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Abstract 

Patterns of genetic diversity in natural systems are influenced by landscape 

heterogeneity over spatial and temporal scales. Certain natural or anthropogenic 

landscape features may facilitate or impede organism dispersal and subsequent gene flow. 

Characterizing the geographical distribution of genetic diversity and identifying the 

factors contributing to population genetic structure is imperative for maintaining 

functional connectivity between isolated populations across a fragmented landscape.  

In this study, I combined genetic data and high-resolution land cover information 

to investigate patterns of population genetic structure in the threatened eastern hog-nosed 

snake (Heterodon platirhinos) at its northern range limit in Ontario, Canada. First, using 

putatively neutral microsatellite markers, I found evidence of genetic differentiation 

between two geographically disjunct regional populations: in the Carolinian region of 

southwestern Ontario, and along the eastern shoreline of Georgian Bay. Spatial and non-

spatial Bayesian clustering algorithms also detected population genetic structure within 

each regional population. I found evidence of weak structure within Georgian Bay, 

roughly corresponding to regions north and south of Parry Sound. A genetic cluster at 

Wasaga Beach, located at the southern terminus of Georgian Bay, was highly 

differentiated from other populations, despite its geographic proximity to Georgian Bay. 

Excess homozygosity and reduced allelic diversity in Wasaga Beach compared to other 

sampled populations imply a population bottleneck event.  

Secondly, I inferred the role of landscape features on eastern hog-nosed snake 

dispersal and subsequent gene flow in the Georgian Bay regional population. Using 

techniques derived from electrical circuit theory, I estimated pairwise resistance distances 



iii 

 

between individuals by assigning costs to landscape features that are predicted to impede 

hog-nosed snake movement: open water, wetland, settlement and agriculture, and roads. 

Landscape features did not influence genetic structure within Wasaga Beach. However, I 

found weak evidence for an effect of landscape features, particularly open water and 

roads, on gene flow in eastern Georgian Bay. This study is the first to examine potential 

factors driving population genetic structure of eastern hog-nosed snakes and provides an 

empirical foundation for future tests of demographic models and spatially explicit 

simulations of gene flow.    
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Chapter 1 

Introduction and Literature Review 

General Introduction 

Understanding the underlying causes of spatial patterns of genetic diversity has 

been a primary focus of population geneticists since the inception of population genetics 

as a coherent discipline. Seminal work by Sewall Wright, Ronald A. Fisher, and J.B.S. 

Haldane established the mathematical framework underpinning modern population 

genetics theory (Provine 1971). Their work provided statistical approaches and 

mathematical models to understand and quantify effects of microevolutionary processes 

(genetic drift, random mating, mutation, selection, and gene flow) on population structure 

in natural systems based on allele frequencies (e.g. Fisher 1930; Haldane and 

Waddington 1931; Wright 1951). Traditional evaluations of patterns of genetic diversity 

in nature relied on observations of obvious phenotypic polymorphisms. A classic 

example comes from research on shell colour variation in the land snail Cepaea 

nemoralis (Cain and Sheppard 1954). Shell colour varies from brown to pink to yellow 

and the frequency of colour morph has been shown to correlate with the type of 

environment in which they are found (Cain and Sheppard 1954). With the advent of 

convenient assays of genetic variation at the molecular level beginning with allozymes in 

the 1960s (e.g. Hubby and Lewontin 1966) scientists have been increasingly able to 

explore questions on themes as diverse as the spread of infectious disease (e.g. Hahn et 
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al. 2000; Sharp et al. 2001; Reid et al. 2004), the causes of adaptive divergence (reviewed 

in Barrett and Hoekstra 2011), and the most appropriate strategies for conservation of 

biodiversity (e.g. Moritz 1994; Manel et al. 2004; Palsbøll et al. 2007).  

Many traditional population genetics studies modeled genetic variation among 

populations as a function of straight-line geographic distance (Storfer 1999; Holderegger 

and Wagner 2008) relying on some of the original conceptions of isolation by distance 

(Wright 1943; Malécot 1948). However, landscapes are rarely homogenous and such 

physiognomic and biotic complexity plays a critical role in shaping spatial patterns of 

genetic diversity in nature (Cushman et al. 2006; McRae and Beier 2007; Segelbacher et 

al. 2008), an observation not captured by traditional isolation by distance models. In light 

of this deficiency, landscape genetics emerged as a means of combining landscape 

ecology with population genetics to investigate the influence of environmental 

heterogeneity on genetic population structure and gene flow (Manel et al. 2003; Storfer et 

al. 2007; Holderegger and Wagner 2008).  

Although interest in geographic patterns of variation can be dated at least to the late 

19
th

 Century with the likes of Alfred Russel Wallace (1878), “landscape genetics” 

became recognized as a discipline in 2003 following the seminal paper by Stéphanie 

Manel and colleagues (Manel et al. 2003). Since its publication, interest in the field has 

grown rapidly (Storfer et al. 2010). Landscape genetics is an amalgamation of two 

existing fields – landscape ecology and population genetics – and provides researchers 

with the perspective and tools necessary to understand the interaction between 
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environmental variables and microevolutionary processes such as gene flow, genetic 

drift, and natural selection (Manel et al. 2003). Specifically, landscape genetics includes 

data on landscape configuration, composition, and matrix quality, and explicitly 

quantifies their collective influence on genetic population structure and gene flow 

(Holderegger and Wagner 2006; Storfer et al. 2007). Although disciplines like 

biogeography and phylogeography focus research on patterns of spatial variation in 

relation to the environment, the difference is ultimately a matter of scale (Manel et al. 

2003; Storfer et al. 2007). Both biogeography and phylogeography typically focus on 

species or genetic diversity patterns across broad temporal and spatial scales (Brown and 

Lomolino 1998; Avise 2000), while landscape genetics focuses on processes at much 

finer spatio-temporal scales (Manel et al. 2003; Storfer et al. 2007).  

A landscape genetic approach consists of two important components: 1) the 

detection of genetic discontinuities and 2) the correlation of genetic differentiation, often 

among individuals rather than populations, with landscape characteristics (e.g. altitude, 

climate, or land cover types and their spatial arrangement) (Manel et al. 2003). Following 

this framework, the objectives of my thesis are two-fold. First, I determine the number of 

distinct genetic clusters of the threatened eastern hog-nosed snake (Heterodon 

platirhinos) in Ontario.  Secondly, I examine the relationship between inter-individual 

genetic distance and resistance distance to infer the influence of both anthropogenic and 

natural landscape characteristics on hog-nosed snake dispersal and subsequent gene flow 

along the Georgian Bay coast. Results from this study have important implications for 
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understanding the causes of population genetic structure and impacts of habitat 

conversion, for the conservation of isolated populations that may be at risk of local 

extinction, as well as for improving functional connectivity between disjunct 

subpopulations. Below, I expand on concepts of population and landscape genetics with 

applications to conservation biology and introduce my study species and hypotheses.  

Factors Shaping Contemporary Spatial Genetic Structure  

 In natural systems, the interplay of microevolutionary forces shapes patterns of 

population genetic structure across space and time. Central to the picture that emerged 

from the modern evolutionary synthesis (Huxley 1942; Provine 1971) was the idea that 

genetic drift and selection both can cause differentiation among populations but that this 

can be countered by gene flow. Drift results in population differentiation via changes 

brought about by random sampling error of alleles each generation (Wright 1951; Slatkin 

1987). Natural selection is a deterministic process that promotes adaptation to local 

environmental conditions and also can result in among-population differentiation (Fisher 

1930; Slatkin 1987). Gene flow, comprised of both dispersal and successful mating, tends 

to homogenize populations across space and over time (Mayr 1947). Thus, gene flow is 

often viewed as a force that opposes local adaptation although its strength must be 

stronger than other acting microevolutionary forces to inhibit population genetic 

differentiation (Mayr 1947; Slatkin 1987).  

 The overall contribution of gene flow in shaping population genetic structure is 

governed by the ability of gametes, individuals, or even populations to move across 
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space. If the propensity for dispersal is low, neighbouring individuals may interbreed 

frequently, thus maintaining genetic similarity at local geographical scales, while distant 

populations become genetically differentiated simply by dint of physical isolation – so 

called isolation by distance (Wright 1943, Malécot 1948). Indeed, population genetic 

structure is consistently negatively correlated with vagility among closely related species 

that vary in their capacity to disperse (Bohonak 1999). For example, garter snakes 

(Thamnophis sirtalis) and brown snakes (Storeria dekayi) exhibit greater genetic 

differentiation than larger water snakes (Nerodia sipedon), which presumably have a 

greater capacity for dispersal (King and Lawson 2001). Similarly, Hellberg (1996) used 

variation at allozyme loci to ascertain that populations of the coral species Paracyathus 

stearnsii, which produces free-swimming planktonic larvae capable of dispersing over 

large distances, are less genetically subdivided than Balanophyllia elegans, whose larvae 

move relatively short distances from their natal locales. Further, gene flow declined with 

increasing distance in B. elegans but not in P. stearnsii, suggesting a strong influence of 

isolation by distance in the less vagile species as predicted (Hellberg 1996). Isolation by 

distance patterns may also be assessed at the individual level if spatial distribution is 

continuous and organisms do not aggregate in distinct locales (Rousset 2000). For 

example, Sumner et al. (2001) found a significant increase in genetic differentiation 

among pairs of individual prickly forest skinks (Gnypetoscincus queenslandiae) with 

increasing geographic distance in the tropics of Australia.      
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Landscape characteristics can also dramatically influence spatial genetic structure 

of populations either by impeding or facilitating dispersal and subsequent gene flow 

(Keyghobadi et al. 1999; Manel et al. 2003; Spear et al. 2005). Suitable habitat may 

provide corridors for movement, thus maintaining connectivity among habitat patches 

and facilitating gene flow among populations (Epps et al. 2007; Holderegger and Wagner 

2008; Spear and Storfer 2008; DiLeo et al. 2010). Conversely, landscape features may 

impede gene flow by acting as physical barriers to dispersal (Epps et al. 2005; Funk et al. 

2005; Kraaijeveld-Smit et al. 2005; Coulon et al. 2006; Riley et al. 2006). For example, 

the low permeability of rivers, highways, and canals to movement by roe deer (Capreolus 

capreolus) in southwestern France strongly impedes gene flow (Coulon et al. 2006). Less 

conspicuous characteristics of the landscape matrix across fine spatial scales may 

similarly contribute to shaping patterns of genetic variation by modulating dispersal and 

gene flow, with important implications for dynamics and persistence of populations as 

well as local species diversity (Fischer and Lindenmayer 2007). Effects of ecological 

gradients and particular land cover features on spatial genetic structure have been 

described for many taxa including amphibians (Funk et al. 2005; Spear et al. 2005), 

insects (Keyghobadi et al. 1999), snakes (DiLeo et al. 2010; Row et al. 2010), and 

mammals (Cushman et al. 2006). For example, a recent study on population structure of 

Columbia spotted frogs (Rana luteiventris) found that population differentiation 

estimated using FST was higher between high and low elevation ponds than among low 

elevation sites, suggesting that gene flow is restricted between low and high elevation 
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sites either due to limited dispersal or premating barriers along elevational gradients 

(Funk et al. 2005). Moreover, human-induced alterations to the landscape may have 

profound effects on spatial patterns of genetic differentiation by fragmenting habitats and 

creating isolated patches of suitable habitat surrounded by features that restrict gene flow 

(Epps et al. 2005; Riley et al. 2006; Spear and Storfer 2008; DiLeo et al. 2010; Row et al. 

2012). For example, two populations of eastern foxsnakes (Pantherophis gloydi) showed 

high levels of genetic differentiation on either side of a major road in southwestern 

Ontario, implying that the road acts as an impediment to gene flow (Row et al. 2012). 

Likewise, a major freeway restricted gene flow between populations of bobcats (Lynx 

rufus) and coyotes (Canis latrans) in Los Angeles, California (Riley et al. 2006).  

Genetics in Conservation and Management 

 Genetic approaches to assess demographic processes in wild populations have 

become commonplace in conservation and management (Frankham 1995). For example, 

genetic markers have been central to addressing key conservation issues such as 

identifying populations vulnerable to inbreeding (Clark et al. 2011), quantifying dispersal 

rates to assess implications of habitat fragmentation (Stow et al. 2001), assigning 

individuals to genetically distinct clusters (Manel et al. 2004; Row et al. 2010), ex situ 

conservation and management (Li et al. 2002; Goodall-Copestake et al. 2005), and 

wildlife forensics (Shivji et al. 2005; Wasser et al. 2007; Ogden 2011). Perhaps one of the 

most common applications of genetics in management policy-based research is the 

delineation and prioritization of appropriate population units for conservation, especially 
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given often limited available resources (Moritz 1994; Waples 1995). Traditionally, 

evolutionary significant units (ESUs) are defined as the broadest entity for conservation 

and management practices (Moritz 1994; Funk et al. 2012). There are now several 

definitions of ESUs varying in how conservatively criteria regarding population 

divergence are met (reviewed in Funk et al. 2012). Initially, the designation of ESUs was 

based on historical population genetic structure evaluated using mitochondrial DNA 

sequences and nuclear data indicating that designated groups are on unique evolutionary 

trajectories (Moritz 1994). However, debates among scientists about ESU definitions, 

primarily stemming from ongoing disputes over species concepts, may actually delay the 

application of critical management practices (Green 2005). In an attempt to moderate 

controversies and put scientific recommendations into prompt action, Green (2005) 

proposed designatable units (DUs) – discrete units delineated based on a set of broad 

guidelines to assess conservation status, even if taxonomic status or evolutionary 

significance is unresolved. This approach has been adopted by the Committee on the 

Status of Endangered Wildlife in Canada (COSEWIC).  

 At a smaller temporal scale, management units (MUs) may be defined as a more 

logistically tractable entity for efficient short-term management and monitoring (Palsbøll 

et al. 2007). MUs are typically identified based on fine-scale population genetic structure 

shaped by limited dispersal and gene flow among putatively demographically 

independent groups (Moritz 1994; Palsbøll et al. 2007), traditionally assessed using 

neutral genetic markers such as DNA microsatellites (Funk et al. 2012). Several MUs 
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may make up an independent ESU (Funk et al. 2012), thus maximizing genetic diversity 

at the level of the MU often contributes to the overall conservation of the broader entity 

(Moritz 1994). For example, early studies on Scandinavian brown bears (Ursus arctos) 

grouped four subpopulations into two ESUs based on mitochondrial DNA divergence 

(Taberlet et al. 1995). Further investigation using nuclear DNA microsatellite loci 

diagnosed a single ESU containing four distinct MUs (Waits et al. 2000). This disparity 

between studies also emphasizes the importance of incorporating various genetic markers 

before making recommendations for appropriate management strategies.    

