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Abstract 

Understanding the impacts of both natural and anthropogenic landscape features 

on genetic diversity, population structure and connectivity has important implications for 

conservation of species living in fragmented environments. Here, I combine population 

genetic data, detailed land cover information, and computer simulations to explore how 

landscape shapes genetic structure across two regional populations of the threatened 

eastern massasauga rattlesnake (Sistrurus catenatus catenatus) in Ontario, Canada: one 

along the eastern shores of Georgian Bay and the other largely confined to the northern 

half of the Bruce Peninsula.  

First I used spatial Bayesian assignment to quantify the genetic population 

structure within each regional population. I found marked subpopulation structure within 

eastern Georgian Bay with differentiation of island and mainland snakes, a north-south 

split within the mainland coinciding with the town of Parry Sound, and evidence of 

further subdivision within the cluster of snakes north of Parry Sound. In contrast I found 

no population subdivision within the mainland of the Bruce Peninsula, but genetic 

distinction of mainland and island snakes. 

Next, I identified the landscape features that shape spatial genetic structure within 

regional populations. In eastern Georgian Bay I found local variation in the effect of 

landscape on populations. North of Parry Sound I found no effect of landscape on inter-

individual genetic differentiation, but a strong pattern of isolation-by-distance. In contrast 

I found that both open water and roads restrict gene flow of snakes south of Parry Sound. 

I found no evidence of isolation-by-distance or that landscape shape genetic structure 

within the Bruce Peninsula.  
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Finally I used individual-based, spatially explicit simulations to identify the lag-

time associated with the detection of contemporary landscape feature effects on genetic 

structure of massasaugas, and explore the consequences of using spatially correlated land 

cover elements in landscape genetic analyses. I found that the genetic consequences of 

roads could be detected within 2-12 generations when population sizes were small or 

juvenile dispersal was low. However, I also found that roads could be spuriously 

identified as impediments to gene flow when spatially correlated features such as water 

are included in genetic models. 
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Chapter 1: Introduction and Literature Review 

General Introduction 

Questions of the origin and geographic distribution of diversity have occupied 

great minds since the time of Darwin, and underpin an umbrella of disciplines spanning 

biogeography to population genetics. Diversity can be defined at multiple temporal and 

spatial scales, from groups of related species that originated millions of years ago to the 

vast genetic variation that exists within populations of single species (Endler 1977; 

Moritz 1994; Templeton 1994; Hubbell 2001). The last two decades have produced a 

large tool chest of high-resolution molecular markers and analytical techniques that allow 

us to address questions about the origins and maintenance of natural diversity at 

increasingly finer scales. Understanding this diversity requires knowledge of the 

microevolutionary and ecological processes that shape genetic structure of organisms in 

complex landscapes. A relatively new discipline, landscape genetics (Manel 2003; Storfer 

et al. 2007; Holderegger and Wagner 2008), integrates fine-scale topographic and 

environmental data (subsumed under the rubric of Geographic Information System - GIS) 

with genetic data to explicitly quantify how the interactions between organisms and their 

environment mediate dispersal and gene flow.  

Although arguably having deep roots in 20th Century biology, landscape genetics 

emerged as a field in 2003 in a now landmark paper headed by Stephanie Manel. This 

paper introduced the field as an amalgamation of the long-standing disciplines of 

landscape ecology and population genetics (Manel 2003). In its original synthesis, the 
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field was grounded in two ideas: 1. using the individual genotype as the study unit to 

define populations based on genetic patterns, and 2. identifying physiognomic features or 

other environmental attributes that coincide with thus-identified population boundaries 

(Manel 2003; Manel et al. 2005). However, the field quickly evolved into something 

much more complex through the gradual development of new, and adaptation of old, 

spatial statistical tools to quantify the relation between environmental features and 

genetic structure (Storfer et al. 2007; Holderegger and Wagner 2008). This field has 

witnessed huge growth in the last decade. For example, a quick search of Web of Science 

revealed that the number of published papers listing “landscape genetics” as a key word 

rose from just three in 2004 to 99 in 2010. The topics addressed in the literature are 

diverse, ranging from the detection of landscape barriers to dispersal (e.g. Coulon et al. 

