse 
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geographical sources most likely multiple times rather than a single colonization by 

closely related matrilines.  

 Analysis of pairwise genetic differentiation (Table 3.2) and AMOVA results 

(Table 3.3) tentatively indicated that the Northern Virginia population clusters with 

populations from the North.  For the AMOVA, a significant ΦCT value means that 

populations are placed into groups that reflect higher gene flow within a group than 

between groups.  However, this does not necessarily indicate that the Northern Virginia 

population, specifically, has been grouped with its source.  The significant ΦCT value can 

also be driven by strong differentiation or gene flow between other groups in the analysis.  

For example, many of the analyses with significant ΦCT values include the South 

Carolina (SC) population grouped alone.  It may be the lack of gene flow between this 

population and the other populations that is driving the high ΦCT value.  Despite this 

limitation of the model, it is clear that the Northern Virginia population has not been 

colonized from a single source.  Significant ΦCT values are found when Northern Virginia 

is grouped with populations to the North or South or when it is grouped alone. 

The haplotype diversity of the Northern Virginia coyote population most closely 

resembled that of the Western Pennsylvania/Western New York population (Table 3.4).  

The Western Pennsylvania/Western New York population was shown by Kays et al. 

(2010) to be a contact zone where coyotes expanding from the West through Ohio have 

interbred with coyotes expanding southward along the East coast from the Northeast.  My 

data show that this contact zone is located as far south as Northern Virginia.  This region 

is thus a contact zone between coyotes expanding from the North, South, and West.  This 
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lower haplotype diversity along the newly colonized East coast stands in contrast to 

populations in to West (e.g. Texas and Nebraska) where coyote populations have been 

long established and exhibit higher diversity.  This pattern of reduced genetic diversity in 

regions of recent colonization is typical of a leptokurtic pattern of dispersal (Hewitt 1996, 

Ibrahim et al. 1996) and has been observed for many mammalian species that have 

experienced range expansions (e.g., eastern woodrat, Neotoma floridana, Hayes and 

Harrison 1992, northern flying squirrel, Glaucomys sabrinus, Arbogast 1999, V. vulpes, 

Aubry et al. 2009).  The low haplotype diversity observed in South Carolina could thus 

be a result of a recent founder effect and future influx of additional haplotypes may occur 

if immigration continues. 

Despite weak large-scale phylogeographic structure in coyotes, the pattern of low 

haplotype diversity in the Northeast, with higher diversity to the South and West is 

evident.  Examination of other occurrences of haplotypes found in Northern Virginia 

indicates multiple sources of colonization (Fig. 3.5).  Although sampling to the West of 

the mid-Atlantic region is incomplete, direct tracking of haplotypes along known coyote 

colonization routes provides strong evidence for sources of colonization.  Hap1, Hap2, 

and Hap5 are the predominant haplotypes in the Northeast and Western 

Pennsylvania/Western New York populations and their spread further south into Virginia, 

North Carolina, and South Carolina is consistent with their previously documented 

southward expansion along the East coast (Kays et al. 2010).  Therefore, although those 

three haplotypes have also been detected to the South and West of the study site, they 

most likely colonized Northern Virginia from the North.  Since Hap3, Hap4, Hap6, and 
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Hap7 were not detected in the well-sampled area to the North, they presumably colonized 

Northern Virginia from the West or the South.  This direct evidence of colonization from 

multiple surrounding regions is in concordance with the reported colonization route 

(Parker 1995) of coyotes moving eastward along Northern and Southern fronts of 

expansion and terminating in the mid-Atlantic. 

Admixture with GLW. – I found a haplotype (Hap2) that is identical to two 

reported GLW haplotypes: GL1 and GL20.  Haplotype GL1 was found in historic (~100 

years old) specimens from Ontario, Michigan, and Wisconsin (Leonard and Wayne 

2008).  These specimens were collected before coyote colonization in the region and, as 

such, are not the products of recent admixture.  Haplotype GL20 is identical to GL1, 

except that GL20 is a shorter fragment and probably indicates that haplotype GL1 is 

extant and currently expanding southward along the East coast (Leonard and Wayne 

2008).  This GLW haplotype is common in coyotes in the Northeastern United States and 

Southeastern Quebec (Kays et al. 2010) and was found in 15 out of 48 coyotes sampled 

in New York and Massachusetts (la19: Koblmuller et al. 2009).  Not only do animals 

possessing a GLW mtDNA haplotype show genetic signatures of admixture with GLW, 

but it has also been shown that these animals possess craniodental characteristics more 

similar to wolves than coyotes (Kays et al. 2010). 

 In this study I show that non-invasive molecular technology can be an effective 

tool to detect the origins of a recent colonization of an elusive carnivore despite weak 

phylogeographic structure across its range.  I also detected a haplotype (Hap2) that was 

only recently described in coyotes having signatures of admixture with the GLW in the 
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Northeastern United States and Southeastern Canada.  I found this haplotype to be 

common in the Northern Virginia coyote population.  I also report that this haplotype was 

found in two coyotes from South Carolina (Lance et al. unpublished data), extending the 

reported range of admixed coyote/GLW animals even further south.  Notably, this 

southward expansion brings admixed coyote/GLW animals into the range of the red wolf 

reintroduction program in North Carolina.  Currently, the exact taxonomic relationship 

between coyotes, GLW, and red wolves is under debate in the literature, and this 

observed expansion of admixed coyote/GLW individuals into the range of the critically 

endangered red wolf might further complicate the issue.  Regardless, it is clear that the 

coyote has been able to dramatically expand through the ranges of other Canis spp. 

despite anthropogenic interference and will probably continue to dominate the Eastern 

United States as its top mammalian predator. 
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CHAPTER 4 

 

Using fecal DNA and spatial capture-recapture to characterize a recent coyote 

colonization 

 

INTRODUCTION 

When a new species colonizes an area, estimating demographic parameters is 

often the first step in designing an effective wildlife management strategy.  Coyotes 

(Canis latrans) have experienced a dramatic range expansion in Eastern North America 

over the past 100 years (Parker 1995).  East of the Mississippi River, they have colonized 

eastward along two general routes: a Northern route moving across the Great Lakes 

region and into the Northeastern United States and a Southern route moving through the 

Southeastern United States. Based on reports of coyote presence from both primary 

literature and state and federal wildlife agencies, these two fronts appear to converge 

along the Appalachian Mountains and in the mid-Atlantic region (Delaware, the District 

of Columbia, Maryland, and Virginia).  The mid-Atlantic region is the last to be 

colonized by coyotes in the continental United States (and Alaska), appearing in these 

states as late as 1993 (Parker 1995).  At the heart of this region is Northern Virginia, a 

loosely defined area consisting of several counties and independent cities radiating to the 

south and west of Washington, D.C.  This area has a dense human population and has 
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experienced massive human development in the past decade. Public opinion of coyote 

presence in the area has been charged and polarized, with residents noting the need for 

more information on the new colonists (Battiata 2006).  There have been many genetic, 

ecological, behavioral, and management studies on coyotes throughout much of North 

America (e.g. Kamler and Gipson 2000, Prugh et al. 2005, Riley et al. 2006, Gehrt and 

Prange 2007, Hailer and Leonard 2008, Kays et al. 2008, Sacks et al. 2008, Way et al. 

2010, Wheeldon et al. 2010), but no peer-reviewed articles on them in the mid-Atlantic 

States.  

Non-invasive molecular methods have the potential to be a fast and reliable way 

to characterize a population of an elusive species.  Fecal DNA has been used to examine 

population demographics of several carnivore species, including bobcats (Lynx rufus, 

Ruell et al. 2009), brown bears (Ursus arctos, Bellemain et al. 2005), coyotes (Kohn et 

al. 1999, Prugh et al. 2005), gray wolves (C. lupus, Lucchini et al. 2002, Valière et al. 

2003), kit foxes (Vulpes macrotis, Smith et al. 2006), pumas (Felis concolor, Miotto et al. 

2007), and wolverines (Gulo gulo, Flagstad et al. 2004).  Demographic parameters such 

as relatedness, population size, and genetic structure can be obtained without the need to 

capture animals, eliminating potential stress for the animals or modification of their 

natural behavior (Archie et al. 2007, Archie et al. 2008, Spiering et al. 2010).  Coyotes 

are ideal candidates for non-invasive study because they can be difficult to trap and tend 

to defecate on roads and trails (Macdonald 1980).  