Population Assignment 

Much of traditional population genetics was based on evaluating the degree of 

population differentiation (e.g. using Wright’s inbreeding statistic - FST) among distinct 

groups of individuals that were often arbitrarily delineated a priori, generally based on 

sampling regime rather than reflecting biological realities (Pritchard et al. 2000; Latch 

and Rhodes 2006). Bayesian assignment methods are increasingly being used to cluster 

individuals into distinct genetic groups based on multi-locus genotypes, thus eliminating 

the inherent subjectivity in defining populations based on sample locations  (Pritchard et 

al. 2000; Latch et al. 2006). These methods are generally based on the probability of 

population membership estimated under a Bayesian likelihood framework using Markov 

Chain Monte Carlo (MCMC) approaches (Chen et al. 2007). The use of assignment tests 

in population genetics has increased, likely due to the development and availability of 

user-friendly efficient software to compute complicated MCMC algorithms (Storfer et al. 
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2010). The most commonly used clustering software in population genetics is 

STRUCTURE, which assigns population membership by minimizing linkage 

disequilibrium and departures from Hardy-Weinberg equilibrium (HWE) within 

diagnosed clusters (Pritchard et al. 2000; Chen et al. 2007). STRUCTURE can run two 

principal ancestry models: the no admixture model assumes each individual originates 

purely from one of the defined genetic clusters and the output represents the posterior 

probability of individual membership (Pritchard et al. 2000); the admixture model is 

more flexible as it allows for individuals with mixed ancestry and estimates individual 

admixture proportions representing the fraction of an individual’s genome that originates 

from different parental populations (Pritchard et al. 2000; François and Durand 2010). 

The latter model is most widely used since natural systems rarely consist of discrete 

populations with no admixture (Pritchard et al. 2000). As a result, assuming no admixture 

can lead to inappropriate inferences of population substructure.  

 Non-spatial assignment methods, such as those implemented in STRUCTURE, 

only include genetic information and assume that cluster membership does not depend on 

spatial arrangement of individuals (Guillot et al. 2009), although new models in 

STRUCTURE can incorporate sample origin as prior information in individual 

population assignment (Hubisz et al. 2009). Recent advances in Bayesian assignment 

methods incorporate explicit spatial information (e.g. geographical coordinates) about 

individuals in a sample to try to detect genetic discontinuities that are spatially structured 

(Chen et al. 2007). Spatial assignment methods such as those implemented in the 
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programs TESS (Chen et al. 2007) and Geneland (Guillot et al. 2005, 2008) assign 

spatially proximate individuals a higher probability of belonging to the same genetic 

cluster than individuals that are separated by larger geographic distances (Coulon et al. 

2006; Chen et al. 2007; François and Durand 2010). These methods are thought to be 

superior for detecting weak genetic structure and more recent divergences (Coulon et al. 

2006). Like STRUCTURE, TESS can apply either no admixture or admixture ancestry 

models, and the approaches used by both programs are similar (Chen et al. 2007). 

Geneland attempts to separate individuals into panmictic populations using only a no 

admixture ancestry model, but can account for moderate frequencies of null alleles that 

result in excess homozygosity compared to that expected under Hardy-Weinberg 

equilibrium (Guillot et al. 2008; François and Durand 2010).  

 For these types of analyses, multiple series of assignment tests are frequently run 

for a range of possible numbers of genetic clusters (K), which are provided by the user 

based on independent information or a priori hypotheses. The optimal number of clusters 

(i.e. the “true” number of distinct genetic clusters that exist) is chosen based on how well 

each model based on different values of K supports the genetic data. Because the 

algorithm assumptions differ among programs, the approaches used to estimate the 

optimal K value differ slightly. In STRUCTURE, the real number of genetic clusters is 

chosen by plotting the logarithm of the probability of the data, D, with respect to the 

number of clusters (ln P(D|K)) against K, and choosing the K value where ln P(D|K) 

reaches a plateau (François and Durand 2010). Evanno et al. (2005) augment this 
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approach by incorporating an ad hoc ΔK statistic based on the rate of change in the log 

probability of the data between consecutive K values. This approach is believed to be a 

better predictor of the true number of genetic clusters in scenarios with more than two 

genetic populations (Evanno et al. 2005). To choose the optimal number of clusters in 

TESS, the deviance information criterion (DIC; Spiegelhalter 2002) is calculated for each 

K value. DIC is used to compare multiple models under an information theoretic 

framework by estimating model fit while penalizing for model complexity (Spiegelhalter 

2002; François and Durand 2010). The true K value can be selected by plotting DIC 

values against K and choosing the K value at which the curve reaches a plateau (Durand 

et al. 2009; François and Durand 2010). Finally, the optimal number of clusters in 

Geneland is chosen using posterior probabilities estimated for each K value (Guillot et al. 

2009; François and Durand 2010). Because different clustering methods use different 

algorithms and make somewhat different assumptions of the data, results may not agree, 

making the selection of the true number of clusters a challenging task (François and 

Durand 2010). The use of multiple assignment methods is common in the literature so 

that the number of distinct genetic clusters diagnosed by each method can be compared 

before attributing biological significance to the inferred genetic discontinuities (Coulon et 

al. 2006; Gauffre et al. 2008; Guillot et al. 2009). 

Landscape Resistance 

 Incorporating characteristics of the landscape into understanding patterns of 

genetic variation under a landscape genetics framework has become increasingly popular 
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with improvements in spatial statistical tools, geographic information systems (GIS), and 

enhanced computation capacity especially with respect to parallel processing. Models of 

isolation by distance have been useful in explaining patterns of genetic differentiation 

(Hardy and Vekemans 1999; Gorrochotegui-Escalante et al. 2000; Pogson et al. 2001) but 

may be too simplistic for most real-world scenarios where landscapes are heterogeneous 

with respect to elements upon which particular species depend. Analyses of isolation by 

distance assume a neutral landscape where Euclidean geographic distance is the only 

determinant of genetic differentiation between populations (McRae 2006). However, 

estimates of Euclidean geographic distance as a proxy for divergence are inappropriate in 

irregularly shaped ranges or when barriers occur on the landscape (McRae 2006; McRae 

and Beier 2007), although often serve as a useful null model (Coulon et al. 2004; Broquet 

et al. 2006; Cushman et al. 2006). 

 One approach to overcome this deficiency is to use models of least-cost path 

(LCP). LCP models incorporate cost values assigned to landscape features projected on a 

raster map to adjust the geographic distance between pairs of individuals or populations 

(Adriaensen et al. 2003). Cost values represent hypothesized resistance to movement 

through particular features of the landscape and the path of least resistance is selected to 

compute the effective distance between pairs of sample points (Adriaensen et al. 2003; 

McRae 2006). Analyses using LCP models have proved valuable for understanding 

effects of landscape alterations on patch connectivity and determining the influence of 

various elements of the landscape on genetic isolation, especially with respect to 



 

14 

 

designing effective management strategies (Adriaensen et al. 2003; Cushman et al. 2006). 

An illustration of the application of LCP is the work of Cushman et al. (2006) who 

evaluated the relative influence of barriers, distance, and landscape resistance on genetic 

isolation of black bears (Ursus americanus) in northern Idaho. Cushman et al. (2006) 

computed cost matrices based on least cost paths for a series of landscape resistance 

surfaces created by assigning resistance-to-movement values to different landscape 

features (land cover, elevation, and slope). They then used a full-factorial design to 

determine the combination of values that best explained patterns of genetic variation. 

Additionally, the influence of IBD as well as isolation by an absolute riverine barrier on 

pairwise genetic distance were tested. LCP models incorporating gradients of landscape 

resistance, particularly models in which the influence of land cover and elevation were 

dominant, outperformed both IBR and isolation by barrier (IBB) models in predicting 

patterns of genetic structure. These findings have important implications for delineating 

important habitat corridors that facilitate movement and gene flow for the species 

(Cushman et al. 2006).  

 Least cost path analyses are useful but are potentially limited because it is often 

unlikely that an organism will move along a single optimal pathway in nature. LCP 

models do not accommodate the possibility of multiple pathways or the increased 

potential for dispersal through wider swathes of suitable habitat (McRae 2006). Recent 

studies of isolation by resistance based on electrical circuit theory (McRae 2006) 

incorporate the effects of multiple dispersal routes between sample points (McRae and 
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Beier 2007; Lee-Yaw et al. 2009; Row et al. 2010; Koen et al. 2012a; Walpole et al. 

2012), hereafter referred to as models of isolation by resistance (IBR). In an electrical 

circuit, resistance to current flow between nodes decreases (conductance increases) with 

wider or parallel resistors (McRae 2006). Gene flow across a landscape is thus analogous 

to a circuit in that multiple pathways or broader swathes of habitat facilitate the 

movement of genes or individuals (McRae 2006). Similar to LCP analyses, cost values 

are assigned to landscape features based on knowledge of species ecology and ranking 

relative impediments to dispersal; however, rather than estimating the effective distance 

between sampling points along a single optimal pathway, the resistance distance between 

nodes (sampling points) is computed over multiple random walks and averaged across all 

possible pathways (McRae 2006; McRae and Beier 2007). A study by Row et al. (2010) 

compared Mantel matrix correlations between genetic distance and resistance distances in 

P. gloydi computed from both LCP and IBR models. Both methods revealed similar 

patterns although extensive fragmentation in the study region may have precluded a 

complete comparison of the two methods since dispersal is likely to occur only through 

small patches of suitable habitat. Further, McRae and Beier (2007) compared the fit of 

IBD, LCP, and IBR models to genetic distances in natural systems of two threatened 

species: big-leaf mahogany (Swietenia macrophylla) in Central America and western 

North American wolverine populations (Gulo gulo), and found that IBR consistently 

explained patterns of genetic variation in both species better than the other models. The 

relative effect of absolute barriers was reduced under models of IBR, suggesting that their 
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impact on genetic structure may be exaggerated under least-cost path models (McRae and 

Beier 2007).  

Study Species  

The eastern hog-nosed snake (Heterodon platirhinos) is a mid-sized (~50-120 cm 

snout-vent length) colubrid snake native to eastern North America (Harding 1997).  They 

are typically fossorial, using their upturned snout to create burrows through loose soils, 

although they forage and bask in the open (Harding 1997). There has been little research 

on its ecology and thus, little is known about habitat requirements (COSEWIC 2007a). 

However, radio-telemetry work south of Parry Sound, Ontario suggests that eastern hog-

nosed snakes prefer forest, grass, and sandy soils and tend to avoid wetlands and human 

impacted areas (Rouse 2006). Female hog-nosed snakes oviposit clutches of 

approximately 20 eggs (Seburn 2009) in nests that they excavate in well-drained sandy 

soils, typically in late June and early July (Cunnington and Cebek 2005). Philopatry to 

specific nest sites by multiple individuals has been observed in successive years 

(Cunnington and Cebek 2005), suggesting that protecting nesting areas is crucial. Eastern 

hog-nosed snakes hibernate from October to April and generally do not do so 

communally (COSEWIC 2007a). Established animal burrows may be used as hibernation 

sites, but some individuals may excavate new sites by digging through loose soils 

(Plummer 2002). Eastern hog-nosed snakes specialize on Fowler’s toads (Anaxyrus 

fowleri) and American toads (Anaxyrus americanus), and therefore can often be found 
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along beaches and in dune habitats where their prey of choice is abundant (COSEWIC 

2007a; Seburn 2009). 

Although widespread in the United States of America, extending from northern 

Michigan to the Florida panhandle (Figure 1A), only 10% of the eastern hog-nosed snake 

global range occurs within Canada where it is at its northern range limit. In Canada, it is 

restricted to two geographically separated regional populations in Ontario: one within the 

Carolinian region of southwestern Ontario and the other in central Ontario, primarily 

along the eastern shore of Georgian Bay (Figure 1B). This distribution is typical of 

several reptile species in Ontario including the eastern foxsnake (Pantherophis gloydi) 

(COSEWIC 2008), eastern massasauga rattlesnake (Sistrurus catenatus catenatus) 

(Rouse and Wilson 2002), and the five-lined skink (Plestiodon fasciatus) (COSEWIC 

2007b). The degree to which this disjunct distribution reflects historical colonization 

patterns rather than anthropogenically-caused habitat loss and degradation following 

European settlement is unknown as we currently lack any detailed phylogeographic data 

(COSEWIC 2007a). However, recent work on the eastern foxsnake, which shows a 

similar range disjunction in Ontario, suggests that large scale patterns of population 

structure are a result of colonization history rather than habitat fragmentation due to 

human activities (Row et al. 2011).          

Eastern hog-nosed snakes are currently listed as “Threatened” by the Committee on 

the Status of Endangered Wildlife in Canada (COSEWIC 2007a). Although data on 

population trends and abundance are scarce, population densities in known localities 
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appear low (Cunnington 2004; Rouse 2006) and in some instances populations are 

declining (Wasaga Beach at the southern terminus of Georgian Bay; Cunnington, pers. 

comm.). Moreover, eastern hog-nosed snakes have been extirpated from many locales in 

Canada including Point Pelee National Park, Pelee Island, and areas within the 

municipalities of York, Halton, and Peel (Oldham and Austen 1998, as cited in 

COSEWIC 2007a).  