2006; Riley et al. 2006; Chambers and Garant 2010), delineation of dispersal routes and 

landscape corridors (e.g. Worthington et al. 2008; Wang et al. 2009), to the identification 

of legacy effects produced by historical landscapes on contemporary population structure 

(e.g. Keyghobadi et al. 2005; Orsini et al. 2008; Pavlacky et al. 2009; Zellmer and 

Knowles 2009).   

The general objective of my thesis is to use a landscape genetic approach to 

quantify genetic population structure and infer the natural and anthropogenic landscape 

features that influence dispersal of massasauga rattlesnakes (Sistrurus catenatus 

catenatus) in Ontario. Below I elaborate on aspects of landscape genetics most relevant to 

my study and introduce my study species. 
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Determinants of Genetic Population Structure 

Populations are structured through the interplay of four microevolutionary forces: 

mutation, genetic drift, selection, and gene flow. While the first three of these promote 

differentiation, gene flow homogenizes populations by precluding local adaptation and 

increasing global diversity at the expense of population differentiation (Wright 1949; 

Slatkin 1987). Thus it is the absence or restriction of gene flow that leads to the spatial 

structuring of populations and population subdivision that is a major focus of landscape 

genetics.  

Spatial structure may take many forms and be influenced by myriad factors. At 

the most basic level, it is shaped by a species’ intrinsic dispersal capacity and this 

determines the base-line scale of genetic differentiation. If vagility is low, limited 

dispersal and the subsequent tendency for neighbour-neighbour mating will lead to a 

classical pattern of isolation-by-distance where genetic distance increases with straight-

line geographic distance between pairs of populations (Wright 1943, Malécot	  1948) or 

individuals (Rousset 2000). For example, Gomez-Uchida et al. (2009) found that scale of 

population structure among three sympatric salmonid species (Salvelinus fontinalis, 

Salmo salar, Salvelinus alpinus) in the Upper Humber River basin, Newfoundland, 

Canada, reflected differences in dispersal ability, where less vagile species exhibited 

autocorrelation of alleles at finer spatial scales. Likewise, King and Lawson (2001) found 

that body size and swimming ability predicted population structure of three snakes 

species (Nerodia sipedon, Thamnophis sirtalis, Storeria dekayi) in a western Lake Erie 

archipelago, where smaller snakes showed stronger population structure than the more 

vagile and larger species.  
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Against this basic backdrop of expectations for isolation-by-distance we can begin 

to quantify other factors that impact genetic structure. For example, dispersal can be 

further limited by landscape physiognomy where certain features act as direct barriers to, 

or limit to some lesser degree, movement. Landscape barriers can be obvious features of 

the landscape that are impermeable to many species (e.g. mountain ranges, Swenson and 

Howard 2005). Alternatively features that restrict movement can be more cryptic and 

closely related to habitat preferences and individual behaviour. For example, Clark et al. 

(2008) found that genetic structure of timber rattlesnakes (Crotalus horridus) was related 

to distance between hibernacula only when the density of potential basking sites 

important for thermoregulation was incorporated into the model. 

Population structure is not only shaped directly by landscape-level processes, but 

also depends on the relative contributions of the aforementioned microevolutionary 

forces. For example, two sets of populations that exchange equal number of migrants may 

show vastly different levels of population structure depending on the relative influence of 

genetic drift (Frankham 1996). Alleles will approach fixation faster due to more 

pronounced drift in populations that have relatively small effective population size (Ne) 

compared to those that are large (Wright 1948; Nei et al. 1975; Frankham 1996). 

Likewise, genetic structure will arise faster, and genetic discontinuities will be more 

pronounced in response to barriers to dispersal when Ne is small. Moreover, past 

fluctuations in Ne as a result of range expansion and contraction or colonization events 

can show lasting effects in the structure of contemporary populations (Excoffier et al. 