The detection of large carnivores to estimate population demographic parameters 

can be hampered by two major issues: violation of population closure due to their large 
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home ranges and potentially sparse data sets due to their elusiveness.  Estimates of coyote 

home range for coyotes considered to have established territories vary from an average of 

4.1 km2 in Northeastern Kansas (Kamler and Gipson 2000) to 46.4 km2 in Eastern Maine 

(Harrison et al. 1989).  Home range sizes for coyotes considered more transient range 

from an average of only 12.4 km2 in Southern Texas (Windberg and Knowlton 1988) to 

219.7 km2 in Southern British Columbia (Atkinson and Shackleton 1991).  These 

potentially large home ranges may lead to individuals moving into and out of the study 

site, which can influence estimates of detection probability and abundance (Efford 2004, 

Royle and Young 2008, Gardner et al. 2009).  In addition to potential violations of 

population closure, large carnivores can be difficult to detect, resulting in sparse data sets 

that may bias demographic estimates (Smallwood and Schonewald 1998).  Models that 

are not spatially explicit rely on a variety of ad hoc methods to buffer the study area to 

account for individual movement outside of the area instead of incorporating spatial data 

in the capture-recapture model (Dice 1938, Karanth and Nichols 1998, Boulanger and 

McLellan 2001, Boulanger et al. 2004).  These models also do not formally account for 

detection heterogeneity that results from animals living on the edge of the study site 

being less likely to be detected.   

To address these concerns, I use a spatially explicit capture-recapture model that 

incorporates detection location information with detection history to eliminate the need 

for post hoc buffering.  This new class of models also uses a Bayesian framework to 

effectively deal with a small sample size.  This spatially explicit model has never been 

used on fecal DNA data, but has been used in other studies of carnivores using camera 
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traps (Gardner et al. in press, Reppucci et al. in review, Royle et al. in review) and hair 

snares (Gardner et al. 2010, Kéry et al. in review).  The objective of this study is to 

describe demographic parameters for a newly colonized population of coyotes and, 

especially, to use this new class of models to provide the first estimates of coyote density 

in the mid-Atlantic region.  

 

STUDY AREA 

 I conducted this study at Marine Corps Base Quantico (MCBQ), which is located 

35 miles south of Washington, D.C. in Virginia and spans 243 km2 over three counties 

(Fauquier, Prince William, and Stafford).  The base was established in 1917 and was 

expanded during World War II to its current size.  Though MCBQ is an active military 

reservation, less than 30% of its holdings are used for strictly military operations.  The 

majority of the land is used for purposes such as forest and wildlife management, potable 

water production, waste disposal, and outdoor recreation (MCBQ 1996).  In the face of 

burgeoning suburban development surrounding the base, MCBQ has become a de facto 

wildlife preserve, hosting a wide variety of plant and animal species.  The study site is 

composed of secondary growth deciduous forest, open fields, lakes, streams, and human 

development. Coyotes were first observed on MCQB in 1997 (Tim Stamps, personal 

communication).   
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METHODS 

 Sample Collection. – I collected 331 scats at MCBQ during November 2006 – 

October 2008.  I systematically removed scat each month along eight 500m transects 

along roads dispersed throughout the base and then collected six to ten days later to 

ensure the freshness of the scat for molecular analyses.  I marked the precise location of 

each scat collection on a GIS map in the freely available program Google Earth v5.0 

(Keyhole, Inc.).  Although transects used were non-random due to the restrictions of 

ongoing military training at the site, randomly generated locations would be ineffective 

since carnivores often deposit scats on roadways (Macdonald 1980) and humans are 

inefficient at locating scat in vegetation (Smith et al. 2001, Smith et al. 2003).  I also 

obtained tissue samples from seven coyotes killed by hunters on the base.  I included 

these samples in all microsatellite analyses, but did not use them in the spatially-explicit 

model because I did not have precise locality data for tissue samples.  I stored collected 

scats and tissues in plastic bags in the field and moved them to freezers at -4°C within 

hours of collection. 

Genetic Data Collection. – I extracted DNA from scats using QIAamp DNA 

Stool Mini Kits and from tissues using the DNeasy DNA extraction kit (Qiagen Inc., 

Valencia, CA).  I conducted DNA isolation and polymerase chain reaction (PCR) 

amplification in separate labs to minimize the risk of contaminating stock DNA with 

post-PCR products and aerosol barrier tips were used for all pre-PCR procedures. 

Since the scat of sympatric carnivore species may not be readily identifiable by 

visual examination (Davison et al. 2002), I amplified a short section of the control region 
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that is variable in length for each of the potential canid species (Bozarth et al. 2010).  I 

reliably differentiated scat deposited by coyote, gray fox (Urocyon cinereoargenteus), 

and red fox (V. vulpes).  I removed samples that did not amplify from the data set. 

I verified individual identities of animals detected with scat using up to six highly 

variable tetranucleotide microsatellite loci.  I used primers FH2001, FH2096, FH2137, 

FH2140, FH2159, and FH2235, which were obtained from the canine genome map 

(Francisco et al. 1996) and adapted for use in population studies of coyotes by Prugh et 

al. (2005). I used a 25 μL reaction volume containing 5 μL of template DNA (directly 

from kit extraction), 0.5 μM of each FAM, HEX, or TET-labeled forward and unlabeled 

reverse primer, 1x PCR Buffer II (Applied Biosystems, Foster City, CA), 2 mM MgCl2, 1 

unit of Amplitaq Gold™ polymerase (Applied Biosystems), 0.008 mg/μL bovine serum 

albumin (BSA, New England Biolabs, Ipswich, MA), and 0.2 mM each deoxynucleoside 

triphosphate. I employed negative and positive controls for each PCR reaction.  I 

amplified DNA in PTC-100 and PTC-200 thermocyclers (MJ Research, Waltham, MA) 

using the following program: initial denaturation at 95°C for 10 minutes; 45 cycles of 1 

minute at 95°C, 1 minute at 58°C, and 1 minute at 72°C; final extension of 72°C for 10 

minutes.  I separated and detected PCR products by capillary electrophoresis on an ABI 

3130xl Genetic Analyzer (Applied Biosystems).  I analyzed gels with GeneMapper 

Analysis Software version 4.0 (Applied Biosystems).  I typed all seven coyote tissue 

samples at these same loci.  

I assigned sex to individuals from their fecal DNA using amplification and 

restriction enzyme digestion of the zink finger protein following protocols designed for 
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kit foxes in Ortega et al. (2004).  Using this method, I amplified a short (195-bp) 

fragment of the zink finger protein genes (Zfx and Zfy) that contains a TaqI digestion site 

unique to the Zfy gene.  When these fragments are digested by the TaqI enzyme, products 

will show a single band for females and a double band for males.  I separated and 

detected PCR products by capillary electrophoresis on an ABI 3130xl Genetic Analyzer 

(Applied Biosystems).  I analyzed gels with GeneMapper Analysis Software version 4.0 

(Applied Biosystems). 

Analysis of Microsatellite Data. – I subjected each DNA extract to at least three 

independent PCR amplifications for each locus for allele size verification. After each 

sample was successfully typed at all six loci, I determined the reliability of each observed 

multilocus score using the program Reliotype (Miller et al. 2002).  Reliotype is a program 

that assesses the reliability of an observed multilocus genotype using a maximum-

likelihood approach for minimizing genotyping errors.  Due to the low quality DNA often 

present in scat samples (Taberlet et al. 1996), not all sequenced samples amplified at all 

six loci.  For each of these samples with incomplete data, I compared known loci 

(verified by at least three independent amplifications) to complete genotypes by eye to 

conservatively assign new genotypes to these samples when possible.   

 I used GENEPOP version 4.0 (Raymond and Rousset 1995) to calculate allelic 

diversity and to test for departure from Hardy-Weinberg and genotypic linkage 

equilibrium.  I calculated observed heterozygosity (HO) and expected heterozygosity (HE) 

for each locus and for the population using CERVUS version 3.0 (Marshall et al. 1998).  

I used sequential Bonferroni correction (Holm 1979) to test for significant departures 
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from Hardy-Weinberg and genotypic linkage equilibrium for each locus.  Bonferroni 

correction is used to address the problem of multiple comparisons whereby in performing 

multiple tests using an assigned probability of a type-1 error (i.e. α = 0.05), some of the 

tests may show a false positive.  Applying a Bonferroni correction controls the false 

positive rate for the entire set of tests by specifying what α values should be used for 

each independent test.  

 I used KINSHIP version 1.3.1 (Goodnight and Queller 1999) to estimate pairwise 

relatedness between individuals (r).  KINSHIP uses Ritland’s kinship coefficient (Ritland 

1996), which is centered to zero, where a negative coefficient indicates that individuals 

are less related than average and a positive coefficient indicates that they are more related 

than average.  I also used KINSHIP to test the likelihood that individuals are related at 

the level of full-siblings.  I stipulated the primary hypothesis to be R=0.5 (full-siblings) 

and the null hypothesis to be R=0.  The program calculates the likelihood of both 

hypotheses for each pair of individuals and reports a ratio of those likelihoods 

(primary/null).  To calculate significance, KINSHIP runs a simulation that generates pairs 

of individuals using the primary hypothesis and allele frequencies of the data set to 

determine the ratio needed to reject the null hypothesis at various significance levels.  A 

high level of relatedness between individuals may indicate colonization by a single group 

of related individuals, as opposed to colonization by multiple unrelated individuals. 

 To test for population genetic structure within the study site, I used the Bayesian 

model-based approach implemented in STRUCTURE v2.3.2 (Pritchard et al. 2000).  