Limited availability of suitable habitat is a major threat to the population 

persistence of eastern hog-nosed snakes in Ontario. Eastern hog-nosed snakes are 

relatively mobile compared to other Ontario snake species; straight-line distances moved 

over an active season can reach up to 5 km (Rouse 2006) and average home ranges 

typically exceed 100 ha (Cunnington 2004). This implies that, all else being equal, 

populations should be more or less continuously distributed provided that the intervening 

habitat matrix is both suitable and also continuous. Particularly in southwestern Ontario, 

much of the natural landscape has been destroyed or fragmented (Bakowsky and Riley 

1992, as cited in COSEWIC 2007a). This part of Ontario has experienced more habitat 

fragmentation than any other region in the Great Lakes Basin (Riley and Mohr 1994, as 

cited in COSEWIC 2007a) primarily due to intensive agricultural practices. The Georgian 

Bay region of Ontario is a popular destination for cottagers; consequently, the demand for 

a high-density road network is high (COSEWIC 2007a). In addition to habitat loss, road 

mortality is one of the largest threats to snake populations, especially those that are 

highly mobile (Bonnet et al. 1999; Webb et al. 2003; Rouse 2006). Additionally, some 
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snake species have been observed to avoid roads, thus restricting home range size (Rouse 

2006). Both road mortality and road avoidance isolate populations by limiting dispersal 

and subsequent gene flow. 

Study Objectives and Hypotheses 

There are currently no data on the population genetic structure of eastern hog-

nosed snakes in Ontario and no evidence to suggest that all populations should either be 

managed as a single unit or as discrete conservation units (COSEWIC 2007a). If 

populations are small and isolated, they may be vulnerable to population bottlenecks, loss 

of genetic diversity via drift, inbreeding and inbreeding depression (Lacy 1987; Bijlsma 

et al. 2000; Keller and Waller 2002), and the current designation of a single conservation 

unit may not be appropriate (COSEWIC 2007a). My study first aims to determine the 

number of distinct genetic populations of eastern hog-nosed snakes in Ontario. Because 

of extensive urbanization and development in southern and south-central Ontario, I 

hypothesize that fine-scale population genetic structure does exist in this part of their 

range as a result of these anthropogenic activities. I also use an individual-based 

landscape genetics approach to infer the influence of landscape features on dispersal and 

concomitant gene flow by correlating individual pairwise genetic distances with 

landscape resistance. I hypothesize that resistance imposed by landscape heterogeneity 

will explain genetic patterns better than straight-line geographic distance between 

individuals (i.e. IBR is a better predictor of genetic distance than IBD). Based on what we 

currently know about habitat preferences of the species, I predict that roads, open water, 
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wetlands, and human-impacted areas (e.g. settlements and agricultural fields) act as 

resistors to movement in eastern hog-nosed snakes. I contrast the effect of multiple 

landscapes, under a causal modeling framework (Legendre and Troussellier 1988; 

Cushman et al. 2006) each with varying degrees of resistance assigned to landscape 

features, on population genetic structure. I also include a neutral landscape where 

geographic distance is the only determinant of genetic distance (analogous to a model of 

IBD) as a null model. Using this approach, I am able to identify which land cover types 

might impede gene flow. This in turn has direct implications for conservation and 

management planning to increase connectivity among isolated patches and to maintain 

genetically diverse populations of the eastern hog-nosed snake.  
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Figure 1. (A) Generalized global range of eastern hog-nosed snakes. (B) Location of two 

regional populations of eastern hog-nosed snakes in Ontario (green = Georgian Bay; 

orange = southwestern Ontario). (C) Land cover by type and sample locations in each of 

the regional populations: top – Georgian Bay coast; bottom – south-central Ontario. The 

“other” category represents habitat types thought to be suitable for hog-nosed snake 

dispersal including forests, pastures, and alvars. 

(B) 

(A) 
(C) 
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Chapter 2 

Methods 

Study Area and Sampling Methods 

 I collected blood and tissue samples from eastern hog-nosed snakes from May to 

September of 2011 and 2012 throughout their known range in Ontario (Figure 1C). I also 

acquired blood and tissue samples from collaborators that had been collected between 

2003 and 2010 for a total sample size of 175 individuals spanning two regional 

populations in Ontario (eastern Georgian Bay: n=101; southwestern Ontario: n=74). At 

the northern part of their range, the known distribution of eastern hog-nosed snakes 

extends along the eastern shoreline of Georgian Bay (approximately 150 km from 

Wasaga Beach to Parry Sound) and east toward Bancroft. In the Carolinian region of 

southwestern Ontario, the highest density of eastern hog-nosed snakes occurs in Norfolk 

County (primarily near Long Point). However, there have been several sightings within 

the municipalities of Chatham-Kent and Lambton Shores and surrounding areas 

(COSEWIC 2007a). 

 Many known occurrences of eastern hog-nosed snakes are within protected areas 

(e.g. Georgian Bay Islands National Park, Pinery Provincial Park (P.P.), Rondeau P.P., 

Killbear P.P, Kawartha Highlands P.P.) where large swaths of suitable foraging and 

nesting habitats remain intact. However, suitable habitat outside of protected areas has 

largely been destroyed throughout much of its range, primarily due to conversion to 
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agricultural lands and urban development (Bakowsky and Riley 1992, as cited in 

COSEWIC 2007a). In particular, southwestern Ontario has experienced considerable 

habitat destruction in recent history with 90% of wetlands drained due to agricultural 

development following European settlement (Hecnar 2004). At the northern part of the 

range, along the eastern shoreline of Georgian Bay, road density is high and some land 

has been developed for cottages, resulting in patches of favoured habitat that may be 

geographically isolated from one another. Further developments in the Muskoka region, 

such as a recent expansion of a four-lane highway to Parry Sound (COSEWIC 2007a) 

continue to fragment the habitat of hog-nosed snakes and other species at risk. In 

addition, many areas with loose sandy soils that are preferred nesting sites of this species 

have been converted into popular tourist attractions and recreational destinations (e.g. 

Wasaga Beach P.P., Long Point P.P. – COSEWIC 2007a).  

 Due to their highly cryptic nature and the dearth of studies on eastern hog-nosed 

snakes in Ontario, little is known of the distribution and abundance of this species in 

Ontario (COSEWIC 2007a). For this reason, I focused search efforts in areas where 

sightings have been made previously and where environmental features met the known 

habitat preferences of the species, including protected areas such as provincial and 

national parks and conservation reserves, as well as public crown lands. I searched sandy 

beaches and dune habitats extensively during the nesting period (late June – early July; 

COSEWIC 2007a). I also collected samples from private lands where permission was 

granted to infill gaps in sampling between public and protected areas. Additionally, tissue 
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samples were taken from road-killed snakes during regular road surveys and from road-

killed specimens collected by various collaborators.  

 All live snakes were hand-captured opportunistically and processed at the site of 

capture. I took a small volume of blood (<500 µL) from the caudal vein using a sterile 29 

gauge, ½ cc insulin syringe. I sampled road-killed snakes by removing a small piece of 

skeletal muscle or ~1 cm of the tail tip. Blood and tissue samples were preserved in 1.5 

mL Eppendorf tubes with 95% ethanol for later genetic analysis. Universal Transverse 

Mercator (UTM) coordinates were recorded with an accuracy of less than 10 m at all 

sampling locations using a hand-held Garmin GPS receiver (Figure 1C). All hand-

captured individuals were released at the site of capture immediately after processing.  

Laboratory Methods  

I extracted DNA from blood and tissue samples according to the protocol of 

Ivanova et al. (2006). Extracted DNA samples were stored at -20°C until amplification. A 

total of 37 primer pairs for distinct microsatellite loci were tested but 23 failed to amplify 

and were not considered further. I genotyped all individuals at 14 microsatellite loci using 

newly designed species-specific primers (Table 1). Microsatellite loci and flanking 

forward and reverse primer sequences (~20 bp) were identified from sequences obtained 

using high throughput 454 DNA sequencing (Rothberg and Leamon 2008) at the 

Interdisciplinary Center for Biotechnology Research, University of Florida. A total of 

811 sequences were obtained and saved in FASTA format. I used MSATCOMMANDER 
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version 0.8.2 (Faircloth 2008) to identify di-, tri-, and tetranucleotide microsatellites with 

a minimum of 10 repeats for subsequent polymerase chain reaction (PCR) amplification.  

All microsatellite loci were amplified in 11 µl volume reactions containing 2 µl of 

5-30 ng/µl genomic DNA, 5.5 µl Taq PCR Master Mix (QIAGEN, Toronto, ON, 

Canada), 0.3 µl each of 10 µM M13 labeled forward primer and unlabeled reverse primer 

(Invitrogen, Burlington, ON, Canada), 0.3 µl of 100 µM labeled Well-RED M13 (Sigma-

Aldrich Canada Ltd., Oakville, ON, Canada), and 2.6 µl of double-distilled H20. HG-2, 

HG-13, HG-25, and HG-30 were amplified with an initial denaturing temperature at 95°C 

for 5 minutes, 45 cycles of 95°C for 30s, annealing at 60°C for 45s, and extension at 

72°C for 45s, with a final extension temperature of 72°C for 5 minutes. Thermal cycling 

conditions were identical for HG-5 except that the annealing temperature was 58°C. HG-

7, HG-8, HG-14, HG-15, HG-28, HG-33, HG-34, HG-35, and HG-36 were amplified 

using a touchdown protocol with an initial temperature at 94°C for 2 minutes, 16 cycles 

with a denaturing temperature at 94°C for 45s, an annealing temperature decreasing after 

each cycle by 0.5°C from 60°C to 54°C for 45s, and an extension at 72°C for 30s, 

followed by 35 cycles with a denaturing temperature at 94°C for 45s, annealing 

temperature at 52°C for 45s, and extension temperature at 72°C for 30s,  and a final 

extension at 72°C for 10 minutes. Microsatellites requiring the touchdown protocol were 

amplified using an Eppendorf Mastercycler gradient thermal cycler; remaining 

microsatellites were amplified using an Applied Biosystems GeneAmp PCR System 2700 

thermal cycler. Seventeen individuals failed to amplify at more than half of the loci due 
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to putatively low DNA quality and were removed from the dataset. PCR products were 

genotyped with a Beckman Coulter CEQ 8000 Genetic Analysis System (Beckman 

Coulter, Mississauga, ON, Canada) at the CORE Molecular Facility at Queen’s 

University, Kingston, ON.  

Genetic Differentiation and Population Structure  

 I visualized the allele size distribution and binned microsatellite fragment sizes 

using the MsatAllele 1.03 package in R (R Core Development Team 2012). I tested for 

linkage disequilibrium between all pairs of loci and for deviations from Hardy-Weinberg 

equilibrium (HWE) at each locus in five locales using Arlequin 3.5.1.2 (Excoffier and 

Lischer 2010). For this purpose only and to reduce the possibility of Wahlund effect 

(Wahlund 1928), I defined a locale as comprising a cluster of more than 10 individuals 

within a 10 km diameter. I controlled for the possibility of increased Type I errors with 

multiple exact tests using a sequential Bonferroni correction (Rice 1989) as well as a 

Benjamini-Yekutieli (B-Y) adjustment (Benjamini and Yekutieli 2001). I tested for null 

alleles and scoring errors in all loci using MICROCHECKER 2.2.3 (Van Oosterhout et 

al. 2004).  

 I used spatial Bayesian assignment  methods implemented in the programs TESS 

2.3.1 (Chen et al. 2007; Durand et al. 2009) and Geneland 3.2.4 (Guillot et al. 2005), as 

well as non-spatial methods in STRUCTURE (Pritchard et al. 2000), to infer population 

genetic structure of eastern hog-nosed snakes. Although each program similarly uses 

multi-locus genotypes to assign individuals to distinct genetic clusters (K), TESS and 
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Geneland incorporate geographical coordinates of individuals into the statistical model 

whereas STRUCTURE does not include any prior spatial information (Chen et al. 2007; 

François and Durand 2010). Because the algorithm assumptions differ in each model, I 

compared the optimal number of clusters estimated by each program.     

 To assess population genetic structure across Ontario, I ran 1,000,000 MCMC 

sweeps following a burn-in of 500,000 sweeps using the BYM admixture model (Besag 

et al. 1991) in TESS. I varied K from 2 to 6 and ran 20 independent iterations at each 

value of K for all samples pooled across Ontario. I selected the maximum K value by 

overestimating the number of anticipated clusters based on contemporary distribution to 

ensure there was no additional clustering. I plotted the deviance information criterion 

(DIC; Spiegelhalter 2002) against K and chose the K value at which DIC values reached a 

plateau for further interpretation (Durand et al. 2009).  I used the same settings in 

STRUCTURE and chose the optimal number of clusters according to the ΔK criterion of 

Evanno et al. (2005). In Geneland, I ran 100,000 MCMC sweeps with a thinning of 100 

with K varying from 2 to 6 and 20 independent iterations for each value of K. I chose the 

value of K with the highest posterior probability for further analysis. All genotyped 

individuals were used in the STRUCTURE analysis (n = 158) but only individuals for 

which UTM coordinates were available were used in TESS and Geneland (n = 151). I 

averaged the results over all 20 program runs from STRUCTURE and TESS using 

CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007) and visualized the estimated 

membership coefficients in DISTRUCT 1.1 (Rosenberg 2004).  
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I used estimates of pairwise FST (Wright 1951) and RST (Slatkin 1995) to assess 

genetic divergence between all pairs of genetic clusters in Arlequin 3.5.1.2 (Excoffier and 

Lischer 2010) and Genepop 1.2 (Raymond and Rousset 1995), respectively. RST is 

predicted to be a better estimator of population differentiation when using microsatellite 

markers because it is based on the stepwise mutation model, which is the assumed 

mutation pattern of microsatellites (Slatkin 1995; Balloux and Lugon-Moulin 2002). 

However, FST may perform better than RST when there exist deviations from the stepwise 

mutation model (Balloux and Lugon-Moulin 2002). Since the performance of both 

statistics depends on different factors, I compare both as suggested by Balloux and 

Lugon-Moulin (2002).  

Resistance Surfaces  

I created a series of resistance surfaces by incorporating different combinations of 

costs associated with land cover classes according to their relative ability to support or 

impede gene flow. I first obtained raster land cover data from the Ontario Provincial 

Land Cover Database, First Edition, which included 28 land cover classes derived from 

LANDSAT Thematic Mapper data recorded in the 1990s at a 25m resolution (Ontario 

Ministry of Natural Resources 1998). Road data were obtained from DMTI Spatial Inc. 