2009; Knowles and Alvarado-Serrano 2010) and potentially complicate interpretations of 

causes of present-day structure. For example, Row et al. (2011) found that contemporary 
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population subdivision of foxsnakes (Pantherophis gloydi, P. vulpina) in central North 

America likely reflects expansion following a large historical population decline 

combined with the more recent effects of landscape modification post-European 

settlement. Theoretical and simulation studies predict that range expansion can further 

lead to spatial gradients of allele frequencies (Excoffier et al. 2009) and stepping-stone 

patterns of population structure with low genetic diversity in newly colonized ranges (e.g. 

Austerlitz et al. 1997). Due to the ubiquity of range expansion events in the history of 

most extant species, especially those of temperate regions, it is important to incorporate 

both historical and contemporary factors in the development of landscape genetic 

hypotheses and interpretation of results from contemporary genetic data.  

Defining Populations 

Assessment of population differentiation remains one of the most oft-cited goals 

in the population genetic and landscape genetic literature (Storfer et al. 2010). Its 

popularity arises from both its ability to inform conservation decisions (e.g. defining 

management units, measuring inbreeding, detection of meta-population dynamics), and 

its usefulness in generating hypotheses of population demographic history. Traditionally, 

population genetic analysis relied on a priori delineation of populations prior to 

quantifying divergence with metrics such as FST (Wright 1949; Manel et al. 2005). In 

many instances population designations were more a consequence of sampling regime 

and logistical limitations rather than reflecting any biological reality (Row et al. 2010). 

New Bayesian clustering methods have shifted the focus to the individual as the study 

unit by assigning samples to population clusters based on their multi-locus genotype 

(Pearse and Crandall 2004; Manel et al. 2005). This is especially useful for continuously 
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distributed populations where biases in human perception of where one population ends 

and another begins is most pronounced. 

Bayesian clustering programs come in two main varieties: aspatial and spatial. 

Aspatial assignment programs split individuals into groups using no prior information on 

sample locations. By far the most popular non-spatial assignment program is 

STRUCTURE (Pritchard et al. 2000), which has been used to describe genetic 

relationships between populations in almost 3000 publications (Kalinowski 2011). In 

contrast, spatial assignment programs such as BAPS (Corander et al. 2008), TESS (Chen 

et al. 2007) and Geneland (Guillot et al. 2005), give individuals that are geographically 

proximate a higher probability of belonging to the same genetic cluster than 

geographically distant samples. This added geographical element in spatial clustering 

analysis is thought to be superior to non-spatial tests for detecting recent divergence and 

weak population structure (Coulon et al. 2006; Storfer et al. 2007). Assignment tests have 

been adapted in a variety of ways to test hypotheses about ecological and evolutionary 

processes. These include identification of population boundaries and population 

differentiation (e.g. Waits et al. 2000), detection of recent migrants and illegally 

translocated individuals (e.g. Frantz et al. 2006), and identification of hybridization 

events (e.g. Peccoud et al. 2009). 

Despite the popularity of assignment programs in the recent years, they have a 

few important shortcomings. Natural populations cannot always be classified into discrete 

and separate panmictic genetic clusters arising from impermeable barriers to gene flow. 

Rather, genetic variation is often better described as clinal where adaptation along an 

environmental gradient leads to spatial structuring of allele frequencies (Haldane 1948; 
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Slatkin 1973); higher probability of neighbour-neighbour mating can lead to strong 

patterns of isolation-by-distance where inter-individual or inter-population genetic 

distance increases with geographic distance (Wright 1943; Malécot	  1948; Rousset 2000). 