STRUCTURE uses discontinuities in multilocus allele profiles detected in terms of 
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Hardy-Weinberg equilibrium and linkage disequilibrium to assign each genotype to a 

genetic cluster.  Because there are no a priori assumptions about population assignments, 

STRUCTURE can provide an unbiased indicator of geographical patterns of population 

structure.  Due to their great dispersal ability, coyotes have been shown to exhibit little 

population genetic structure (Lehman and Wayne 1991, Roy et al. 1994).  Since I expect 

high gene flow within the study site, I used the population admixture model, which 

assigns genotypes probabilistically to clusters, allowing for individuals to have mixed 

ancestry from different clusters.  I ran two sets of simulations: one with alleles 

independent and one with alleles correlated.  For each of these two sets, the number of 

clusters (K) are specified by the user.  Since I expect high gene flow, I expect to find the 

best support for K=1 (panmixia).  I used a burn-in of 100,000 runs, 100,000 MCMC 

repetitions after burn-in, and ran each simulation (for K = 1 - 6) five times.  I used the 

online version of the program Structure Harvester v0.56.4 (Earl 2009) to identify the 

most likely number of clusters (K).  I used the program CLUMPP v1.1.2 (Jakobsson and 

Rosenberg 2007) to visualize the mean of multiple STRUCTURE runs for the optimal 

number of clusters (K). 

Spatially-Explicit Model. – To estimate the density of coyotes and the population 

size at the study site from fecal DNA, I applied a spatially explicit capture-recapture 

model (Borchers and Efford 2008, Gardner et al. 2009, Royle et al. 2009).  See Gardner 

et al. (in press) for a more detailed explanation of the model.  The model addresses the 

movement of individuals by assuming that each individual has an activity center and that 

the probability of capture is a monotonically decreasing function of the distance from the 
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activity center to a capture location.  I recorded the latitude and longitude of collected 

scat samples and used this as the “trap” location.  For this model, I then summed the 

encounters across the repeat detections for each of the two years of study.  I combined the 

data for both years to estimate the baseline encounter rate and σ (the scaling parameter 

for the distance function), but I estimated population size for each year separately to 

detect potential population size fluctuations.  

The model can be formulated as a generalized linear mixed model.  To begin, I 

assume that each individual i in the population has an activity center at a fixed point, si = 

(s1i, s2i) for i = 1, 2, …n individuals and these activity centers are uniformly distributed 

across some region S.  I denote the trap locations as xj = (x1j, x2j) for j = 1, 2, …J traps. 

Next, I define the encounter history, i.e., the number of times an individual i is captured 

in trap j during a sampling occasion k in year t, yijkt, as a Poisson random variable with 

mean λij such that:    

)(~ ijijkt Poissony λ . 

I used a Poisson distribution to allow for the potential of multiple recaptures of an 

individual at a sampling location during any sampling occasion.  To model the 

relationship between an individual i’s activity center and the trap j, I used the half-normal 

detection function.  This yields a log-linear model of the form used by Royle et al. (2009) 

and results in the following log-link function formulation:  

log(λij ) = log(λ0)− (1/σ 2)dij
2  

where 2
ijd = ||si –xj||2 is the squared distance from individual i’s activity center to trap j, σ 

is the scaling parameter for the distance function, and λ0 is the baseline encounter rate, 
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defined as the expected number of captures at a sampling location during a sampling 

occasion given that an individual's activity center is located precisely at that sampling 

location.  

 Since the activity centers, si, are not observed in this formulation of the model, 2
ijd  

is a latent random effect.  To carry out inference on N, I assume that the si’s are 

distributed uniformly over some region S, which I prescribe to be an arbitrarily large 

polygon containing the sampling locations.  Because N is unknown, I use a technique 

called data augmentation (Royle et al. 2007), which effectively creates a zero-inflated 

version of the data set.  Based on this formulation of the model, density is a derived 

parameter estimated as N/||S||, where N is the number of estimated activity centers (si) in 

the region S, and ||S|| is the area of S.  For this analysis, I specified S as a rectangle 

centered on the study site with an arbitrarily assigned area of 1452 km2.  I used a 

Bayesian framework for analysis of the model.  I checked the output to ensure the chains 

converged by visual inspection and by checking that all ˆ R  values were less than 1.1 

(Gelman and Hill 2007).  The model was implemented in the freely available software 

package WinBUGS (Gilks et al. 1994). 

 

RESULTS 

 All six loci were polymorphic, with an average of eight alleles/locus (range: 6 - 

11 alleles/locus). I found locus FH2137 to be significantly out of Hardy-Weinberg 

equilibrium after sequential Bonferroni correction. Observed and expected heterozygosity 

ranged from 0.533-0.933 and 0.684-0.854 respectively with locus FH2159 showing 
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significant homozygote excess after Bonferroni correction.  I found departures from 

linkage equilibrium at five of 15 comparisons (four of which included locus FH2159). 

Average HO was 0.756 and HE was 0.798.  Using all six loci, I found 30 genotypes, 23 of 

which were detected as scat samples.  No scat genotypes matched the seven killed 

animals (tissue samples) and none of the seven tissues known to come from different 

animals had identical genotypes, corroborating that I had high power to distinguish 

individual animals using our loci.  Prugh et al. (2005) have previously found a probability 

of identity (PID) of 0.0002 for unrelated individuals and 0.005 for siblings, indicating a 

low probability that individuals would be lumped together mistakenly as a result of too 

few loci examined.  I found 18 males, 11 females, and one genotype for which sex could 

not be determined, despite up to three replicates for each PCR. 

 I found the estimated relatedness (r) between all pairs of individuals ranged from 

-0.470-0.912 with the average relatedness for the population at 0.001.  When tested 

against the primary hypothesis of R=0.50 (relatedness coefficient for full siblings), 31 out 

of 435 pairwise comparisons were significant, indicating that most individuals were not 

closely related. 

 I ran two sets of simulations using the admixture model in STRUCTURE: one 

with alleles independent and one with alleles correlated.  For the model with alleles 

correlated, the plot of mean log likelihood of the different chosen values of K produced 

very large standard deviations and the plot of delta K did not peak (as expected for 

resolved data sets).  The model with alleles independent produced more discernable 

results.  The plot of mean log likelihood indicated K=3 as the best fit for the data.  The 
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plot of delta K produced a clear peak at K=3.  In examining the Q-plots for each of the 

five replicate runs of K=3, I found that four of the five clearly divided individuals into 

three clusters and one did not.  I used the program CLUMPP to find the mean of the K=3 

outputs (including the replicate of K=3 that did not divide individuals as clearly into three 

clusters; excluding it produced similar results) and could distinguish the three clusters 

(Fig. 4.1).  To visualize population structure at the study site, I mapped the proportion of 

membership in each of the K=3 clusters for each of the eight transects and then for the 

West and East sections of the base, as divided by I-95.  Division by transects did not 

produce any discernible pattern, but division by I-95 indicated some structure, though 

sample size East of I-95 is low (Fig. 4.2). 

 

 

Figure 4.1. Mean of five replicates of genetic assignment results for K = 3 from the 
program STRUCTURE as averaged by the program CLUMPP.  Three clusters were 
found to be most probable by the program Structure Harvester.  Genetic population 
clusters are coded with different colors and the fraction of color for each individual 
represents the probability of assignment to the cluster with that color. 
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Figure 4.2. Proportion of membership to each population cluster as assigned by the 
program STRUCTURE on either side of the highway I-95.  Cluster colors are the same as 
in Fig. 4.1.  Sampling localities (both transects and locations of hunter kills) are marked 
with red diamonds.  Sample sizes (N) are shown.  Black numbers and letters (i.e. “9B”) 
are “training areas” and are how the base is divided. 

 

Results from the spatially explicit capture-recapture model showed that the 23 

coyote individuals made 41 visits to the eight traps during the two-year survey.  During 

the survey, encounters at each trap varied from one to 12.  I augmented the data by 

adding 70 more potential individuals (making the total number of individuals 100).  I 

estimated the posterior mean number (N) of activity centers as 60.33 and the density (D) 

at 0.041 individuals/km2 with 95% posterior interval (0.02, 0.07) for the first year and N 
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= 75.59 with a density of 0.052 individuals/km2 for the second year with a 95% posterior 

interval of (0.03, 0.08).  I used the study area size of 243 km2 to estimate the population 

size on the base at 9.96 individuals in the first year and 12.64 individuals the second year 

(mean is 11.3 individuals).  The posterior mean estimate for σ, the scaling parameter for 

the distance function, was 3.66 with a 95% posterior interval of (2.73, 5.01).  I estimated 

the mean home range radius to be 6.33 km by assuming a bivariate normal model for 

movement and using the posterior mean estimate of σ.  The posterior mean for λ was 

estimated at 0.11 with a 95% posterior interval of (0.05, 0.21).  λ is the baseline 

encounter rate under the Poisson encounter model used here, which can be converted to 

the probability of detecting an individual by taking 1-exp(λ).  Thus, the mean detection 

probability was 0.10 in this study.  The posterior densities of activity centers for captured 

and uncaptured individuals indicate spatial heterogeneity in coyote density (Fig. 4.3).  