(2010). Using ArcGIS 10 (ESRI 2011), I reclassified the dataset to represent features that 

I hypothesized to be potential impediments to gene flow for eastern hog-nosed snakes: 

open water, wetlands, settlement/agriculture, and roads, which I divided further into 

major and minor roads. All feature classes that are suitable for the species, such as sparse 



 

29 

 

and dense forest, pasture, and alvars, were collapsed into an “other” category (Figure 

1C). I hypothesized that these features would either impede or facilitate dispersal and 

subsequent gene flow based on results from previous radio-telemetry work by Rouse 

(2006), which suggested that eastern hog-nosed snakes in the Parry Sound region avoided 

wetlands, human impacted regions, and water but not grass, rock, sand, or forest. I 

clipped the raster dataset to include only the eastern Georgian Bay region as I have the 

broadest distribution of sampling here. I created a 5km buffer around each point sample 

and clipped the raster map to the outer edge of the buffers. The buffer size was chosen 

based on the observation that straight-line movement of hog-nosed snakes over an active 

season has been tracked at up to 5km (Rouse 2006).   

 I created 24 unique resistance surfaces composed of various combinations of cost 

values associated with each of the land cover classes to test different models of isolation 

by resistance (IBR - Table 2). In each model, land cover classes were assigned a “cost” 

value representing the relative resistance to gene flow by that cover type. The values 

increased linearly (low (1), medium (6), high (11), and very high (16)), as suggested by 

Koen et al. (2012b) when parameterizing multiple cost surfaces. I did not test every 

possible combination; for example, suitable habitat was always assigned a value of 1 as I 

predict it will not act as a resistor to gene flow. I also created a neutral resistance surface 

by assigning a value of 1 to every land cover class such that this model would be 

analogous to a model of isolation by distance (IBD).   
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Landscape Resistance  

Pairwise resistance distances between individuals in eastern Georgian Bay were 

computed in Circuitscape 3.5.7 (Shah and McRae 2008) on each IBR surface. Only 

individuals for which UTM coordinates were known could be included (n = 76). 

Circuitscape implements ideas from electrical circuit theory such that gene flow across a 

landscape is analogous to current flow through a resistor (Shah and McRae 2008). 

Features with low resistance to dispersal or wider swaths of suitable habitat will be better 

conductors of gene flow. Consequently, the resistance distance between individuals 

separated by features that do not pose an impediment to gene flow will be low compared 

to individuals separated by features with a high cost to dispersal. Circuitscape also 

incorporates random walks between nodes (individual samples) and averages the 

resistance distance across all possible paths (Shah and McRae 2008). I used the four-

neighbour connection scheme (current is only allowed to flow from pixels in the four 

cardinal directions) and the pairwise modeling mode where each focal node contains one 

cell. I also calculated Euclidean geographic distance between all pairs of individuals 

using the neutral landscape in Circuitscape so that all methods of estimating distance 

were consistent.  

I first computed resistance distances between all individuals in the Georgian Bay 

region. Because roads were a hypothesized impediment to gene flow for eastern hog-

nosed snakes in many of the models, I removed all road-killed individuals. This reduced 

the number of individuals or nodes in this region from 76 to 55. Individuals at Wasaga 
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Beach are geographically isolated from individuals along the eastern shoreline of 

Georgian Bay so I also conducted Circuitscape computations of pairwise individual 

resistance distance in each area separately (n = 36 and 40, respectively). Removal of 

road-killed individuals reduced the sample size in the area along eastern Georgian Bay to 

15 so I included an analysis with road-killed snakes as well. All samples at Wasaga 

Beach were from live captured snakes, so the sample size remained at 40.    

Causal Modeling  

 I analyzed the relationship between each of the 24 models of pairwise resistance 

distance and pairwise genetic distance under a causal modeling framework to investigate 

the relative influence of land cover variables on genetic variation and to determine 

whether landscape resistance models explain genetic patterns better than a model of 

isolation by distance. First, matrices of pairwise genetic distance were generated in 

SPAGeDi 1.3 (Hardy and Vekemans 2002) using Rousset’s ar as the measure of genetic 

distance between individuals (Rousset 2000). I generated genetic distance matrices for 

individuals in Wasaga Beach and eastern Georgian Bay combined (n = 55), Wasaga 

Beach alone (n = 40), and along the Georgian Bay shoreline alone (road-killed snakes 

excluded: n = 15; road-killed snakes included: n = 35) to correspond with matrices of 

resistance distance and geographic distance described above. I used Mantel (Mantel 

1967) and partial Mantel (Smouse et al. 1986) tests to evaluate the support for each of the 

24 models of IBR and the model of IBD. Mantel tests estimate the correlation between 

two matrices and tests for significance using permutations; in this case a matrix of genetic 
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distance and a matrix of either resistance distance or Euclidean distance. Using partial 

Mantel tests, I removed the influence of IBD on each of the IBR models and vice versa. 

All Mantel and partial Mantel tests were performed in the ecodist 1.2.3 package (Goslee 

and Urban 2007) in R version 2.12.1 (R Development Core Team 2012). To account for 

the effect of multiple tests, I adjusted all p-values using both Bonferroni and B-Y 

correction methods. I ranked the fit of each model to determine which land cover 

variables best explained genetic distance. All tests were conducted for each of the three 

areas separately.   
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Table 1. Forward (F) and reverse (R) primer sequences for amplification of microsatellite 

repeats with melting and annealing temperatures (Tm and Ta, respectively). Forward 

primer sequences are labeled with M13 tag at the 5’ end. Number of alleles listed 

separately for the two regional populations: Georgian Bay (GB) and southwestern 

Ontario (SWO). 

Locus Sequence (5’ to 3’) 

Repeat 

Motif(# of 

repeats) 

Tm 

(°C) 

Ta 

(°C) 

No. Alleles 
 

GB   SWO 

Expected 

Product Size 

(bp) 

HG-2 
F: TGCAGTGATGATACGTTGCC 

R: CCTCCCTCCCTCCTGTGTG 
AG11 

F: 59.4 

R:61.8 
60 8 15 172-220 

HG-5 
F: TGTGGAAGGTCTAGAGCAGC 

R: ACCATATCGAGAAGGGACGC 
ATC10 

F: 59.9 

R: 60.1 
58 7 6 164-176 

HG-7 
F: GCTAACACACGCATGCTCTC 

R: GTCAACAAGAGGCCTGTCAG 
AAAT21 

F: 60.4 

R: 59.2 

TD     

52-60 
10 10 279-323 

HG-8 
F: CCATGTTCTTTACCAGCCGC 

R: TGCTACCCAGTGTCACATTTG 
ATCC18 

F: 60.3 

R: 59.3 

TD    

 52-60 
10 11 144-184 

HG-13 
F: TGTAAGCCGAGCACTACCTC 

R: ATCGCTCCGTTTCCAACATG 
AAC14 

F: 59.9 

R: 59.7 
60 8 11 193-223 

HG-14 
F: TGCATGCACTGTTGGAAGAG 

R: CAGTGATTGGCTGTGGTGAG 
AATC16 

F: 59.5 

R:59.6 

TD     

52-60 
8 7 275-315 

HG-15 
F: ACGGAAGGGTCAAGCAGAG 

R: CTGTAAGCCGCTTTGAGTCG 
AATG17 

F: 60.1 

R: 60.0 

TD     

52-60 
7 7 141-197 

HG-25 
F: CGCTTAGAGAGTGCTTGCAC 

R: CCTTGTGGCTTTGAACGGTC 
AAAC11 

F: 60.0 

R: 60.4 
60 10 8 191-231 

HG-28 
F: TCACGGATGATCTGCACATG 

R: ACACCACGAGTTTGTACATCC 
AC17 

F: 58.8 

R: 59.0 

TD    

 52-60 
10 10 155-179 

HG-30 
F: TGTTGGAACCCTGATAGACAC 

R: CAAGGAGTTGGGCAGCATAC 
AAAT14 

F: 58.1 

R: 59.7 
60 11 10 271-335 

HG-33 
F: ACGATGTGTTCTGCTTCTGG 

R: ACCATCCCTGCCATCTTACC 
AATG17 

F: 58.9 

R: 59.9 

TD    

 52-60 
15 13 178-298 

HG-34 
F: CTAGACATTGTTCGCCGCTC 

R: CAATCTCCTCCCACAGCATATG 
AAAT24 

F: 59.8 

R: 59.4 

TD     

52-60 
13 12 199-267 

HG-35 
F: GGGTGTTTAAGGTTGCCGAC 

R: AATCTTCTCTCCGCTGACCC 
ATCC12 

F: 60.2 

R: 59.9 

TD     

52-60 
10 9 316-360 

HG-36 
F: CGCTTAGAGAGTGCTTGCAC 

R: GAAGCTGGCTGGGAAAGTTA 
ACAT10 

F: 60.0 

R: 59.9 

TD     

52-60 
9 10 219-263 



 

34 

 

Table 2. Dispersal cost values assigned to each land cover class for models of isolation 

by distance (IBD) and isolation by resistance (IBR01-IBR24). Cost values increase 

linearly from 1 (low impediment to dispersal) to 16 (very high impediment to dispersal). 

The “other” category represents all cover types predicted to be suitable for hog-nosed 

snake dispersal. See text for details. 
  

Model Open Water Major Roads Minor Roads Settlement/ 

Agriculture 

Wetland Other 

IBD 1 1 1 1 1 1 

IBR01 16 1 1 1 1 1 

IBR02 16 11 11 6 6 1 

IBR03 16 11 11 6 1 1 

IBR04 16 11 11 1 1 1 

IBR05 16 11 6 6 6 1 

IBR06 16 11 6 6 1 1 

IBR07 16 11 6 1 1 1 

IBR08 16 11 1 1 1 1 

IBR09 11 1 1 1 1 1 

IBR10 11 11 11 6 6 1 

IBR11 11 11 11 6 1 1 

IBR12 11 11 11 1 1 1 

IBR13 11 11 6 6 6 1 

IBR14 11 11 6 6 1 1 

IBR15 11 11 6 1 1 1 

IBR16 6 11 11 1 1 1 

IBR17 6 11 11 6 1 1 

IBR18 6 11 11 6 6 1 

IBR19 6 11 6 6 6 1 

IBR20 6 11 6 6 1 1 

IBR21 6 11 6 1 1 1 

IBR22 6 1 1 1 1 1 

IBR23 6 1 1 6 6 1 

IBR24 6 1 1 6 1 1 
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Chapter 3 

Results 

Population Genetic Structure  

 All loci were variable within the two regional populations (average alleles per 

locus: GB: 9.7 ± 2.2; SWO: 9.9 ± 2.5; Table 1) with heterozygosity ranging from 0.21-

0.65 and 0.20-0.74 in GB and SWO, respectively.  In the four defined locales, HG-15 and 

HG-34 were in linkage disequilibrium in SW Ontario, while HG-13 and HG-2 were in 

linkage disequilibrium in Georgian Bay (Appendix A – Table A1). Six pairs of loci 

showed departures from linkage equilibrium in Wasaga Beach (Appendix A – Table A1). 

Independence among loci is an important assumption of Bayesian assignment tests and 

violation of this assumption can lead to erroneous estimates of population structure 

(Falush et al. 2003). However, Bayesian models may be robust to violations of this 

assumption if linkage is weak (Falush et al. 2003; Hauser et al. 2006). Thus, because 

patterns of linkage disequilibrium were not pervasive across locales, apparently linked 

loci were included in analyses.  

Two microsatellite loci (HG-28 and HG-36) exhibited significant heterozygote 

deficiencies at three out of four locales tested (Table 3). Because HWE is an important 

assumption of Bayesian assignment tests, these loci were excluded from all subsequent 

analyses. All remaining loci deviated from HWE at the Pinery and Georgian Bay locales, 

but six of the remaining 12 loci exhibited departures from HWE in Wasaga Beach. Only 

HG-14 and HG-35 also deviated from HWE expectations in southwestern Ontario. I 
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included all loci that departed from HWE expectations at Wasaga Beach alone as this 

population is thought to have undergone a bottleneck event in recent years (see below), a 

consequence of which would be heterozygote deficiencies across loci (Nei et al. 1975). 

Locus HG-13 was monomorphic at Wasaga Beach but highly polymorphic at all other 

locales and therefore was still included. One locus (HG-2) exhibited a heterozygote 

deficiency at only the SWO locale. I performed two sets of Bayesian analyses, one with 

12 loci including HG-2, HG-14, and HG-35, and a second set of analyses with only 9 loci 

to test whether these loci significantly altered results of my assignment tests.  

 Non-spatial assignment tests in STRUCTURE uncovered strong population 

genetic structure within Ontario (Figure 2A), although there was some uncertainty as to 

whether three or four clusters was the most parsimonious configuration. At K = 2, results 

from STRUCTURE analyses revealed two genetic clusters, one corresponding to Wasaga 

Beach and the other encompassing all remaining Ontario locales. An additional genetic 

cluster at Georgian Bay was evident when K = 3. Application of the ΔK criterion (Evanno 

et al. 2005) diagnosed three distinct genetic clusters (Figure 2B). However, a fourth 

genetic cluster was apparent corresponding to the Pinery and Rondeau sampling locales 

and L(K) values reached a plateau at K = 4 (Figure 2C). Four individuals appeared to be 

migrants but this seems unlikely given geographic distance among sampling sites. Rather 

these individuals may have been previously captured and subsequently released (eastern 

hog-nosed snakes are popular in the pet trade) or represent the partial genetic signature of 

populations that were not sampled. My second analysis in STRUCTURE with three loci 
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removed (HG-2, HG-14, and HG-35) produced a similar pattern (Appendix A – Figure 

A1).  

 Spatial assignment tests in TESS revealed a similar pattern to that of 

STRUCTURE. Barplots of individual membership coefficients stabilized at K = 4 (Figure 

3A) with distinct genetic groups corresponding to geographic locations on the landscape: 

Georgian Bay, Wasaga Beach, southwestern Ontario (Norfolk County), and finally a 

cluster that included individuals from near Rondeau Provincial Park and near the Pinery 

Provincial Park (Figure 3B). Mean DIC values were not significantly different between K 

= 5 and K = 6 suggesting that DIC values reach a plateau at K = 5 (Figure 3C). However, 

no additional clusters appeared beyond K = 4 and I thus conclude that this is the optimal 

number of genetic clusters. Similarly, spatial assignment with no admixture in Geneland 

diagnosed 4 distinct genetic clusters (Figure 4). Like TESS, Geneland resolved 

differentiation between Georgian Bay, Wasaga Beach, southwestern Ontario, and 

Rondeau/Pinery. One individual in Georgian Bay grouped with the Rondeau/Pinery 

cluster and another grouped with southwestern Ontario with high probabilities (Figure 4).  