These three patterns of spatial structure (genetic clustering, clines, and isolation-by-

distance) are not mutually exclusive, and are dealt with differently depending on the 

Bayesian clustering algorithm used (François and Durand 2010). Spatial clustering 

programs are better able to detect clines than aspatial programs; however both types tend 

to over-estimate the number of clusters in the presence of strong isolation-by-distance 

(Pritchard et al. 2000; Durand et al. 2009; Frantz et al. 2009; Schwartz and McKelvey 

2009; François and Durand 2010; Safner et al. 2011). This over-estimation of structure 

seems to be exacerbated when individuals are patchily sampled across a landscape 

(Schwartz and McKelvey 2009). In addition, Bayesian clustering programs require the 

user to determine the appropriate value of kmax, which demands some prior knowledge of 

the scale of genetic structuring for the species of interest. For example, choosing too low 

of a value of kmax can cause programs to force individuals into too few clusters that do not 

accurately represent the demographic history of a group of populations (Kalinowski 

2011). Further, differences in the algorithms and prior distribution between clustering 

models means that programs will not always converge on the same solution (e.g. Coulon 

et al. 2006; Latch et al. 2006; Chen et al. 2007; Safner et al. 2011). Therefore, the 

interpretation of genetic clusters produced by Bayesian assignment tests is largely up to 

the user, and not all inferred clusters are necessarily biologically meaningful (François 

and Durand 2010). It is thus important to combine Bayesian assignment tests with other 
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analyses of spatial genetic structure and autocorrelation, as well as with good life history 

data.  

Quantifying Landscape Effects on Gene Flow 

Barrier detection. Identification of the location of abrupt genetic disjunctions 

across a landscape can give insight into the underlying ecological or historical processes 

promoting differentiation. Bayesian clustering programs are well suited for this job, 

especially when populations are continuously distributed across the landscape. A recent 

simulation study showed that spatial Bayesian assignment considerably outperformed 

edge detection methods such as Monmonier’s algorithm (Monmonier 1973) and 

wombling (Womble 1951; Barbujani et al. 1989) at correctly indentifying the location of 

simulated barriers to dispersal (Safner et al. 2011). Irrespective of method of detection, 

following identification of a population boundary, a common second step is to overlay it 

onto land-cover, topographic, or climatic maps to identify potential impediments to gene 

flow. For example, Chambers and Garant (2010) found that a break in genetic structure of 

eastern chipmunks (Tamias striatus) was coincident with the St. Lawrence River in 

eastern Ontario and western Quebec, Canada. However, physiognomic barriers are not 

always obvious and underlying genetic structure could represent the combined effects of 

multiple restrictors of movement or barriers that once existed but are no longer present. 

To truly quantify the effects of barriers on gene flow, this procedure must be embedded 

within a formal statistical framework. For example, by representing a putative barrier as a 

binary matrix, it can be incorporated into correlation (e.g. partial Mantel tests, Cushman 

et al. 2006, Shirk et al. 2010) or regression analyses (e.g. multiple regression on distance 
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matrices, Paquette and Lapoint 2009) to determine its relative influence on genetic 

structure compared to other causes of spatial structure (e.g. isolation-by-distance).  

Landscape resistance. Genetic population structure does not always reflect a 

scenario where an impermeable barrier leads to population divergence. Rather, 

connectivity across a landscape might better reflect a continuum of interacting features 

that differ in their relative contribution to an overall trend of spatial structure. A basic 

model of isolation-by-distance (Wright 1943) fails to capture the heterogeneous nature of 

dispersal in complex landscapes, where topography influences gene flow (McRae 2006; 

Spear et al. 2010). A more realistic model is one that takes into account the relative 

amenability to dispersal of the intervening landscape between individuals or populations 

and measures the effective distance between them, rather than geographic distance alone. 

For example, individuals or populations that are spatially close but separated by a 

particularly restrictive tract of landscape are predicted to show higher genetic divergence 

than individuals or populations that are equally close but linked by suitable habitat 

(McRae 2006). To calculate effective distances, researchers can define a “resistance 

surface” in a raster GIS environment, where each landscape feature is assigned a value 

reflecting the relative degree to which it supports or inhibits dispersal (Spear et al. 2010). 

Using Mantel and partial Mantel tests (Mantel 1967), researchers can then test multiple 

hypotheses of how landscape might effect dispersal by correlating genetic distance with 

distances extracted from resistance surfaces (Cushman et al. 2006; Cushman and 

Landguth 2010a; Spear et al. 2010). 