The posterior summaries of model parameters are summarized in Table 4.1. 

 
Table 4.1. Posterior summaries of model parameters for this study, where 23 individual 
coyotes were observed during two years.  We define N as the number of estimated 
activity centers in the region S.  The baseline encounter rate under the Poisson encounter 
model is λ0 and the scaling parameter for the distance function is σ. 
 

 mean s.d. 2.5% median 97.5% 
λ0 0.11 0.04 0.05 0.11 0.21 
σ 3.66 0.59 2.73 3.60 5.01 
N1 60.33 18.16 30.00 47.00 102.00 
N2 75.59 18.60 42.00 62.00 114.00 
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Figure 4.3. Map of the posterior density of activity centers, specifically, E[N(b)data], 
where N(b) is the estimated number of activity centers located in pixel b.  The black 
squares represent the locations of traps and the map is displayed in Universal Transverse 
Mercator (UTM) Zone 18 North coordinates. 
 

DISCUSSION 

 The departure from Hardy-Weinberg equilibrium for locus FH2137 as well as the 

departure from linkage equilibrium and homozygote excess for locus FH2159 are most 

likely due to small sample size and not allelic dropout because of the precautions taken to 

replicate allele scores.  Additionally, all six loci have been used in a population study on 

coyotes and were found to have insignificant error rates (p < 0.01), taking into account 

both allelic dropout and false allele rates (Prugh et al. 2005).  The average HO of 0.756 is 
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similar to values reported for coyote populations in other regions (0.69-0.74; Prugh et al. 

2005, Sacks et al. 2005, Riley et al. 2006).  The sex ratio was slightly skewed at 1.6:1.  

This could be due to the low sample size (30 individuals over a two year period) and is 

probably not due to the detection of transient individuals, since males and females are 

equally common dispersers (Bekoff 1977). 

 Pairwise relatedness was low between most pairs of individuals.  Since the 

program KINSHIP bases relatedness values on allele frequencies given in the data instead 

of a population of random individuals, relatedness values may be biased low.  Thus, I can 

conservatively state that the population is composed of unrelated individuals, which may 

indicate multiple colonization events from diverse geographical regions. 

 The STRUCTURE assignment tests determined that three population clusters best 

fit the data.  Due to the high gene flow and previously reported weak genetic structure in 

coyote populations (Lehman and Wayne 1991) and in other canid species (gray wolf, 

Canis lupus, Vilà et al. 1999, arctic fox, Alopex lagopus, Dalen et al. 2005), I expected to 

find panmixia (K=1).  The presence of three distinct population clusters may indicate 

multiple sources of colonization from diverse family groups, as opposed to a single 

colonization by members of a single family.  Evidence of multiple sources of 

colonization have been found using mitochondrial control region haplotypes for this same 

population (Bozarth et al. in review).  The apparent structure caused by the division of 

the base by I-95 (Fig. 4.2) is probably due to low sample size to the East of the highway, 

although Riley et al (2006) found that a highway in Southern California is a genetic (but 

not physical) barrier to coyote movement.  Haplotype data presented in Bozarth et al. (in 
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review) shows the presence of five haplotypes at MCBQ, with all occurring West of the 

highway, but one haplotype (Hap5) occurring only East of the highway.  More extensive 

sampling on both sides of the highway may strengthen the preliminary evidence of 

structure found here. 

 The population density estimates at MCBQ (mean 0.047) are comparable to 

estimates on urbanized Cape Cod, Massachusetts (0.06 - 0.15 individuals/km2, Way et al. 

2002).  My slightly lower estimate may be due to lower availability of food, the 

recentness of the colonization, or by incomplete sampling.  Coyote density is strongly 

correlated with the abundance of potential prey (e.g. Clark 1972, Mills and Knowlton 

1991, O'Donoghue et al. 1998, Rose and Polis 1998, Prugh et al. 2005).  At the study site, 

however, the density of small mammals, anthropogenic food sources (including road 

kill), and other prey items appear to be abundant.  In addition, coyotes, as generalist 

predators, make use of a variety of food sources on the base, including white-tailed deer 

(Odocoileus virginianus), fruits, insects (including crickets and beetles), and birds 

(Robinson 2005).  Since the density estimate is lower, but still similar to estimates on 

Cape Cod, the effect of food availability may not be strong enough to tease apart the 

slight differences in density estimates.  Other examples of low coyote density estimates 

occur during prewhelping, when densities are expected to be biased low because of 

reduced detectability (0.01 individuals/km2, Springer and Wenger 1981) and during 

winter surveys in harsh climates, when coyote densities are expected to be genuinely low 

due to mortality (0.05 individuals/km2, Brock 1992).  A slightly low population density 

estimate may also be due to the recentness of the coyote colonization (see pg. 81 of 
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Parker 1995 for a discussion of fluctuating population densities in newly colonized 

populations).  Though density estimates were consistent over a period of two years, 

coyotes have only been recorded at the base since 1997, making this a very recent 

colonization.  The high number of individuals detected per scats genotyped and the high 

haplotype diversity (Bozarth et al. in review) of this population also indicate an unstable 

population.  Finally, a low density estimate may be due to incomplete sampling, as 

indicated by the low number of recaptures.  The 23 coyotes detected only visited the traps 

41 times, with some animals being detected only once.  In order to fit the model to this 

small amount of data, I had to assume a closed population over the duration of the year.  

This assumption is most likely violated and may also cause bias in the estimates of 

density.  However, Kays et al. (2008) conducted a large-scale scat survey of coyotes in 

the Adirondacks region of Northern New York state and found that the number of scats 

captured were directly proportional to the number of individuals detected.  This indicates 

that estimates of coyote abundance can be made from the number of scats collected.  The 

overall picture of coyote population density in the literature is one of incredible variation, 

due to a variety of factors.  Estimates of density range from 2.0 individuals/km2 in 

Southern Texas (Windberg and Knowlton 1988) to the smallest density estimates 

discussed above.  

In this model, the home range size is estimated as a radius (6.33 km) because one 

of the assumptions of the model relies on a “circular” detection function.  This function 

may be interpreted as implying a circular home range for individuals (Borchers and 

Efford 2008, Efford et al. 2008, Royle and Young 2008, Gardner et al. 2009), although 
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this has not been established.  Completely circular home ranges are not biologically 

accurate (Smith 1983, Samuel and Garton 1985), but that does not imply that using a 

circular detection function is inadequate or unrealistic.  This assumption is necessary for 

the model so that inference can be made about the population.  Converting the home 

range radius (6.33 km) to the area of the circle using the formula area=π(radius)2 yields a 

rather large estimate of 125.82 km2.  Home range sizes for coyotes are highly variable, 

ranging from 4.1 km2 in Northeastern Kansas (Kamler and Gipson 2000) to 219.7 km2 for 

transient coyotes in Southern British Columbia (Atkinson and Shackleton 1991), though 

most reported home range sizes are between 12 and 50 km2 (e.g. Major and Sherburne 

1987, Gese et al. 1988, Harrison et al. 1989, Holzman et al. 1992, Windberg et al. 1997, 

Grinder and Krausman 2001, Way et al. 2002).  The paucity of recaptures (41 total 

captures for 23 individuals), and resultant scarcity of data, may have caused this high 

home range size estimate (hence the wide confidence bounds on σ, Table 4.1).  

Additionally, the assumption of a “circular” home range may not best represent the home 

range of this species, which could be an interesting area of future research.   

The map of the posterior density of activity centers (Fig. 4.3) highlights the need 

for dealing with spatial heterogeneity in a capture-recapture model.  Coyote activity is 

centered on one area of the study site, which coincides with the presence of an old 

landfill site.  The landfill is covered and now exists as an open area dominated by tall 

grass, with planted pine trees and natural secondary growth surrounding it, making this 

area an ideal habitat for coyotes.  The presence of a perennial pond may also attract 

coyotes as well as potential prey species.  The spatially explicit model used in this study 
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directly addresses this spatial heterogeneity by using the location of individuals in 

relation to the traps.  

Using non-invasive molecular techniques, I have characterized the genetic 

variability, population relatedness, and population structure of a newly colonized coyote 

population.  Additionally, I have used a new class of spatially explicit capture-recapture 

models that effectively deal with violations of closure and small sample size to estimate 

the population density, population size, home range radius, and detection probability of 

these coyotes.  This is the first population genetic study of coyotes in the mid-Atlantic 

region and is the first to use this new class of capture-recapture model on scat data.  

Molecular studies using fecal DNA and spatially explicit capture-recapture models can 

also estimate these key demographic parameters for other elusive animals. 
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APPENDICES 

 
 
 
Appendix A.  Sample locations and haplotypes of gray fox specimens collected for this 

study (Cahpter 1) divided into “Northeastern” and “Southern” regions.  Haplotypes 

represented by a partial (< 411-bp), but unique, sequence are marked with an *.  Faecal 

samples are marked with an **. 