 I performed an additional STRUCTURE analysis with individuals from Georgian 

Bay alone to determine if there was further substructure within the region. STRUCTURE 

diagnosed two distinct genetic clusters (Figure 5A). There appeared to be slight genetic 

differentiation between individuals sampled north and south of Parry Sound (Figure 5B) 

although evidence of structure is weak. Further sampling in the region may better resolve 

this differentiation. 
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 Estimates of pairwise FST and RST between the four diagnosed genetic groups 

were similar in rank order of their values although RST estimates were generally higher 

than FST (Table 4). Both metrics revealed significant genetic differentiation between all 

pairs of clusters. Wasaga Beach consistently showed the strongest differentiation from all 

other genetic groups with FST and RST values ranging from 0.34 to 0.47 and 0.54 to 0.63, 

respectively, compared to divergence estimates < 0.2 between all other groups. The 

greatest differentiation was observed between the Wasaga Beach and the Pinery/Rondeau 

genetic groups (FST = 0.47; RST = 0.63 - Table 4).    

Landscape Resistance 

The IBD and all 24 IBR models showed significant Mantel correlations with 

pairwise genetic distances within the entire Georgian Bay regional population (Table 5). 

Controlling for geographic distance using a partial Mantel test, 10 of the IBR models 

remained significant after Bonferroni correction and 15 remained significant following B-

Y correction (Table 5). All of these models included open water as a high resistor to gene 

flow. In contrast, models in which roads were assigned a higher cost value than open 

water were no longer significant after controlling for geographic distance (e.g. IBR16 to 

IBR21). All partial Mantel correlations between geographic distance and inter-individual 

genetic distance remained highly significant when controlling for the effect of landscape 

resistance in 22 of the 24 IBR models (Table 5), suggesting a large contribution by 

geographic distance on genetic distance.  
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I found differences in the apparent influence of land cover when Wasaga Beach 

and eastern Georgian Bay regions were assessed separately. In Wasaga Beach, the IBD 

model showed significant Mantel matrix correlations with inter-individual genetic 

distances (Mantel r = 0.305, p = 0.002). Only one IBR model (IBR22) was significantly 

correlated with genetic distance after Bonferroni adjustment, and three additional IBR 

models were significantly correlated with genetic distance after B-Y adjustment (Table 

6). However, none of the IBR models were significantly correlated with genetic distance 

when the effect of geographic distance was removed using a partial Mantel test (Table 6). 

Additionally, there was a significant effect of IBD after controlling for all IBR models, 

19 of which were significant after B-Y correction (6 remained significant after 

Bonferroni correction - Table 6).  

Within Georgian Bay, I found no evidence for isolation by distance (Mantel r = 

0.040, p=0.369). Ten of the IBR models showed significant Mantel correlations with 

pairwise individual genetic distance, although no models were significant after 

Bonferroni and B-Y adjustments (Table 7). All of these models included open water and 

roads as relatively high resistors to dispersal (see Table 2). Of these 10 models, 6 were 

marginally significant before correcting for multiple tests when the effect of geographic 

distance was removed using a partial Mantel correlation (Table 7). Last, IBD was not 

significantly correlated with genetic distance when I controlled for the effect of all IBR 

models, suggesting that inter-individual genetic distances are not due to geographic 

distance alone. 
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In all preceding analyses I excluded road-killed individuals as these may bias tests 

for the effect of roads on genetic structure. However, their removal also greatly reduces 

statistical power. I thus re-did Mantel and partial Mantel tests in the Georgian Bay region 

with road-killed individuals included. When road-killed individuals were included, IBD 

and all IBR models showed highly significant Mantel matrix correlations with pairwise 

individual genetic distance (Table 8). Of the 24 IBR models, only three models remained 

significant after B-Y adjustment (IBR12, IBR15, and IBR21). All of these models 

contain major roads as a high impediment to dispersal; open water also poses a high cost 

to dispersal in IBR12 and IBR15 but is only a moderate impediment to dispersal in 

IBR21. Interestingly, when I controlled for the effect of these IBR models, partial Mantel 

correlations between geographic distance and genetic distance were no longer significant 

(Table 8).  
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Figure 2. (A) Barplots of membership coefficients for K = 2 to K = 5 from non-spatial 

Bayesian assignment analysis in STRUCTURE 2.3.4 for eastern hog-nosed snakes in 

Ontario. Each vertical bar represents an individual and the bar colour represents the 

proportion of membership of each individual’s genotype to one of K genetic clusters. 

Solid black lines separate major sampling sites. Abbreviations: SW = Southwestern 

Ontario; R = Rondeau; PI = Pinery; WB = Wasaga Beach; GB = Georgian Bay. (B) The 

mode of ΔK diagnosed 3 distinct genetic clusters. (C) Mean probability of the data with 

respect to K approaches a plateau at K = 4, suggesting that the optimal number of genetic 

clusters may be 4. 
  

(A) 

(B) (C) 
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Figure 3. (A) Barplots of membership coefficients for K = 2 to K = 5 and (B) DIC values 

for K = 2 to K = 6 generated from spatial Bayesian assignment analysis in TESS. 

Abbreviations above barplots represent major sampling locations (SW = Southwestern 

Ontario; R = Rondeau; PI = Pinery; WB = Wasaga Beach; GB = Georgian Bay). 

Different uppercase letters above boxplots represents mean DIC values that are 

significantly different between groups. (C) Geographic location of the genetic clusters 

based on K = 4. Black triangles represent genotypes that did not assign to the same 

genetic cluster as other individuals from the same location but had a membership 

coefficient >60% for a genetic group at a different location. 

  

(A) 

(C) (B) 
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Figure 4. Upper left panel showing southern Ontario and the distribution of individual 

samples (black dots). Maps of posterior probabilities of individuals belonging to one of 

each of 4 clusters (A – Wasaga Beach, B – Georgian Bay, C – Pinery/Rondeau, D – 

Southwestern Ontario) generated from spatial assignment in Geneland. The lighter 

shading and contour lines represent increasing probability of membership 
  

A) B) 

D) C) 
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Figure 5. (A) Barplots of membership coefficients for K = 2 and K = 3 from Bayesian 

assignment analysis performed in STRUCTURE 2.3.4 for eastern hog-nosed snakes in 

Georgian Bay Abbreviations represent major locales within the region (NPS = North of 

Parry Sound; MAS = Massasauga P.P. and environs; MAC = Mactier and environs; GR = 

Gravenhurst and environs; GT = Giant’s Tomb; BI = Beausoleil Island; AW = Awenda 

P.P and environs, KA = Kawartha Highlands and environs; one individual could not be 

grouped with a particular locale). (B) Geographic location of each sample with the colour 

representing membership to one of the genetic clusters when K = 2. Black triangles 

represent individuals with mixed ancestry where less than 65% of their genotype assigned 

to a single genetic cluster.    

  

(A) 

(B) 

MAS 

MAC 

GR 

GT 

BI 

AW 

KA 

Parry 

Sound 
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Table 3. Observed (Ho) and expected heterozygosities (He) for each locus at 4 locales 

including individuals within a 10 km diameter (Southwestern Ontario n=27, Pinery n=15, 

Wasaga Beach n=44, Georgian Bay n=11). Significant p-values indicate loci that are 

significantly deviated from Hardy-Weinberg equilibrium (HWE). Bolded p-values 

represent loci that remained significantly deviated from HWE following both sequential 

Bonferroni and Benjamini-Yekutieli corrections. 

 

 

 

Southwestern Ontario  Pinery  Wasaga Beach 

Locus Ho He p  Ho He p  Ho He p 

HG-2 0.37 0.67 0.001  0.53 0.77 0.02  0.37 0.36 0.58 

HG-5 0.63 0.73 0.05  0.53 0.51 0.08  0.21 0.34 0.02 

HG-7 0.50 0.66 0.15  0.64 0.66 0.47  0.14 0.25 <0.001 

HG-8 0.41 0.35 1.00  0.57 0.54 1.00  0.09 0.11 0.11 

HG-13 0.81 0.84 0.20  0.67 0.78 0.27  Monomorphic 

HG-14 0.48 0.69 0.002  0.33 0.64 0.03  0.03 0.28 <0.001 

HG-15 0.73 0.63 0.15  0.67 0.74 0.33  0.02 0.07 0.03 

HG-25 0.70 0.82 0.06  0.67 0.63 0.61  0.05 0.09 0.02 

HG-28 0.40 0.69 0.002  0.50 0.76 0.02  0.22 0.41 0.001 

HG-30 0.52 0.67 0.27  0.60 0.73 0.18  0.25 0.48 <0.001 

HG-33 0.88 0.78 0.32  0.47 0.46 0.40  0.30 0.27 1.00 

HG-34 0.69 0.71 0.29  0.47 0.51 0.06  0.60 0.56 0.07 

HG-35 0.46 0.70 0.004  0.53 0.71 0.18  0.47 0.52 0.006 

HG-36 0.15 0.61 <0.001  0.29 0.54 0.03  0.15 0.35 <0.001 

    

 

   

 

    Georgian Bay 

Locus Ho He p 

HG-2 0.45 0.66 0.20 

HG-5 0.45 0.68 0.36 

HG-7 0.82 0.70 0.52 

HG-8 0.45 0.66 0.12 

HG-13 0.55 0.63 0.24 

HG-14 0.45 0.61 0.13 

HG-15 0.54 0.74 0.47 

HG-25 0.45 0.53 0.30 

HG-28 0.27 0.80 <0.001 

HG-30 0.54 0.64 0.07 

HG-33 0.45 0.75         0.009 

HG-34 064 0.85 0.09 

HG-35 0.80 0.87 0.73 

HG-36 0.30 0.61 0.008 



 

46 

 

Table 4. Estimates of pairwise FST (bottom) and RST (top) between the four diagnosed 

genetic clusters of eastern hog-nosed snakes in Ontario from Bayesian assignment in 

STRUCTURE. All pairwise estimates were highly significant (P <0.0001). 

 

 
Southwestern 

Ontario 
Pinery/Rondeau 

Wasaga 

Beach 
Georgian Bay 

Southwestern 

Ontario 
- 0.13 0.55 0.16 

Pinery/Rondeau 

 
0.11 - 0.63 0.12 

Wasaga Beach 

 
0.35 0.47 - 0.54 

Georgian Bay 

 
0.15 0.15 0.35 - 
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Table 5. Mantel matrix correlations between genetic distance and each IBR model 

(G~IBR), partial Mantel correlations removing the effect of IBD (G~IBR|IBD), and 

partial Mantel correlations removing the effect of each IBR model on IBD (G~IBD|IBR) 

in Georgian Bay and Wasaga Beach combined (with road-killed individuals removed). 

Bolded p-values represent significant correlations before correction for Type I error. 

Significant p-values after corrections are indicated by * (Bonferroni and B-Y) and ᵞ (B-Y 

only).  
 

 G~IBR G~IBR|IBD G~IBD|IBR 

Model Mantel r P Mantel r P Mantel r P 

IBD 0.836 0.001*     

IBR01 0.823 0.001* 0.448 0.001* 0.503 0.001* 

IBR02 0.732 0.001* 0.263 0.007ᵞ 0.629 0.001* 

IBR03 0.751 0.001* 0.302 0.003ᵞ 0.610 0.001* 

IBR04 0.752 0.001* 0.316 0.004ᵞ 0.614 0.001* 

IBR05 0.788 0.001* 0.337 0.001* 0.544 0.001* 

IBR06 0.806 0.001* 0.380 0.001* 0.516 0.001* 

IBR07 0.800 0.001* 0.385 0.001* 0.537 0.001* 

IBR08 0.817 0.001* 0.429 0.001* 0.510 0.001* 

IBR09 0.849 0.001* 0.459 0.001* 0.388 0.001* 

IBR10 0.695 0.001* 0.187 0.033 0.662 0.001* 

IBR11 0.720 0.001* 0.231 0.019 0.639 0.001* 

IBR12 0.739 0.001* 0.253 0.019 0.616 0.001* 

IBR13 0.769 0.001* 0.270 0.008ᵞ 0.562 0.001* 

IBR14 0.794 0.001* 0.324 0.004ᵞ 0.521 0.001* 

IBR15 0.810 0.001* 0.353 0.001* 0.484 0.001* 

IBR16 0.678 0.001* 0.122 0.140 0.672 0.001* 

IBR17 0.635 0.001* 0.112 0.145 0.708 0.001* 

IBR18 0.601 0.001* 0.068 0.274 0.728 0.001* 

IBR19 0.708 0.001* 0.141 0.109 0.639 0.001* 

IBR20 0.744 0.001* 0.201 0.041 0.594 0.001* 

IBR21 0.797 0.001* 0.248 0.018 0.474 0.001* 

IBR22 0.873 0.001* 0.480 0.001* 0.149 0.060 

IBR23 0.839 0.001* 0.365 0.001* 0.344 0.001* 

IBR24 0.867 0.001* 0.461 0.001* 0.213 0.019 
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Table 6. Mantel matrix correlations between genetic distance and each IBR model 

(G~IBR), partial Mantel correlations removing the effect of IBD (G~IBR|IBD), and 

partial Mantel correlations removing the effect of each IBR model on IBD (G~IBD|IBR) 

in Wasaga Beach. Bolded p-values represent significant correlations before correction for 

Type I error. Significant p-values after corrections are indicated by * (Bonferroni and B-

Y) and ᵞ (B-Y only). 