As not all possible combinations of landscape features in a system can feasibly be 

tested, the most challenging aspect of creating a landscape resistance surface is assigning 
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so-called friction values to features which accurately reflect the resistance that a certain 

landscape element imposes on a dispersing organism (Spear et al. 2010). This requires 

some knowledge of the life history and habitat preference of the species of interest. For 

example, Row et al. (2010) used habitat suitability modeling based on occurrence data to 

identify the landscape features that generally support eastern foxsnakes in southwestern 

Ontario. However, the accuracy of habitat suitability analysis depends on the quality of 

occurrence records for the species of interest, which are often biased and incomplete for 

cryptic species. Further, occurrence records do not necessarily capture dispersal events 

that lead to gene exchange. More often, resistance surfaces are parameterized by expert 

opinion, where the landscape features to be tested are selected according what is known 

about the basic biology of the species (Spear et al. 2010).  

A popular method for calculating the effective distance between individuals or 

populations is least-cost path (LCP) analysis (e.g. Adriaensen et al. 2003; Vignieri 2005; 

Wang et al. 2009; Quéméré et al. 2010). In LCP analysis, effective distance is measured 

in meters along the path of least resistance between each pair of sampling locations 

(Adriaensen et al. 2003). Thus, this model assumes that individuals have knowledge of 

all possible paths and choose optimally when dispersing (Spear et al. 2010). LCP works 

well at small spatial scales where individuals are more likely to have detailed knowledge 

of their surrounding; however, this assumption is likely violated at larger spatial scales 

for many species or for juveniles that have no knowledge of landscape past their natal 

vicinity (Spear et al. 2010). In response to this deficiency, McRae (2006) generated a 

method using the tenets of electrical circuit-theory to calculate the ‘resistance distance’ 

(measured in metrics of electrical resistance, ohms) between sampling locations. This 
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method takes into account all possible dispersal routes simultaneously by averaging the 

electrical current along paths taken by random walks between focal nodes on the 

landscape (McRae 2006). The assumption here is that dispersers are naïve to the 

surrounding landscape, which is realistic for species that exhibit natal dispersal of 

juveniles. Additionally, under this model (called isolation-by-resistance), the wider the 

swathe of suitable habitat between individuals or population pairs, the more dispersal will 

flow through (McRae 2006). Empirical comparisons between models show that circuit 

theory often outperforms both isolation-by-distance and LCP analysis. McRae and Beier 

(2007) found that using circuit theory improved model fit by 73% and 188% compared to 

isolation-by-distance, whereas LCP improved correlations by only 22% and 54% over 

isolation-by-distance, for big leaf mahogany (Swietenia macrophylla) and wolverine 

(Gulo gulo) genetic data, respectively. Despite this, studies have also shown that both 

circuit theory and LCP perform equally well in some wild populations (e.g. Schwartz et 

al. 2009; Row et al. 2010). 

Spurious Correlations in Landscape Genetics 

 There is a particularly large risk of Type I error in landscape-level analyses 

because landscape features are often spatially correlated (Balkenhol et al. 2009; Cushman 

and Landguth 2010). Although commonly used, simple Mantel tests (Mantel 1967) are 

often insufficient for discriminating among alternative hypotheses. For example, despite 

simulating gene flow under a strict model isolation-by-distance, Cushman and Landguth 

(2010) found that multiple incorrect models of landscape resistance significantly 

correlated with genetic distance using simple Mantel tests. Likewise, the usefulness of 

partial Mantel tests used to correlate three or more distance matrices has been debated in 
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the literature (e.g. Raufaste and Rousset 2001; Castellano and Balletto 2002; Rousset 

2002; Legendre and Fortin 2010) and these studies may be subject to inflated Type I error 

rates (Balkenhol et al. 2009). However, recent simulation studies show that Mantel and 

partial Mantel tests can be powerful tools for rejecting incorrect hypotheses of spatial 

structure when used in a causal modeling framework (Cushman et al. 2006; Cushman and 