 
"Northeastern"     
State County Town ID haplotype  

CT Hartford Berlin CT11 Uci2  
CT Hartford Berlin CT12 Uci2  
CT Tolland Hebron CT41 Uci1  
CT Tolland Hebron CT42 Uci2  
MA Worcester North Brookfield MA6 Uci2  
NH Belknap Barnstead NH 1 Uci21  
NH Belknap Barnstead NH 2 Uci2  
NH Cheshire Swanzey Center NH 81 Uci2  
NH Cheshire West Moreland NH 82 Uci2  
NH Cheshire West Moreland NH 83 Uci2  
NH Rock Chester NH21 Uci2  
NH Rock Chester NH22 Uci2  
NH Rock Rochester NH23 Uci2  
NH Rock Rochester NH24 Uci2  
NH Rock Rochester NH25 Uci2  
NH Rock Chester NH27 Uci2  
NH Rock Chester NH28 Uci2  
NH Rock Newmarket NH30 Uci2  
NH Rock Newmarket NH31 Uci2  
NH Sullivan Claremont NH 141 Uci2  
NH Sullivan Sunapee NH247 Uci2  
NH Sullivan Sunapee NH248 Uci2  
NH Sullivan Sunapee NH249 Uci2  
NH Sullivan Sunapee NH250 Uci2  
NY Allegheny West Almond NY 1 Uci1  
NY Allegheny Wellsville NY 2 Uci1  
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State County Town ID haplotype  
NY Allegheny Andover NY 21 Uci1  
NY Allegheny Alma NY 22 Uci1  
NY Allegheny Wellsville NY 23 Uci1  
NY Allegheny Scio NY 24 Uci1  
NY Allegheny Andover NY 25 Uci1  
NY Allegheny Andover NY 26 Uci1  
NY Allegheny Angelica NY 27 Uci1  
NY Chemung Horseheads NY 76 Uci1  
NY Chemung Horseheads NY 8 Uci1  
NY Chemung Horseheads NY 9 Uci1  
NY Delaware Colchester NY 97 Uci2  
NY Monroe Rush NY 71 Uci1  
NY Oneida Florence NY 28 Uci1  
NY Oneida Florence NY 3 Uci1  
NY Oneida Camden NY 4 Uci1  
NY Oneida Camden NY 6 Uci1  
NY Oneida Camden NY 7 Uci1  
NY Ontario South Bristol NY 75 Uci1  
NY Oswego Williamstown NY 31 Uci1  
NY Oswego Williamstown NY 32 Uci1  
NY Oswego Williamstown NY 5 Uci1  
NY Otsego Laurens NY 92 Uci1  
NY Otsego Oneonta NY 93 Uci1  
NY Otsego Oneonta NY 94 Uci19  
NY Otsego Oneonta NY 95 Uci1  
NY Otsego Oneonta NY 96 Uci1  
NY Otsego Oneonta NY 98 Uci2  
NY Saratoga Moreau NY101 Uci2  
NY Saratoga Northumberland NY102 Uci2  
NY Saratoga Northumberland NY103 Uci2  
NY Steuben Bath NY 72 Uci1  
NY Steuben Prattsburg NY 73 Uci1  
NY Steuben Prattsburg NY 74 Uci2  
RI Bristol Bristol RI 1 Uci2  
RI Kent East Greenwich RI 3 Uci2  
RI Kent Coventry RI 5 Uci2  
RI Kent Coventry RI 6 Uci2  
RI Kent Coventry RI 7 Uci2  
RI Washington North Kingstown RI 2 Uci2  
RI Washington Richmond RI 4 Uci2  
VT Orange Chelsea VT 101 Uci2  
VT Windham Putney VT 103 Uci2  
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"Southern"     
State County Town ID haplotype  

AL Bibb Brent AL106 Uci7  
AL Bullock Union Springs AL102 Uci1  
AL Butler Greenville AL48 Uci8  
AL Chilton Maplesville AL206 Uci9  
AL Dale Ozark AL101 Uci1  
AL Dallas Cahaba AL207 Uci22  
AL Hale Greensboro AL47 Uci21  
AL Hale Greensboro AL49 Uci2  
AL Perry Uniontown AL46 Uci7  
AL Pickens Aliceville AL204 Uci7  
AL Pickens Carrolton AL205 Uci1  
AL Pickens Reform AL208 Uci26  
AL Tuscaloosa Duncanville AL107 Uci26  
AL Tuscaloosa Tutwiler AL88 Uci29  
AL Walker Goodsprings AL86 Uci19  
AL Walker Goodsprings AL87 Uci17  
AL Walker Goodsprings AL89 Uci4  
AL Walker Goodsprings AL90 Uci21  
AL Walker Goodsprings AL96 Uci21  
AL Walker Tutwiler AL100 Uci17  
AL Walker Tutwiler AL97 Uci7  
AL Walker Tutwiler AL98 Uci33  
AL Walker Tutwiler AL99 Uci7  
AL unknown unknown AL200 Uci34*  
GA Bacon Alma GA66 Uci1  
GA Berrien Nashville GA1 Uci31  
GA Berrien Nashville GA10 Uci8  
GA Berrien Nashville GA2 Uci19  
GA Berrien Nashville GA3 Uci19  
GA Berrien Nashville GA4 Uci1  
GA Berrien Nashville GA5 Uci1  
GA Berrien Nashville GA6 Uci8  
GA Berrien Nashville GA7 Uci15  
GA Berrien Nashville GA8 Uci23  
GA Berrien Nashville GA9 Uci27  
GA Pierce Blackshear GA68 Uci30  
GA Pierce Blackshear GA69 Uci32  
GA Pierce Blackshear GA70 Uci1  
MS Attala Ethel MS69 Uci16  
MS Attala Kosciusko MS67 Uci11  
MS Attala West MS58 Uci1  
MS Attala West MS59 Uci1  
MS Greene Leakesville MS41 Uci17  
MS Greene Leakesville MS42 Uci1  
MS Leake Carthage MS66 Uci9  
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State County Town ID haplotype  
MS Leake Carthage MS68 Uci20  
MS Lowndes Columbus MS60 Uci28  
NC Beaufort Aurora NC122 Uci29  
NC Beaufort Bellhaven NC107 Uci1  
NC Beaufort Rover NC123 Uci1  
NC Chowan Edenton NC110 Uci30  
NC Chowan Edenton NC129 Uci32  
NC Chowan Edenton NC130 Uci1  
NC Hyde Fairfield NC108 Uci3  
NC Hyde Middletown NC124 Uci1  
NC Nash Rocky Mount NC109 Uci1  
NC Perquimans Hertford NC121 Uci30  
NC Perquimans Hertford NC126 Uci1  
NC Tyrrell Columbia NC106 Uci1  
NC Tyrrell Gum Neck NC125 Uci1  
NJ Burlington Browns Mill NJ10 Uci4  
NJ Burlington Browns Mill NJ7 Uci17  
NJ Burlington Columbus NJ8 Uci29  
NJ Burlington Pemberton NJ3 Uci12  
NJ Burlington Vincentown NJ1 Uci25  
NJ Burlington Vincentown NJ2 Uci5  
NJ Burlington Whites Bog NJ36 Uci2  
NJ Burlington Woodland Twp. NJ34 Uci1  
NJ Burlington Woodland Twp. NJ5 Uci12  
NJ Burlington Woodland Twp. NJ6 Uci21  
NJ Burlington Woodland Twp. NJ9 Uci33  
NJ Ocean Barnegat Twp NJ32 Uci1  
NJ Ocean Barnegat Twp NJ33 Uci6  
NJ Ocean Barnigat Twp NJ38 Uci1  
NJ Ocean Barnigat Twp NJ39 Uci6  
NJ Ocean Warren Grove NJ37 Uci6  
NJ Ocean Whiting NJ31 Uci31  
NJ Ocean Whiting NJ35 Uci12  
NJ Sussex Stillwater NJ21 Uci24  
OH Gallia Vinton OH13 Uci5  
OH Gallia Vinton OH15 Uci5  
OH Gallia Vinton OH27 Uci1  
OH Gallia Vinton OH28 Uci1  
OH Gallia Vinton OH29 Uci4  
OH Gallia Vinton OH56 Uci5  
OH Jackson Jackson OH11 Uci5  
OH Lucas Swanton OH62 Uci19  
OH Meigs Langsville OH57 Uci31  
OH Meigs Langsville OH58 Uci5  
OH Scioto Lucasville OH59 Uci5  
OH Scioto Lucasville OH60 Uci5  
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State County Town ID haplotype  
OH Washington Cutler OH76 Uci4  
OH Washington Cutler OH77 Uci5  
OH Washington Cutler OH78 Uci2  
SC Aiken Aiken GFE13 Uci25  
SC Aiken Aiken GFE163 Uci23  
SC Aiken Aiken GFE18 Uci35*  
SC Aiken Aiken GFE27 Uci36*  
SC Aiken Aiken GFE6 Uci28  
SC Aiken Aiken GFE7 Uci25  
SC Aiken Aiken GFRK16 Uci25  
SC Aiken Aiken GFRK17 Uci25  
SC Aiken Aiken GFRK19 Uci25  
SC Aiken Aiken GFRK20 Uci25  
SC Aiken Aiken GFRK21 Uci7  
SC Aiken Aiken GFRK8 Uci25  
SC Charleston John's Island SC1 Uci5  
SC Charleston John's Island SC2 Uci5  
SC Charleston Wadmalan Island SC4 Uci1  
SC Charleston Wadmalan Island SC5 Uci3  
SC Cherokee Gaffney SC21 Uci9  
SC Marlboro Blenheim SC76 Uci28  
SC Marlboro Blenheim SC78 Uci14  
SC Richland Columbia SC71 Uci1  
SC Richland West Columbia SC72 Uci1  
SC York Rock Hill SC41 Uci1  
SC York Rock Hill SC44 Uci5  
SC York Rock Hill SC45 Uci24  
VA Goochland Centerville VA27 Uci33  
VA Goochland Goochland Courthouse VA26 Uci7  
VA Hanover Ashland VA21 Uci37*  
VA King George Prim VA28 Uci7  
VA Northumberland Lewisetta VA38 Uci4  
VA Northumberland Lewisetta VA39 Uci4  
VA Prince William Manassas VAgf111704 Uci1  
VA Prince William Quantico VA10.1** Uci1  
VA Prince William Quantico VAB.10** Uci1  
VA Prince William Quantico VAgf112303 Uci1  
VA Shenandoah Edinburg VA11 Uci1  
VA Shenandoah Edinburg VA19 Uci1  
VA Shenandoah Strasburg VA13 Uci1  
VA Shenandoah Woodstock VA12 Uci28  
VA Shenandoah Woodstock VA18 Uci1  
VA Westmoreland Horners Beach VA36 Uci31  
VA Westmoreland Horners Beach VA37 Uci4  
VA Westmoreland Horners Beach VA40 Uci13  
WV Berkley Inwood WV46 Uci12  
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State County Town ID haplotype  
WV Braxton Heaters WV13 Uci1  
WV Calhoun Mt. Zion WV19 Uci19  
WV Gilmer Ellis WV11 Uci19  
WV Gilmer Ellis WV18 Uci1  
WV Gilmer Linn WV17 Uci1  
WV Gilmer Sand Fork WV16 Uci3  
WV Greenbrier White Sulphur Springs WV49 Uci1  
WV Monroe Greenville WV48 Uci19  
WV Monroe Union WV47 Uci24  
WV Monroe Union WV50 Uci24  
WV Pendleton Moyers WV28 Uci31  
WV Pendleton Sugar Grove WV26 Uci5  
WV Pendleton Sugar Grove WV29 Uci3  
WV Pendleton Sugar Grove WV30 Uci38*  
WV Pendleton Upper Tract WV36 Uci1  
WV Pendleton Upper Tract WV37 Uci10  
WV Pendleton Upper Tract WV38 Uci3  
WV Pendleton Upper Tract WV52 Uci24  
WV Pendleton Upper Tract WV53 Uci1  
WV Ritchie Berea WV31 Uci19  
WV Ritchie Berea WV32 Uci19  
WV Ritchie Berea WV33 Uci31  
WV Ritchie Mahone WV12 Uci1  
WV Ritchie Mahone WV14 Uci1  
WV Ritchie Mahone WV15 Uci1  
WV Ritchie Mahone WV20 Uci1  
WV Wirt Elizabeth WV42 Uci1  
WV Wirt Elizabeth WV45 Uci1  
WV Wood Leachtown WV44 Uci1  
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Appendix B.  Table showing haplotype name and GenBank accession number for 
sequences used to verify fragment length in different canid species (Chapter 2).  
Haplotypes in bold are novel to this study. 
 