 

 G~IBR  G~IBR|IBD G~IBD|IBR 

Model Mantel r P Mantel r P Mantel r P 

IBD 0.305 0.002*     

IBR01 0.289 0.003ᵞ -0.244 0.983 0.263 0.022 

IBR02 0.024 0.403 -0.086 0.724 0.316 0.004ᵞ 

IBR03 0.075 0.278 -0.027 0.561 0.298 0.004ᵞ 

IBR04 0.061 0.329 -0.032 0.553 0.301 0.008ᵞ 

IBR05 0.040 0.354 -0.100 0.757 0.318 0.001* 

IBR06 0.290 0.006ᵞ -0.250 0.982 0.269 0.022 

IBR07 0.088 0.228 -0.063 0.651 0.300 0.007ᵞ 

IBR08 0.142 0.090 -0.108 0.802 0.293 0.003ᵞ 

IBR09 0.290 0.003ᵞ -0.250 0.982 0.269 0.019 

IBR10 0.061 0.312 -0.031 0.542 0.301 0.001* 

IBR11 0.075 0.281 -0.026 0.564 0.298 0.003ᵞ 

IBR12 0.061 0.316 -0.031 0.596 0.301 0.003ᵞ 

IBR13 0.040 0.343 -0.100 0.749 0.318 0.002* 

IBR14 0.104 0.222 -0.029 0.585 0.290 0.002* 

IBR15 0.088 0.215 -0.062 0.649 0.300 0.004ᵞ 

IBR16 0.061 0.327 -0.030 0.562 0.301 0.004ᵞ 

IBR17 0.075 0.277 -0.026 0.565 0.298 0.004ᵞ 

IBR18 0.024 0.442 -0.085 0.714 0.315 0.002* 

IBR19 0.040 0.345 -0.099 0.738 0.317 0.003ᵞ 

IBR20 0.104 0.215 -0.029 0.552 0.290 0.001* 

IBR21 0.088 0.228 -0.061 0.653 0.300 0.005 

IBR22 0.291 0.001* -0.260 0.988 0.276 0.010ᵞ 

IBR23 0.145 0.135 -0.054 0.609 0.277 0.004
ᵞ
 

IBR24 0.257 0.043 0.069 0.233 0.184 0.035 
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Table 7. Mantel matrix correlations between genetic distance and each IBR model 

(G~IBR), partial Mantel correlations removing the effect of IBD (G~IBR|IBD), and 

partial Mantel correlations removing the effect of each IBR model on IBD (G~IBD|IBR) 

in Georgian Bay (with road-killed individuals removed). Bolded p-values represent 

significant correlations before correction for Type I error. Significant p-values after 

corrections are indicated by * (Bonferroni and B-Y) and ᵞ (B-Y only). 

 G~IBR G~IBR|IBD G~IBD|IBR 

Model Mantel r P Mantel r P Mantel r P 

IBD 0.040 0.369     

IBR01 0.321 0.034 0.326 0.069 -0.072 0.661 

IBR02 0.246 0.083 0.250 0.091 -0.058 0.639 

IBR03 0.247 0.079 0.250 0.094 -0.055 0.598 

IBR04 0.310 0.034 0.318 0.055 -0.086 0.682 

IBR05 0.254 0.083 0.257 0.089 -0.057 0.629 

IBR06 0.254 0.076 0.257 0.101 -0.055 0.623 

IBR07 0.314 0.041 0.321 0.049 -0.082 0.700 

IBR08 0.321 0.033 0.327 0.047 -0.075 0.666 

IBR09 0.313 0.024 0.326 0.043 -0.102 0.710 

IBR10 0.211 0.098 0.216 0.151 -0.064 0.648 

IBR11 0.211 0.114 0.216 0.149 -0.061 0.630 

IBR12 0.297 0.033 0.316 0.055 -0.118 0.746 

IBR13 0.220 0.083 0.226 0.118 -0.065 0.617 

IBR14 0.221 0.104 0.227 0.121 -0.063 0.616 

IBR15 0.304 0.032 0.320 0.046 -0.011 0.721 

IBR16 0.259 0.044 0.308 0.068 -0.178 0.822 

IBR17 0.125 0.208 0.125 0.255 -0.039 0.580 

IBR18 0.125 0.219 0.126 0.281 -0.041 0.582 

IBR19 0.139 0.203 0.142 0.243 -0.049 0.563 

IBR20 0.140 0.201 0.142 0.231 -0.047 0.602 

IBR21 0.270 0.032 0.316 0.049 -0.176 0.809 

IBR22 0.287 0.029 0.324 0.047 -0.162 0.805 

IBR23 0.164 0.151 0.169 0.196 -0.059 0.614 

IBR24 0.165 0.164 0.170 0.186 -0.057 0.606 
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Table 8. Mantel matrix correlations between genetic distance and each IBR model 

(G~IBR), partial Mantel correlations removing the effect of IBD (G~IBR|IBD), and 

partial Mantel correlations removing the effect of each IBR model on IBD (G~IBD|IBR) 

in Georgian Bay (with road-killed individuals included). Bolded p-values represent 

significant correlations before correction for Type I error. Significant p-values after 

corrections are indicated by * (Bonferroni and B-Y) and ᵞ (B-Y only). 

 

 G~IBR G~IBR|IBD G~IBD|IBR 

Model Mantel r P Mantel r P Mantel r P 

IBD 0.234 0.001*     

IBR01 0.255 0.008ᵞ 0.196 0.040 0.167 0.022 

IBR02 0.326 0.001* 0.253 0.014 0.102 0.125 

IBR03 0.321 0.001* 0.249 0.016 0.106 0.102 

IBR04 0.332 0.001* 0.261 0.014 0.101 0.108 

IBR05 0.309 0.002* 0.237 0.020 0.118 0.080 

IBR06 0.304 0.003ᵞ 0.232 0.024 0.122 0.090 

IBR07 0.313 0.001* 0.243 0.020 0.118 0.080 

IBR08 0.275 0.004ᵞ 0.210 0.041 0.150 0.038 

IBR09 0.268 0.005ᵞ 0.194 0.045 0.143 0.055 

IBR10 0.334 0.003ᵞ 0.254 0.014 0.073 0.215 

IBR11 0.328 0.001* 0.248 0.019 0.078 0.183 

IBR12 0.347 0.001* 0.269 0.012ᵞ 0.060 0.253 

IBR13 0.321 0.001* 0.241 0.025 0.085 0.169 

IBR14 0.316 0.002* 0.235 0.026 0.090 0.159 

IBR15 0.335 0.002* 0.256 0.012ᵞ 0.074 0.220 

IBR16 0.340 0.002* 0.255 0.018 0.031 0.371 

IBR17 0.312 0.001* 0.222 0.028 0.067 0.229 

IBR18 0.318 0.001* 0.229 0.018 0.062 0.255 

IBR19 0.317 0.001* 0.226 0.024 0.053 0.272 

IBR20 0.311 0.001* 0.218 0.039 0.059 0.269 

IBR21 0.348 0.011ᵞ 0.264 0.011ᵞ 0.006 0.485 

IBR22 0.286 0.001* 0.189 0.046 0.087 0.19
ᵞ
2 

IBR23 0.254 0.004ᵞ 0.151 0.087 0.114 0.111 

IBR24 0.249 0.008ᵞ 0.149 0.111 0.119 0.107 
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Chapter 4 

Discussion  

Population Genetic Structure 

 I found evidence of striking genetic differentiation among populations of eastern 

hog-nosed snakes in Ontario. Rather than simply comprising two genetically distinct 

groups that map onto my two surveyed regional populations, I found four diagnosable 

clusters corresponding to 1) Norfolk County and Long Point in southwestern Ontario, 2) 

Rondeau and Pinery Provincial Parks, 3) Wasaga Beach at the southern terminus of 

Georgian Bay, and 4) the eastern shore of Georgian Bay extending eastward (Figures 2-

4). Moreover, the greatest differentiation was not between regional populations per se, 

but rather between Wasaga Beach and all other populations in Ontario. I explore these 

patterns in the ensuing discussion. 

Although there was some variation among different methods of choosing the 

optimal K value between spatial and non-spatial assignment tests, STRUCTURE, TESS, 

and Geneland converged on four distinct genetic clusters of eastern hog-nosed snakes in 

Ontario, which correspond to discrete locales within the sampled distribution (Figures 2-

4). According to the method of determining the true K value described by Evanno et al. 

(2005), the mode of ΔK was 3 (Figure 2B), suggesting three genetic groups. However, a 

fourth cluster emerged containing individuals within and around Pinery P.P. on the 

southern Lake Huron coast together with four individuals captured north of Rondeau P.P. 

Evanno et al. (2005) investigated the efficacy of the ΔK approach using simulations with 
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varying sampling schemes. They simulated microsatellite and AFLP genotypic data sets 

and compared the ability to predict the true number of clusters using ΔK between full and 

partial models. Under the island model of migration, full models included 100 individuals 

genotyped at 10 microsatellite and 100 AFLP loci and partial models consisted of 20 

individuals genotyped at 5 microsatellite and 50 AFLP loci. Although the mode of ΔK 

accurately inferred the correct number of clusters in most instances, the few occasions 

where it failed to detect the true K value involved partial models and the effect of partial 

sampling was stronger in models using microsatellite markers than those with AFLPs 

(Evanno et al. 2005). Thus, the inference of only three genetic clusters using ΔK may be 

inaccurate due to the low sample size in the Rondeau/Pinery cluster relative to the three 

other groups. I chose K = 4 as the optimal number of clusters inferred by STRUCTURE. 

Equivalent clusters were diagnosed when spatial information was included in TESS and 

Geneland (Figures 3 and 4). Convergence in the number of genetic groups and the 

location of genetic breaks inferred by multiple assignment programs increases confidence 

that individuals were correctly assigned to genetic clusters and that the clusters are not 

artifacts.   

As expected, my varied assignment tests revealed strong genetic differentiation 

between eastern Georgian Bay and southwestern Ontario. This genetic pattern broadly 

mirrors those found for a number of other squamates, which show this same range 

disjunction, including eastern foxsnakes (Row et al. 2011), massasauga rattlesnakes 

(Chiucchi and Gibbs 2010), and five-lined skinks (Howes et al. 2006). Another species, 
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the grey ratsnake (Pantherophis spiloides, previously Elaphe obsoleta), shows a 

somewhat similar pattern with two geographically isolated regional populations, one in 

the Frontenac Axis in eastern Ontario and the other along Big Creek along the northern 

shores of Lake Erie (Prior et al. 1997).  

A central question then is whether these coincident range disjunctions and 

matching patterns of genetic differentiation reflect factors that preceded European 

colonization, or whether they are due to habitat degradation and loss over the last two 

centuries. I do not have the data to answer this definitively but two lines of evidence 

imply that it predates habitat alternation due to human activities. First, historical records 

indicate that at least over the last six to eight decades this distributional gap has existed 

for multiple species (Oldham and Weller 2000), implying that if these range disjunctions 

were caused by conversion of forests for agriculture, population declines across multiple 

species of diverse life histories occurred simultaneously in the late 19th and early 20th 

Centuries in central Ontario, despite the fact that southwestern Ontario experienced far 

more profound wetland and forest loss. Second, Row et al. (2011) compared competing 

historical demographic models using Approximate Bayesian Computation (ABC) and 

inferred that historical divergences between the major geographical populations of 

foxsnakes predate European settlement. They concluded that population genetic structure 

at the broadest scale was likely a consequence of historical, postglacial colonization 

dynamics shaped by changing climate and habitats. The Holocene vegetation history of 

southern Ontario is complex and many events may have facilitated multiple or stepwise 
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colonizations after glacial retreat, especially for herpetofaunal species that are not 

primary colonizers (e.g. eastern hog-nosed snakes). For example, approximately 8,800–

7,200 years before present, reduced rainfall diminished hydrological input into Lake 

Huron and Georgian Bay resulting in markedly lower water levels (McCarthy et al. 

2012), and providing a potential means for rapid northward colonization along the newly 

exposed lake bottom. As another example, eastern hemlock (Tsuga canadensis), a long-

lived, shade-tolerant conifer, was a dominant component of southern Ontario forests until 

approximately 5,400 years before present when it was decimated by a presumed pathogen 

(Fuller 1998). Forest composition changed radically and, for a period of time forests 

would have been more open perhaps allowing greater movement of ectothermic animals 

like snakes. These remain hypotheses as I do not have the means to test them yet. 

Preliminary surveys of a ~900 base pair fragment of mitochondrial cytochrome b 

revealed a single diagnostic substitution between individuals from eastern Georgian Bay 

and those from southwestern Ontario (Lougheed et al. 2011) perhaps consonant with the 

notion of a historical split between disjunct regions or separate colonization of both 

regions following divergence elsewhere. However, more data from additional markers 

and individuals are required to test this assertion.   

In addition to strong genetic differentiation between regional populations, I also 

found evidence for genetic breaks within geographically disjunct regions. Identical 

cytochrome haplotypes were found within the southwestern Ontario and Georgian Bay 

regional clusters (Lougheed et al. 2011), implying that differentiation at this scale is not 
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due to deep historical factors. Anthropogenic land alterations and habitat fragmentation 

may play a large role in shaping population genetic structure at finer geographical scales 

(e.g. Row et al. 2011). Since European settlement, southwestern Ontario has experienced 

remarkable landscape changes with increased human populations, most notably through 

exhaustive clearing of forests and draining of wetlands for intensive agricultural 

practices, thus greatly reducing suitable habitat for many species (Hecnar and M’Closkey 

1998). For example, Row et al. (2011) found striking population genetic structure in 

eastern foxsnakes in this region, which they attributed to fragmentation of isolated 

patches of suitable habitat resulting from extensive wetland loss. Additionally, the two 

clusters in southwestern Ontario are located on either side of a major freeway (highway 

401). It is possible that high traffic volume restricts gene flow between clusters, leading 

to population differentiation. Landscape composition in the Georgian Bay part of the 

eastern hog-nosed snake range differs markedly from that of southwestern Ontario, 

although similar effects of human-induced landscape alterations may play a role in 

shaping population genetic structure. I discuss anthropogenic changes that may influence 

patterns of genetic structure in the Georgian Bay region below. 

FST (Wright 1943) and RST (Slatkin 1995) estimates between all pairs of genetic 

clusters were highly significant (p<0.001; Table 4), supporting the presence of four 

distinct clusters. Because the maximum value of FST depends on the within-population 

variation for the markers assayed while RST does not, values of FST may be 

underestimated in some cases (Meirmans and Hedrick 2011). This may be apparent in my 
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study as most RST values were greater than FST values (e.g. maximum RST = 0.65; 

maximum FST = 0.47), but because all pairwise estimates were highly significant, 

inferences made from both metrics are comparable. The largest differentiation was 

between Wasaga Beach and all other populations. Despite being geographically 

proximate, Georgian Bay was apparently more differentiated genetically from Wasaga 

Beach than from either the Rondeau/Pinery or Norfolk clusters. Individuals at Wasaga 

Beach may have recently become geographically isolated from the rest of Georgian Bay 

as this area has experienced rapid development as a residential area and tourist 

destination (COSEWIC 2007a). However, this does not explain why differentiation 

between Wasaga Beach and Georgian Bay is greater than that between more distant 

populations. 