species haplotype name GenBank accession number 
   
Vulpes macrotis MEX10 AF036467 
V. macrotis AZ5 AF036468 
V. macrotis CA7 AF036469 
V. macrotis MEX5 AF036473 
V. macrotis NM10 AF036474 
V. macrotis NM4 AF036475 
V. macrotis UT6 AF036477 
V. macrotis NV9 AF036482 
V. macrotis kf1 GU903014 
V. macrotis kf2 GU903015 
V. macrotis kf3 GU903016 
   
Vulpes vulpes F1 AF338789 
V. vulpes F2 AF338790 
V. vulpes F3 AF338791 
V. vulpes F4 AF338792 
V. vulpes F5 AF338793 
V. vulpes F6 AF338794 
V. vulpes F7 AF338795 
V. vulpes F8 AF338796 
V. vulpes F9 AF338797 
V. vulpes F10 AF338798 
V. vulpes F11 AF338799 
V. vulpes F12 AF338800 
V. vulpes F13 AF338801 
V. vulpes F14 AF338802 
V. vulpes isolate 1 AJ585358 
V. vulpes hap3 FJ830777 
V. vulpes hap4 FJ830778 
V. vulpes hap5 FJ830779 
V. vulpes hap7 FJ830780 
V. vulpes hap9 FJ830781 
V. vulpes hap12 FJ830782 
V. vulpes hap17 FJ830783 
V. vulpes hap19 FJ830784 
V. vulpes hap24 FJ830785 
V. vulpes hap25 FJ830786 
V. vulpes hap28 FJ830787 
V. vulpes hap29 FJ830788 
V. vulpes hap30 FJ830789 
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species haplotype name GenBank accession number 
V. vulpes hap32 FJ830790 
V. vulpes hap34 FJ830791 
V. vulpes hap36 FJ830792 
V. vulpes hap37 FJ830793 
V. vulpes hap38 FJ830794 
V. vulpes hap39 FJ830795 
V. vulpes hap41 FJ830796 
V. vulpes hap42 FJ830797 
V. vulpes hap43 FJ830798 
V. vulpes hap44 FJ830799 
V. vulpes hap45 FJ830800 
V. vulpes hap46 FJ830801 
V. vulpes hap47 FJ830802 
V. vulpes hap48 FJ830803 
V. vulpes hap49 FJ830804 
V. vulpes hap50 FJ830805 
V. vulpes hap51 FJ830806 
V. vulpes hap52 FJ830807 
V. vulpes hap53 FJ830808 
V. vulpes hap54 FJ830809 
V. vulpes hap55 FJ830810 
V. vulpes hap56 FJ830811 
V. vulpes hap58 FJ830812 
V. vulpes hap59 FJ830813 
V. vulpes hap60 FJ830814 
V. vulpes hap61 FJ830815 
V. vulpes hap62 FJ830816 
V. vulpes hap63 FJ830817 
V. vulpes hap64 FJ830818 
V. vulpes hap67 FJ830819 
V. vulpes hap68 FJ830820 
V. vulpes hap69 FJ830821 
V. vulpes hap70 FJ830822 
V. vulpes hap71 FJ830823 
V. vulpes hap73 FJ830824 
V. vulpes hap74 FJ830825 
V. vulpes hap75 FJ830826 
V. vulpes hap77 FJ830827 
V. vulpes hap78 FJ830828 
V. vulpes hap79 FJ830829 
V. vulpes hap57 FJ840491 
   
Urocyon cinereoargenteus Uci1 GU903018 
U. cinereoargenteus Uci2 GU903028 
U. cinereoargenteus Uci3 GU903039 
U. cinereoargenteus Uci4 GU903044 



94 

species haplotype name GenBank accession number 
U. cinereoargenteus Uci5 GU903045 
U. cinereoargenteus Uci6 GU903046 
U. cinereoargenteus Uci7 GU903047 
U. cinereoargenteus Uci8 GU903048 
U. cinereoargenteus Uci9 GU903049 
U. cinereoargenteus Uci10 GU903019 
U. cinereoargenteus Uci11 GU903020 
U. cinereoargenteus Uci12 GU903021 
U. cinereoargenteus Uci13 GU903022 
U. cinereoargenteus Uci14 GU903023 
U. cinereoargenteus Uci15 GU903024 
U. cinereoargenteus Uci16 GU903025 
U. cinereoargenteus Uci17 GU903026 
U. cinereoargenteus Uci19 GU903027 
U. cinereoargenteus Uci20 GU903029 
U. cinereoargenteus Uci21 GU903030 
U. cinereoargenteus Uci22 GU903031 
U. cinereoargenteus Uci23 GU903032 
U. cinereoargenteus Uci24 GU903033 
U. cinereoargenteus Uci25 GU903034 
U. cinereoargenteus Uci26 GU903035 
U. cinereoargenteus Uci27 GU903036 
U. cinereoargenteus Uci28 GU903037 
U. cinereoargenteus Uci29 GU903038 
U. cinereoargenteus Uci30 GU903040 
U. cinereoargenteus Uci31 GU903041 
U. cinereoargenteus Uci32 GU903042 
U. cinereoargenteus Uci33 GU903043 
   
Canis latrans C4 AY267721 
C. latrans C5 AY267722 
C. latrans C6 AY267723 
C. latrans C7 AY267724 
C. latrans C8 AY267725 
C. latrans C9 AY267726 
C. latrans C10 AY267727 
C. latrans C11 AY267728 
C. latrans C12 AY267729 
C. latrans C13 AY267730 
C. latrans C14 AY267731 
C. latrans C16 AY267733 
C. latrans C17 AY267734 
C. latrans C18 AY267735 
C. latrans C19 AY267736 
C. latrans C20 AY267737 
C. latrans C21 AY267738 
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species haplotype name GenBank accession number 
C. latrans Cla1 AY280914 
C. latrans Cla2 AY280915 
C. latrans Cla3 AY280916 
C. latrans Cla4 AY280917 
C. latrans Cla5 AY280918 
C. latrans Cla6 AY280919 
C. latrans Cla7 AY280920 
C. latrans Cla8 AY280921 
C. latrans Cla9 AY280922 
C. latrans Cla10 AY280923 
C. latrans Cla11 AY280924 
C. latrans Cla13 AY280926 
C. latrans Cla14 AY280927 
C. latrans Cla15 AY280928 
C. latrans Cla16 AY280929 
C. latrans Cla18 AY280931 
C. latrans Cla19 AY280932 
C. latrans Cla20 AY280933 
C. latrans Cla21 AY280934 
C. latrans Cla22 AY280935 
C. latrans Cla23 AY280936 
C. latrans Cla24 AY280937 
C. latrans Cla25 AY280938 
C. latrans Cla26 AY280939 
C. latrans Cla27 AY280940 
C. latrans coy29 EF508156 
C. latrans coy28 EF508157 
C. latrans coy27 EF508158 
C. latrans coy24 EF508159 
C. latrans coy25 EF508160 
C. latrans coy20 EF508161 
C. latrans coy19 EF508162 
C. latrans coy26 EF508163 
C. latrans coy13 EF508164 
C. latrans coy17 EF508165 
C. latrans coy14 EF508166 
C. latrans coy1 EF508167 
C. latrans coy6 EF508168 
C. latrans coy11 EF508169 
C. latrans coy43 EF508170 
C. latrans coy37 EF508171 
C. latrans coy36 EF508172 
C. latrans coy30 EF508173 
C. latrans coy18 EF508174 
C. latrans coy46 EF508175 
C. latrans coy44 EF508176 
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species haplotype name GenBank accession number 
C. latrans coy50 EF508177 
C. latrans coy51 EF508178 
C. latrans coy52 EF508179 
C. latrans coy53 EF508180 
C. latrans coy23 EF508181 
C. latrans coy9 EF508182 
C. latrans coy8 EF508183 
C. latrans coy54 EF508184 
C. latrans coy7 EF508185 
C. latrans coy31 EF508186 
C. latrans coy32 EF508187 
C. latrans coy33 EF508188 
C. latrans coy34 EF508189 
C. latrans coy38 EF508190 
C. latrans coy4 EF508191 
C. latrans coy42 EF508192 
C. latrans coy40 EF508193 
C. latrans coy5 EF508194 
C. latrans coy39 EF508195 
C. latrans la06 FM209365 
C. latrans la08 FM209366 
C. latrans la11 FM209367 
C. latrans la27 FM209368 
C. latrans la35 FM209369 
C. latrans la54 FM209370 
C. latrans la86 FM209371 
C. latrans la87 FM209372 
C. latrans la111 FM209373 
C. latrans la131 FM209374 
C. latrans la132 FM209375 
C. latrans la133 FM209376 
C. latrans la134 FM209377 
C. latrans la135 FM209378 
C. latrans la136 FM209379 
C. latrans la137 FM209380 
C. latrans la138 FM209381 
C. latrans la139 FM209382 
C. latrans la140 FM209383 
C. latrans la141 FM209384 
C. latrans la142 FM209385 
C. latrans la143 FM209386 
C. latrans la144 FM209387 
C. latrans la145 FM209388 
C. latrans la146 FM209389 
C. latrans la147 FM209390 
C. latrans la12 FM209391 
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species haplotype name GenBank accession number 
C. latrans la17 FM209392 
C. latrans la21 FM209393 
C. latrans la23 FM209394 
C. latrans la25 FM209395 
C. latrans la26 FM209396 
C. latrans la28 FM209397 
C. latrans la30 FM209398 
C. latrans la31 FM209399 
C. latrans la32 FM209400 
C. latrans la33 FM209401 
C. latrans la34 FM209402 
C. latrans la36 FM209403 
C. latrans la37 FM209404 
C. latrans la38 FM209405 
C. latrans la39 FM209406 
C. latrans la40 FM209407 
C. latrans la41 FM209408 
C. latrans la42 FM209409 
C. latrans la44 FM209410 
C. latrans la45 FM209411 
C. latrans la46 FM209412 
C. latrans la47 FM209413 
C. latrans la48 FM209414 
C. latrans la49 FM209415 
C. latrans la50 FM209416 
C. latrans la51 FM209417 
C. latrans la52 FM209418 
C. latrans la74 FM209419 
C. latrans la75 FM209420 
C. latrans la76 FM209421 
C. latrans la123 FM209422 
C. latrans la125 FM209423 
C. latrans la127 FM209424 
C. latrans la128 FM209425 
C. latrans la15 GQ849371 
C. latrans la18 GQ849372 
C. latrans la19 GQ849373 
C. latrans la20 GQ849374 
C. latrans la29 GQ849375 
C. latrans la64 GQ849376 
C. latrans la65 GQ849377 
C. latrans la91 GQ849378 
C. latrans la97 GQ849380 
C. latrans la98 GQ849381 
C. latrans la99 GQ849382 
C. latrans la107 GQ849383 
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species haplotype name GenBank accession number 
C. latrans la108 GQ849384 
C. latrans la121 GQ849385 
C. latrans la124 GQ849386 
C. latrans la148 GQ849387 
C. latrans la149 GQ849388 
C. latrans la150 GQ849389 
C. latrans la151 GQ849390 
C. latrans la152 GQ849391 
C. latrans GL20 GQ863717 
C. latrans cla28 GQ863718 
C. latrans cla29 GQ863719 
C. latrans cla30 GQ863720 
C. latrans cla31 GQ863721 
C. latrans cla32 GQ863722 
C. latrans cla33 GQ863723 
C. latrans GL21 GQ863724 
C. latrans cla34 GQ863725 
C. latrans cla35 GQ863726 
C. latrans cla36 GQ863727 
C. latrans cla37 GQ863728 
C. latrans cla38 GQ863729 
C. latrans cla39 GQ863730 
C. latrans cla40 GQ863731 
C. latrans cla41 GQ863732 
C. latrans cla42 GQ863733 
C. latrans cla43 GQ863734 
C. latrans cla44 GQ863735 
C. latrans GL22 GQ863736 
C. latrans cla45 GQ863737 
C. latrans cla46 GQ863738 
   
Canis familiaris hap7 EF122419 
C. familiaris hap8 EF122420 
C. familiaris hap9 EF122421 
C. familiaris hap10 EF122422 
C. familiaris hap11 EF122423 
C. familiaris hap12 EF122424 
C. familiaris hap13 EF122425 
C. familiaris hap14 EF122426 
C. familiaris hap15 EF122427 
C. familiaris hap16 EF122428 
C. familiaris hap17 FJ501174 
C. familiaris hap18 FJ501175 
C. familiaris hap20 FJ501177 
C. familiaris hap21 FJ501178 
C. familiaris hap22 FJ501179 
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species haplotype name GenBank accession number 
C. familiaris hap23 FJ501180 
C. familiaris hap24 FJ501181 
C. familiaris hap25 FJ501182 
C. familiaris hap26 FJ501183 
C. familiaris hap27 FJ501184 
C. familiaris hap28 FJ501185 
C. familiaris hap29 FJ501186 
C. familiaris hap30 FJ501187 
C. familiaris hap31 FJ501188 
C. familiaris hap32 FJ501189 
C. familiaris hap33 FJ501190 
C. familiaris hap34 FJ501191 
C. familiaris hap35 FJ501192 
C. familiaris hap36 FJ501193 
C. familiaris hap37 FJ501194 
C. familiaris hap38 FJ501195 
C. familiaris hap39 FJ501196 
C. familiaris hap40 FJ501197 
C. familiaris hap41 FJ501198 
C. familiaris hap42 FJ501199 
C. familiaris hap43 FJ501200 
C. familiaris hap44 FJ501201 
C. familiaris hap45 FJ501202 
C. familiaris hap46 FJ501203 
   
C. rufus Cru2 GU903017 
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Appendix C.  Published mitochondrial control region haplotypes used in Chapter 3.  
GenBank accession number, haplotype name, and source are shown along with whether a 
published haplotype matches a haplotype observed in Northern Virginia. 
 

Accession 
Number 

Haplotype 
Name 

Matches 
haplotype? 