We know that the Wasaga Beach eastern hog-nosed snake population has 

diminished precipitously in size in recent years because of development of vacation 

homes, condominiums, and commercial ventures (COSEWIC 2007a). Such population 

bottlenecks reduce effective population size, increase inbreeding and the prospect of 

inbreeding depression, and can result in loss of genetic diversity and rapid changes in 

genetic composition (Nei et al. 1975; Maruyama and Fuerst 1985; Keller and Waller 

2002). A significant reduction in the observed frequency of heterozygotes across multiple 

loci in Wasaga Beach may indeed imply a recent population bottleneck (Nei et al. 1975; 

Leberg 1992). Genetic diversity is expected to decline when the size of a population is 

suddenly reduced; this smaller population may exhibit low genetic diversity for many 
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generations before new mutations arise to increase average heterozygosity (Nei et al. 

1975). If mutation rate is relatively high, a bottlenecked population may recover its loss 

of heterozygosity. For this reason, considerable losses of heterozygosity may only be 

observed if the recovery of a population that underwent a reduction in population size is 

delayed (Leberg 1992). In addition to heterozygote loss, population bottlenecks 

drastically reduce allelic diversity (Nei et al. 1975; Maruyama and Fuerst 1985; Leberg 

1992). Unlike heterozygote frequency, changes in allelic diversity are not dependent on 

mutational input (Maruyama and Fuerst 1985) and therefore low levels of allelic diversity 

may persist longer than heterozygote deficiencies following a bottleneck event (Leberg 

1992). In the present study, I found evidence for reduced allelic diversity in Wasaga 

Beach compared to other sampled populations of eastern hog-nosed snakes; a single 

monomorphic locus (HG-13) was only observed in this population. Together, significant 

heterozygote deficiencies and reduced allelic diversity at microsatellite loci in individuals 

at Wasaga Beach imply a population bottleneck event and may have important 

consequences for the persistence of this population. 

When the Georgian Bay shoreline was analyzed on its own, weak genetic 

structure was. For example, STRUCTURE inferred two distinct genetic clusters, which 

roughly map to regions north and south of the town of Parry Sound, although there are a 

number of admixed individuals (Figure 5). Striking genetic structure in this region has 

been documented in other snake species including eastern massasauga rattlesnakes 

(Sistrurus catenatus catenatus; DiLeo 2011) and red-bellied snakes (S. occipitomaculata; 
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Clemente-Carvalho et al. unpublished). In particular, strong differentiation with relatively 

few admixed genotypes between massasauga rattlesnake genetic clusters north and south 

of Parry Sound provides convincing evidence for restricted gene flow in this region 

(DiLeo 2011). The pattern identified in the present study is not as striking and there are 

several apparent migrants; however the analysis only included 42 individuals and there 

are large sampling gaps in the region (e.g. between the Kawartha Lakes and the Georgian 

Bay shoreline). 

Although eastern hog-nosed snakes have rather specific ecological requirements, 

they are also capable of moving long distances over a single active season (Rouse 2006). 

We might expect then that there would be little genetic structure over small spatial scales, 

provided the intervening habitat is suitable. Because the town of Parry Sound is situated 

along the shoreline of Georgian Bay where the most preferable habitat would be located, 

recent development may act as an impenetrable barrier for eastern hog-nosed snakes. 

Additionally, demographic processes and colonization history cannot be excluded as 

explanations for genetic structuring in the region. Range expansions have been implicated 

in generating complex spatial patterns of genetic variation in continuous populations 

(Austerlitz et al. 1997; Excoffier and Ray 2008; Excoffier et al. 2009). For example, 

genetic ‘surfing’ has been demonstrated in microbial populations whereby genetic drift at 

the leading edge of an expanding population results in the fixation of a single type of 

bacterium in downstream populations (Hallatschek et al. 2007). This phenomenon can be 

applied to other organisms such that certain alleles at the wave front increase in 
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frequency due to stochastic processes and are carried along the expansion, resulting in the 

formation of a cline in genetic variation (Excoffier and Ray 2008). Alternatively, 

sequential colonization of subpopulations in a one-dimensional stepping-stone model 

(Kimura and Weiss 1964) may result in genetic differentiation between founding and 

source subpopulations, particularly if the migration rate is low as it prevents 

homogenization following founding events (Austerlitz et al. 1997).  Further investigation 

into the colonization history of eastern hog-nosed snakes in the region is warranted to 

understand the mechanisms involved in generating patterns of genetic diversity and 

structuring.  

Most individuals assigned to a genetic cluster with a membership coefficient (Q) 

>80% but using this criterion a few individuals assigned to clusters that are 

geographically distant from their capture location (e.g. two individuals in Georgian Bay 

have a high membership coefficient for the southwestern Ontario cluster, and one 

individual captured near Rondeau assigned to the Georgian Bay cluster). It is unlikely 

that these individuals reflect true migrants due to the distances between these locations. 

One possibility is that these anomalous individuals were previously captured by humans 

subsequently released away from their natal site. Illegal movement of reptiles by humans 

is known in other species and is often cited as an explanation for uncharacteristic 

genotypes arising in sampling locations (Nussbaum and Raxworthy 2000; Schwartz and 

Karl 2005). For example, in a study of gopher tortoises (Gopherus polyphemus) in 

Florida, one individual assigned to an assemblage >10 km away from its sampling site 
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(Schwartz and Karl 2005). The authors attributed this to human translocations as it was 

captured from a tortoise reserve in which intentional releases of alien tortoises are well 

known. In many instances, snakes are considered a “nuisance” on private properties and 

in Ontario, snakes have been moved across counties by wildlife control (Row, pers. 

comm). Indeed, hog-nosed snakes are a desirable species in the pet trade (COSEWIC 

2007a), although there is no record of translocated eastern hog-nosed snakes. The 

presence of un-sampled populations may be an alternative explanation for the apparent 

migrants. Most clustering programs (e.g. STRUCTURE and TESS) assume that all 

potential source populations have been sampled (Schwartz and McKelvey 2009). If this is 

not the case, individuals with migrant ancestry from un-sampled populations may be 

misclassified (e.g. Bergl and Vigilant 2007). 

Landscape Resistance  

 All 24 IBR models as well as the IBD model were significantly correlated with 

inter-individual genetic distance within the entire Georgian Bay regional population. 

Additionally, the effect of IBD consistently remained strong after controlling for the 

effect of each IBR model (Table 5). This implies that IBD has important genetic 

consequences in the region. However, the high level of genetic differentiation between 

Wasaga Beach and Georgian Bay clusters may be a driver of the relationships that I 

detected. For instance, it is not unanticipated that genetic distances are largely influenced 

by isolation by distance since the two major clusters are separated by a straight-line 

distance of ~80 km. However, supporting the idea that physical distance alone might 
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underlie genetic patters, within Wasaga Beach, isolation by distance was the only 

determinant of genetic distance between individuals (Table 6). Landscape resistance 

variables appeared to play a larger role on patterns of gene flow along the shoreline of 

eastern Georgian Bay. The top-ranking models all included open water and roads, 

particularly major roads, as high resistors to gene flow, although relationships were only 

marginally significant and non-significant following Bonferroni and B-Y adjustments 

(Table 7). Importantly, this analysis only included 15 individuals when road-killed snakes 

were omitted and thus a lack of statistical power may have precluded my ability to detect 

any significant correlations. To investigate this possibility, I ran the analysis a second 

time with road-killed individuals included (Table 8). Below, I discuss the effect of two 

landscape features that appeared in most of the highest-ranking models and potentially 

have the greatest influence on gene flow in eastern hog-nosed snakes. 

Open Water. Results from genetic structuring analyses and Mantel correlations between 

landscape resistance and genetic distance matrices suggest that open water restricts 

dispersal and subsequent gene flow in eastern hog-nosed snakes. For example, Wasaga 

Beach and eastern Georgian Bay form two distinct genetic clusters separated by the 

southern terminus of Georgian Bay (Figure 3C). Moreover, at the broadest scale, all of 

the IBR models that remained significantly correlated with genetic distance after 

controlling for geographic distance included open water with high costs to dispersal 

relative to other landscape features. Models in which roads were assigned a higher cost 

value than open water were not significant after controlling for the effect of geographic 
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distance, suggesting that at this spatial scale, water plays a more important role in 

limiting dispersal than roads. Previous studies have suggested that bodies of water 

represent major impediments to dispersal in other terrestrial snake species including 

eastern massasauga rattlesnakes (Sistrurus c. catenatus - DiLeo 2011), Dekayi’s brown 

snakes (Storeria dekayi) and garter snakes (Thamnophis sirtalis - King and Lawson 

2001), although the converse was found in eastern foxsnakes (Pantherophis gloydi - Row 

et al. 2010). However, the Georgian Bay and Wasaga Beach genetic groups are 

disconnected over a large spatial extent and perhaps are simply limited by the sheer 

distance between populations. For example, although some of the IBR models were 

significantly correlated with genetic distance, the converse was also often true (Table 6). 

In other words, when I controlled for the effect of IBR, there was still a strong effect of 

geographic distance on pairwise estimates of genetic distance at the broadest scale.  

 There was some evidence of a relationship between water and genetic distance at 

a smaller spatial scale as well. Within Georgian Bay, the highest-ranked IBR models 

(after controlling IBD) included open water as a high impediment to dispersal, although 

relationships were only marginally significant before adjusting for multiple comparisons. 

Interestingly, most of the top models included major roads as a high resistor to dispersal 

and in one model (IBR 21) roads were a greater impediment than water, implying that 

interactions between roads and open water ultimately influence dispersal of eastern hog-

nosed snakes in this landscape at least. Water is likely not an absolute barrier to dispersal 

for this species; indeed I caught some individuals that were swimming between mainland 
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and island sites. Moreover, the lack of differentiation between island and mainland 

samples from assignment tests implies that some gene flow does occur across small spans 

of open water. For example, individuals on Beausoleil Island and Giant’s Tomb assigned 

to a single genetic cluster together with individuals from the mainland south of Parry 

Sound. Migrants between genetic clusters north and south of Parry Sound likely move 

along the shoreline, possibly using islands as stepping stones, thus maintaining some 

level of connectivity (see DiLeo 2011). The islands in the region have not yet been 

exhaustively sampled so it is unknown at this point whether low sample sizes (e.g. 

Beausoleil Island: n=5; Giant’s Tomb: n=4) simply reduce the power to detect genetic 

breaks between islands and the mainland or whether islands that are further away exhibit 

increased genetic differentiation.  

Roads. Most of the highest ranked models in Georgian Bay included major roads as a 

high impediment to dispersal, although correlations were not significant after correcting 

for multiple tests. When road-killed individuals were included in the analysis, only two 

considered models were not significantly correlated with pairwise genetic distances 

(before Bonferroni and B-Y adjustments), both of which included roads as a low 

impediment to gene flow. Because the model rankings and p-values changed among 

analyses with road-killed snakes removed or included, interpretations are not comparable. 

The overall effect of roads is likely overestimated when individual points are located 

directly on a road, introducing a bias toward models that include roads with a high cost to 

dispersal.    
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Roads have been implicated as an important factor in the genetic isolation of 

many animals by fragmenting habitats, directly increasing individual mortality, and even 

altering animal behaviour (Holderegger and Di Giulio 2010). Detrimental effects of roads 

on dispersal has been documented in several snake species including the red-sided garter 

snake (Shine et al. 2004), grey rat snake (Row et al. 2007), timber rattlesnake (Clark et al. 

2010), eastern foxsnake (DiLeo et al. 2010; Row et al. 2010), and eastern massasauga 

rattlesnake (DiLeo 2011). For example, Row et al. (2010) detected a genetic break 

between populations of eastern foxsnakes on either side of a busy two-lane highway, 

despite being close geographically and seemingly connected by a large tract of suitable 

habitat. Further, two road-killed foxsnakes found on this road assigned to each of the 

diagnosed genetic clusters, providing anecdotal evidence that at least sometime, snakes 

are unable to cross the road. Using radio-telemetry, Rouse (2006) recorded instances in 

which eastern hog-nosed snakes selectively avoided crossing a newly opened highway in 

the Parry Sound region. The development of road avoidance behaviour may be a 

consequence of the high vagility of the species such that individuals encounter roads 

frequently (Rouse 2006). In support of this, the less vagile massasauga rattlesnake did 

avoid crossing an old road in the Parry Sound region but attempted to cross a newly 

developed road, implying that this behaviour is learned (Rouse 2006). The general 

tendency of individuals to avoid crossing roads potentially exacerbates the isolation 

between populations on either side of the road attributable to road mortality, thus 

diminishing gene flow and ultimately leading to population divergence. Thus, although I 
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did not find any striking genetic breaks between populations separated by major roads, 

there is some (albeit weak) evidence for an influence of roads on inter-individual genetic 

distances. Further sampling of H. platirhinos in the Georgian Bay region may improve 

the statistical power to detect significant relationships.  

Implications for Conservation and Management   

 Because of the deficit in knowledge on genetic diversity of this threatened 

species, one of the major motivations for my M.Sc. research was to gain insight into the 

population genetic structure at its northern range limit and the potential factors 

contributing to population declines with the aim of making specific recommendations for 

effective management of the eastern hog-nosed snake. This is the first study to 

characterize the spatial genetic composition of Heterodon platirhinos anywhere in its 

range, and it has important implications for the delineation of conservation units and 

prioritization of management efforts. Presently, eastern hog-nosed snake populations in 

Canada are protected under a single management unit (MU) but there is no empirical 

evidence to justify this designation (COSEWIC 2007a). However, I found that the two 

regional populations in Ontario encompass four distinct genetic clusters, suggesting that 

low levels of gene flow among clusters renders each population currently functionally 

independent (Moritz 1994; Green 2005). Perhaps these diagnosed populations should be 

defined as individual MUs or at the very least considered independently when defining 

areas of critical habitat or designing and implementing monitoring programs. If genetic 
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breaks are relatively recent, re-establishing connectivity between isolated populations 

may provide conduits to gene flow.  