Source 

AY280914 cla1  Adams et al (2003) 
AY280915 cla2  Adams et al (2003) 
AY280916 cla3  Adams et al (2003) 
AY280917 cla4  Adams et al (2003) 
AY280918 cla5  Adams et al (2003) 
AY280919 cla6  Adams et al (2003) 
AY280920 cla7  Adams et al (2003) 
AY280921 cla8  Adams et al (2003) 
AY280922 cla9  Adams et al (2003) 
AY280923 cla10  Adams et al (2003) 
AY280924 cla11  Adams et al (2003) 
AY280925 cla12  Adams et al (2003) 
AY280926 cla13  Adams et al (2003) 
AY280927 cla14  Adams et al (2003) 
AY280928 cla15  Adams et al (2003) 
AY280929 cla16  Adams et al (2003) 
AY280930 cla17  Adams et al (2003) 
AY280931 cla18  Adams et al (2003) 
AY280932 cla19  Adams et al (2003) 
AY280933 cla20  Adams et al (2003) 
AY280934 cla21  Adams et al (2003) 
AY280935 cla22 Hap7 Adams et al (2003) 
AY280936 cla23  Adams et al (2003) 
AY280937 cla24  Adams et al (2003) 
AY280938 cla25 Hap1 Adams et al (2003) 
AY280939 cla26  Adams et al (2003) 
AY280940 cla27  Adams et al (2003) 
EF508155 coy21  Lance et al (unpub data) 
EF508156 coy29 Hap3 Lance et al (unpub data) 
EF508166 coy14 Hap4 Lance et al (unpub data) 
EF508170 coy11 Hap2 Lance et al (unpub data) 
EF508171 coy37  Lance et al (unpub data) 
EF508172 coy36  Lance et al (unpub data) 
EF508195 coy39  Lance et al (unpub data) 
FM209365 la06 Hap5 Hailer and Leonard (2008) 
FM209366 la08  Hailer and Leonard (2008) 
FM209367 la11  Hailer and Leonard (2008) 
FM209368 la27  Hailer and Leonard (2008) 
FM209369 la35  Hailer and Leonard (2008) 
FM209370 la54  Hailer and Leonard (2008) 
FM209371 la86  Hailer and Leonard (2008) 
FM209372 la87  Hailer and Leonard (2008) 
FM209373 la111  Hailer and Leonard (2008) 
FM209374 la131  Hailer and Leonard (2008) 
FM209375 la132  Hailer and Leonard (2008) 
FM209376 la133  Hailer and Leonard (2008) 
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Accession 
Number 

Haplotype 
Name 

Matches 
haplotype? 

Source 

FM209377 la134  Hailer and Leonard (2008) 
FM209378 la135  Hailer and Leonard (2008) 
FM209379 la136  Hailer and Leonard (2008) 
FM209380 la137  Hailer and Leonard (2008) 
FM209381 la138  Hailer and Leonard (2008) 
FM209382 la139  Hailer and Leonard (2008) 
FM209383 la140  Hailer and Leonard (2008) 
FM209384 la141  Hailer and Leonard (2008) 
FM209385 la142  Hailer and Leonard (2008) 
FM209386 la143  Hailer and Leonard (2008) 
FM209387 la144  Hailer and Leonard (2008) 
FM209388 la145  Hailer and Leonard (2008) 
FM209389 la146  Hailer and Leonard (2008) 
FM209390 la147  Hailer and Leonard (2008) 
FM209391 la12 Hap3 Hailer and Leonard (2008) 
FM209392 la17  Hailer and Leonard (2008) 
FM209393 la21  Hailer and Leonard (2008) 
FM209394 la23  Hailer and Leonard (2008) 
FM209395 la25  Hailer and Leonard (2008) 
FM209396 la26  Hailer and Leonard (2008) 
FM209397 la28  Hailer and Leonard (2008) 
FM209398 la30  Hailer and Leonard (2008) 
FM209399 la31  Hailer and Leonard (2008) 
FM209400 la32  Hailer and Leonard (2008) 
FM209401 la33  Hailer and Leonard (2008) 
FM209402 la34  Hailer and Leonard (2008) 
FM209403 la36  Hailer and Leonard (2008) 
FM209404 la37  Hailer and Leonard (2008) 
FM209405 la38  Hailer and Leonard (2008) 
FM209406 la39  Hailer and Leonard (2008) 
FM209407 la40  Hailer and Leonard (2008) 
FM209408 la41  Hailer and Leonard (2008) 
FM209409 la42  Hailer and Leonard (2008) 
FM209410 la44  Hailer and Leonard (2008) 
FM209411 la45  Hailer and Leonard (2008) 
FM209412 la46  Hailer and Leonard (2008) 
FM209413 la47  Hailer and Leonard (2008) 
FM209414 la48  Hailer and Leonard (2008) 
FM209415 la49  Hailer and Leonard (2008) 
FM209416 la50  Hailer and Leonard (2008) 
FM209417 la51  Hailer and Leonard (2008) 
FM209418 la52  Hailer and Leonard (2008) 
FM209419 la74  Hailer and Leonard (2008) 
FM209420 la75  Hailer and Leonard (2008) 
FM209421 la76  Hailer and Leonard (2008) 
FM209422 la123  Hailer and Leonard (2008) 
FM209423 la125  Hailer and Leonard (2008) 
FM209423 la127  Hailer and Leonard (2008) 
FM209423 la128  Hailer and Leonard (2008) 
GQ849346 GL1 Hap2 Leonard and Wayne (2008) 
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Accession 
Number 

Haplotype 
Name 

Matches 
haplotype? 

Source 

GQ849351 GL2  Leonard and Wayne (2008) 
GQ849352 GL3  Leonard and Wayne (2008) 
GQ849353 GL4  Leonard and Wayne (2008) 
GQ849354 GL5  Leonard and Wayne (2008) 
GQ849355 GL6  Leonard and Wayne (2008) 
GQ849357 GL8  Leonard and Wayne (2008) 
GQ849360 GL11 Hap5 Leonard and Wayne (2008) 
GQ849361 GL12  Leonard and Wayne (2008) 
GQ849362 GL13  Leonard and Wayne (2008) 
GQ849363 GL14  Leonard and Wayne (2008) 
GQ849364 GL15  Leonard and Wayne (2008) 
GQ849365 GL16 Hap1 Leonard and Wayne (2008) 
GQ849366 GL17  Leonard and Wayne (2008) 
GQ849367 GL18  Leonard and Wayne (2008) 
GQ849368 GL19  Leonard and Wayne (2008) 
GQ849369 GL10  Koblmuller et al (2009) 
GQ849371 la15 Hap6 Koblmuller et al (2009) 
GQ849372 la18  Koblmuller et al (2009) 
GQ849373 la19 Hap2 Koblmuller et al (2009) 
GQ849374 la20  Koblmuller et al (2009) 
GQ849375 la29  Koblmuller et al (2009) 
GQ849376 la64  Koblmuller et al (2009) 
GQ849377 la65  Koblmuller et al (2009) 
GQ849378 la91  Koblmuller et al (2009) 
GQ849379 la95  Koblmuller et al (2009) 
GQ849380 la97  Koblmuller et al (2009) 
GQ849381 la98  Koblmuller et al (2009) 
GQ849382 la99  Koblmuller et al (2009) 
GQ849383 la107  Koblmuller et al (2009) 
GQ849384 la108  Koblmuller et al (2009) 
GQ849385 la121  Koblmuller et al (2009) 
GQ849386 la124  Koblmuller et al (2009) 
GQ849387 la148  Koblmuller et al (2009) 
GQ849388 la149  Koblmuller et al (2009) 
GQ849389 la150  Koblmuller et al (2009) 
GQ849390 la151  Koblmuller et al (2009) 
GQ849391 la152  Koblmuller et al (2009) 
GQ863717 GL20 Hap2 Kays et al (2010) 
GQ863718 cla28 Hap5 Kays et al (2010) 
GQ863719 cla29 Hap1 Kays et al (2010) 
GQ863720 cla30  Kays et al (2010) 
GQ863721 cla31  Kays et al (2010) 
GQ863722 cla32  Kays et al (2010) 
GQ863723 cla33  Kays et al (2010) 
GQ863724 GL21  Kays et al (2010) 
GQ863725 cla34  Kays et al (2010) 
GQ863726 cla35  Kays et al (2010) 
GQ863727 cla36  Kays et al (2010) 
GQ863728 cla37  Kays et al (2010) 
GQ863729 cla38  Kays et al (2010) 
GQ863730 cla39  Kays et al (2010) 
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Accession 
Number 

Haplotype 
Name 

Matches 
haplotype? 

Source 

GQ863731 cla40  Kays et al (2010) 
GQ863732 cla41  Kays et al (2010) 
GQ863733 cla42  Kays et al (2010) 
GQ863734 cla43  Kays et al (2010) 
GQ863735 cla44  Kays et al (2010) 
GQ863736 GL22  Kays et al (2010) 
GQ863737 cla45  Kays et al (2010) 
GQ863738 cla46  Kays et al (2010) 
AF184048 C. aureus  Randi et al (2000) 
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