 I found a signature of a population bottleneck in Wasaga Beach, supported by 

both heterozygote deficiencies at several loci and low levels of allelic diversity (Nei et al. 

1975; Maruyama and Fuerst 1985). Populations that undergo a drastic decline in effective 

population size are expected to experience a considerable loss of genetic variability. 

There has undoubtedly been a crash in the population size as development continues to 

diminish suitable habitat (e.g. less than 2% of the total area within the confines of 

Wasaga Beach has suitable oviposition sites – COSEWIC 2007a). Although there is a 

protected area (Wasaga Beach P.P.), the extent of the park is smaller than the eastern 

hog-nosed snake home range and it is surrounded by sprawling developments 

(COSEWIC 2007a). Since snakes are largely confined to the small area of the park, the 

population may be vulnerable to detrimental effects of inbreeding depression, which can 

in turn have a major influence on the fitness and survival of a bottlenecked population 

(Saccheri et al. 1996; Keller and Waller 2002). For example, Bijlsma et al. (2000) 

demonstrated a higher probability of extinction in inbred lines of Drosophila 

melanogaster than in non-inbred lines. Although not well documented, effects of 

inbreeding depression may also be widespread in wild plant and animal populations 

(Keller and Waller 2002). Efforts to ensure the mating of non-relatives, perhaps by 

introducing immigrants or through breeding programs and continual monitoring, may 

help increase the genetic variation in the population (Frankham 1995). As an example, 
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Madsen et al. (1999) reported extreme reductions in genetic variability and high 

proportions of deformed offspring in a severely inbred population of adders (Vipera 

berus) in southern Sweden. They introduced 20 males from a large and genetically viable 

population and after only four mating seasons, genetic variability and offspring viability 

were significantly enhanced, implying that the introduction of new genes may restore a 

population on the verge of extinction (Madsen et al. 1999). Additionally, the influence of 

diminished genetic variability on eastern hog-nosed snake fitness warrants investigation.  

 Although weak, there is some evidence for an effect of roads on inter-individual 

genetic distance in Georgian Bay. Failure to detect strong significant correlations 

between resistance due to roads and genetic distance does not necessarily mean that roads 

do not influence gene flow because sample size in this region was rather low. Further, the 

genetic consequences of some roads may not yet be detectable if they have not existed for 

a sufficient length of time for a genetic signature to arise (e.g. Landguth and Cushman 

2010). Road mortality is one of the major factors implicated in eastern hog-nosed snake 

population declines (COSEWIC 2007a). Moreover, more than half of the samples I 

collected from Georgian Bay were from road-killed snakes found in the field. Road 

density in Parry Sound continues to increase as major highways are expanded and more 

road networks are developed for access to cottages and recreational areas (COSEWIC 

2007a). Installing eco-passages or movement-friendly culverts (e.g. Dodd et al. 2004; 

Kim et al. 2011) may help maintain connectivity among patches and facilitate dispersal 

across potential barriers. For example, Row et al. (2010) found no differentiation between 
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individuals of P. gloydi on either side of a major four-lane highway as they were likely 

connected via underpasses for creeks and agricultural drains, but they did find genetic 

differences between populations separated by a highway with no underpass. Regular 

monitoring of road traffic and mortality will provide insights into the traffic volumes and 

road types that pose the greatest threat to eastern hog-nosed snake populations (Lodé 

2000; Alexander et al. 2005; Szerlag and McRobert 2006).  

Future Directions  

One of the greatest challenges in attempting to characterize genetic structure in 

wild animal populations is obtaining a sample size that is sufficient to detect patterns and 

make accurate inferences. This is especially true for temperate reptile species that are 

only active for short periods during the year and are reasonably cryptic. Continued 

sampling throughout the range of eastern hog-nosed snakes in Ontario may uncover 

patterns of genetic structure not detectable with the current sampling scheme. For 

example, I found no genetic differentiation between island and mainland populations, but 

very few individuals were found on islands and many islands in Georgian Bay have not 

yet been sampled. Exhaustive sampling of island populations will allow better inferences 

to be made regarding long-distance dispersal (or lack thereof) across potential water 

barriers. Further, sampling gaps exist in parts of the distribution, which may exaggerate 

observed population genetic structure. For example, discrete genetic groups may be 

incorrectly identified if the spatial distribution is continuous but sampling is spatially 
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clustered and if gene flow is regulated primarily by isolation by distance (Schwartz and 

McKelvey 2009).  

Further research is necessary to understand the colonization history and 

demographic processes responsible for shaping the spatial distribution of genetic clusters. 

Examining various models of range expansion and colonization over time using ABC 

(see Beaumont et al. 2002) would be useful for understanding underlying historical 

processes that influence contemporary population genetic structure. For example, Row et 

al. (2011) found that broad-scale genetic divergence between two regional populations of 

P. gloydi predated European settlement and was likely a result of post-glacial 

colonization, but fine-scale genetic structure within regional populations was influenced 

by human-induced landscape changes and fragmentation.  

Mitochondrial DNA (mtDNA) markers can provide useful information regarding 

the evolutionary history of a population or species (Sunnucks 2000). Identifying 

phylogenetic discontinuities is pertinent to the definition of evolutionary significant units 

(ESUs), which are important designations for preserving the evolutionary potential of a 

species (Moritz 1994; Waples 1995; Funk et al. 2012). Additionally, rapid advancements 

in the ability to obtain large amounts of genomic data from non-model species allow 

researchers to extend the definition of ESUs to include differences in adaptive genes in 

addition to neutral markers (Funk et al. 2012).  

Landscape analyses could only be performed in the Georgian Bay regional 

population as sampling was relatively clustered in southwestern Ontario. It would be 
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useful to enhance sampling in the southern part of the range in Ontario to make 

comparisons of the genetic consequences of landscape features between the two regions 

since the landscapes differ markedly. Southwestern Ontario has experienced a major 

reduction in natural habitat primarily due to intensive agricultural practices. A similar 

study by DiLeo (2011) found regional differences in the influence of landscape features 

such as roads and water bodies on estimates of genetic differences in S. c. catenatus in 

Ontario. This highlights the importance of assessing region-specific impacts of landscape 

heterogeneity rather than extrapolating results across regions.  

Finally, I was able to make some general inferences regarding the genetic 

consequences of landscape features in eastern hog-nosed snakes. However, along with 

increased sampling effort, spatially explicit simulations of gene flow (Landguth and 

Cushman 2010) should be incorporated for a more comprehensive landscape genetics 

analysis. We can use simulations of gene flow to validate resistance models and 

determine the time frame for the evolution of genetic signatures of particular landscape 

features, particularly human-created, to be detected. Comparisons of genetic data and 

resistance models run a risk of producing spurious correlations when the influence of 

several landscape features are spaitially correlated with one another (Cushman and 

Landguth 2010). Simulation modeling may be particularly useful for disentangling the 

effects of correlated variables by testing the effect of each independently, as well as 

resolving effects of historical and modern landscape composition on gene flow (Epps et 

al. 2005). Landguth and Cushman (2010) developed the program CDPOP to explicitly 
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simulate gene flow across a landscape while incorporating life history parameters (e.g. 

generation time, migration levels). In addition, CDPOP can infer the time required to 

detect the effect of a potential barrier on gene flow (Landguth and Cushman 2010). For 

example, using simulations in CDPOP, DiLeo (2011) found evidence to suggest that the 

development of road barriers more than 20 years ago could realistically result in 

detectable genetic signatures in contemporary populations.  

To my knowledge, mine is the first study to describe the population genetic 

structure of the eastern hog-nosed snake, a threatened species in Canada. My work has 

important implications for maintaining genetic variability within and among populations 

and opens up avenues of research into the demographic history of the species and the 

impact of landscape features on genetic structure at multiple spatial and temporal scales. 

Understanding patterns of genetic structure and the processes generating these patterns is 

imperative to designing and implementing effective strategies for the conservation of 

species at risk and ultimately for the preservation of genetic diversity in wild populations.  
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Appendix A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1. (A) Barplots of membership coefficients for K = 2 to K = 5 from non-spatial 

Bayesian assignment analysis in STRUCTURE 2.3.4 for eastern hog-nosed snakes in 

Ontario genotyped at 9 microsatellite loci. Each vertical bar represents an individual and 

the bar colour represents the proportion of membership of each individual’s genotype to 

one of K genetic clusters. Solid black lines separate major sampling sites. Abbreviations: 

SW = Southwestern Ontario; R = Rondeau; PI = Pinery; WB = Wasaga Beach; GB = 

Georgian Bay. (B) The mode of ΔK diagnosed 3 distinct genetic clusters. (C) A plot of 

the mean probability of the data with respect to K approaches a plateau at K = 4, 

suggesting that the optimal number of genetic clusters may be 4. 
 

(B) 

(A) 

(C) 
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Table A1. p-values of exact tests for linkage disequilibrium between all pairs of loci 

within four locales of eastern hog-nosed snakes in Ontario. Bolded p-values indicate 

significant departures from linkage equilibrium following a sequential Bonferroni 

correction. 

 
SW 

Ontario HG-5 HG-13 HG-7 HG-8 HG-2 HG-14 HG-15 HG-25 HG-30 HG-28 HG-33 HG-34 HG-35 

 HG-13 0.02             

 HG-7 0.01 0.30            

 HG-8 0.34 0.18 0.17           

 HG-2 0.54 0.06 0.04 0.58          

 HG-14 0.21 0.10 0.11 0.89 0.11         

 HG-15 0.54 0.14 0.01 0.33 0.11 0.26        

 HG-25 0.14 0.04 0.04 0.15 0.69 0.18 0.47       

 HG-30 0.98 0.43 0.29 0.70 0.59 0.10 0.22 0.53      

 HG-28 0.36 0.03 0.38 0.35 0.07 0.48 0.10 0.12 0.18     

 HG-33 0.77 0.07 0.005 0.68 0.09 0.46 0.01 0.08 0.63 0.10    

 HG-34 0.75 0.06 0.28 0.11 0.50 0.28 <0.001 0.13 0.14 0.02 0.03   

 HG-35 0.34 0.28 0.44 0.49 0.21 0.37 0.75 0.71 0.05 0.23 0.69 0.56  

 HG-36 0.94 0.38 0.05 0.16 0.26 0.69 0.70 0.05 0.19 0.42 0.79 0.36 0.10 

 

Pinery                           HG-5 HG-13 HG-7 HG-8 HG-2 HG-14 HG-15 HG-25 HG-30 HG-28 HG-33 HG-34 HG-35 

HG-13 0.72             

HG-7 0.79 0.14            

HG-8 0.94 0.05 0.41           

HG-2 0.83 0.05 0.12 0.11          

HG-14 0.03 0.18 0.20 0.09 0.28         

HG-15 0.88 0.46 0.78 0.68 0.87 0.06        

HG-25 0.38 0.60 0.60 0.03 0.93 0.26 0.50       

HG-30 0.55 0.41 0.17 0.38 0.03 0.06 0.09 0.18      

HG-28 0.22 0.24 0.11 0.08 0.18 0.11 0.41 0.07 0.06     

HG-33 0.18 0.79 0.84 0.45 0.57 0.36 0.55 0.07 0.59 0.71    

HG-34 0.32 0.23 0.10 0.67 0.23 0.38 0.77 0.70 0.89 0.73 0.34   

HG-35 0.49 0.84 0.02 0.04 0.02 0.19 0.76 0.17 0.46 0.10 0.83 0.55  

HG-36 0.15 0.70 0.20 0.11 0.19 0.06 0.40 0.48 0.01 0.15 0.66 0.73 0.02 
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Table A1. Continued 

 

Georgian 

Bay 
HG-5 HG-13 HG-7 HG-8 HG-2 HG-14 HG-15 HG-25 HG-30 HG-28 HG-33 HG-34 HG-35 

HG-13 0.32             

HG-7 0.86 0.86            

HG-8 0.06 0.85 0.84           

HG-2 0.72 <0.001 0.94 0.24          

HG-14 0.79 0.17 0.88 0.74 0.03         

HG-15 0.12 0.13 0.58 0.69 0.17 0.65        

HG-25 0.25 0.73 0.98 0.36 0.85 0.10 0.38       

HG-30 0.28 0.08 0.03 0.09 0.12 0.33 0.80 0.94      

HG-28 0.46 0.11 0.57 0.19 0.14 0.56 0.20 0.37 0.17     

HG-33 0.53 0.88 0.31 0.27 0.19 0.09 0.05 0.09 0.88 0.22    

HG-34 0.65 0.74 0.85 0.30 0.90 0.81 0.09 0.47 0.65 0.78 0.22   

HG-35 0.98 0.40 0.95 0.03 0.24 0.82 0.22 0.26 0.40 0.42 0.71 0.08  

HG-36 0.81 0.50 0.99 0.35 0.16 0.16 0.39 0.96 0.37 0.33 0.61 0.01 0.20 

 

Wasaga 

Beach 
HG-5 HG-13 HG-7 HG-8 HG-2 HG-14 HG-15 HG-25 HG-30 HG-28 HG-33 HG-34 HG-35 

 HG-13 1.00             

 HG-7 0.24 1.00            

 HG-8 0.009 1.00 0.13           

 HG-2 0.42 1.00 0.54 0.002          

 HG-14 0.26 1.00 0.03 0.87 0.23         

 HG-15 0.64 1.00 0.01 <0.001 0.0001 0.65        

 HG-25 0.003 1.00 0.01 <0.001 0.04 0.86 0.001       

 HG-30 0.35 1.00 0.07 0.84 0.18 0.02 0.50 0.89      

 HG-28 0.08 1.00 0.08 0.001 0.003 0.17 0.003 0.001 0.03     

 HG-33 0.91 1.00 0.23 0.17 0.22 0.28 0.04 0.11 0.72 0.35    

 HG-34 0.93 1.00 0.30 0.004 0.002 <0.001 0.003 0.24 0.08 0.08 0.14   

 HG-35 0.08 1.00 0.72 0.16 0.03 0.001 0.06 0.33 <0.001 <0.001 0.92 0.002  

 HG-36 0.60 1.00 0.16 0.98 0.51 0.009 0.31 0.22 0.41 0.39 0.39 0.13 0.24 