Landguth 2010; Shirk et al. 2010; Short Bull et al. 2010). Under this framework, 

competing models of spatial structure are placed into organizational models based on 

specific hypotheses about the driver of spatial structure (Figure 1), each with a set of 

predictions that must be met if the hypothesis is true. To test these predictions, each 

model is subjected to a simple Mantel test against a matrix of genetic distance, and a set 

of partial Mantel tests factoring out the effect of the alterative models from the focal 

model, and vise versa. After 10 generations of simulated gene flow under a pattern of 

isolation-by-resistance, Cushman and Landguth (2010) found that causal modeling 

rejected incorrect hypotheses 82% of the time. This power rose to 100% after 50 

generations (Cushman and Landguth 2010). However, this assumes that the true restrictor 

of gene flow is present among the competing models.  

 The risk of spurious inference is especially pertinent when landscape features, the 

influences of which span different temporal scales, are conflated in genetic models. For 

example, man-made elements such as roads or settlements often coincide with 

longstanding natural features such as valleys or water bodies. Thus, a potential confound 

exists where contemporary genetic structure might correlate with modern landscape 

features, but in reality reflects the legacy of a landscape’s past. Simulation modeling is 

particularly well suited for disentangling the effects of historical versus contemporary 
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landscape on gene flow (e.g. Epps et al. 2005; Riley et al. 2006) and validating model 

choice (Cushman and Landguth 2010; Epperson et al. 2010). For example, using partial 

Mantel tests, Vandergast et al. (2007) inferred that contemporary genetic structure of 

mahogany Jerusalem crickets (genus Stenopelmatus) significantly correlated with a 

reconstructed historical landscape, but also correlated with contemporary road 

fragmentation after factoring out the effect of the historical model. By simulating gene 

flow consecutively across the reconstructed and current landscapes, Vandergast et al. 

(2007) found that the observed genetic divergence in their empirical dataset could have 

arisen during a contemporary timeframe. 

Genetic Data in a Conservation Context 

Genetic data have a long-standing role in informing conservation action for 

threatened and endangered species (Moritz 1994; Moritz 1995; Frankham 1996). For 

example, direct estimates of an organism’s movement often are limited to few individuals 

and fail to capture dispersal events that lead to gene flow (i.e. dispersal followed by 

successful breeding). Thus genetic proxies of dispersal provide a less resource-intensive 

and often more informative alternative for estimating functional connectivity across a 

landscape. Indices of genetic diversity and population divergence have been invaluable in 

understanding meta-population and source-sink dynamics (e.g. Tero et al. 2003; Manier 

and Arnold 2005), designating management units for conservation (e.g. Moritz 1994), 

and indentifying populations that are vulnerable to the detrimental effects of inbreeding 

depression (e.g. Hitchings and Beebee 1997; Saccheri et al. 1998; Clark et al. 2011). 

Likewise, landscape genetics can be a powerful tool for conservation management, 

especially for species occupying complex landscapes. For example, Schwartz et al. 
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(2009) found that pair-wise relatedness between individual wolverines (Gulo gulo) 

correlated better with least-cost paths containing persistent spring snow cover than with 

Euclidean geographic distance alone. Using these least-cost paths, the authors generated a 

corridor network map, highlighting dispersal routes that have high conservation value and 

are potentially critical to the persistence of local populations (Schwartz et al. 2009). For 

cryptic species, we often do not have reliable occurrence records or detailed information 

on habitat use. By testing among multiple alternative hypotheses of landscape use and 

resistance, researchers can focus on the model that best fits observed genetic variation, 

which can ultimately be used to define critical habitat.  

The Study Species 

 The eastern massasauga rattlesnake (Sistrurus catenatus catenatus) is a thick-

bodied, medium sized (~55 cm) member of the viper family (Viperidae) native to 

southern Ontario and the north-central United States (Figure 2). Ontario represents this 

species’ northern range limit and the species is found in four disjunct regional 

populations in the province (Figure 2). The two populations found in extreme 

southwestern Ontario, Ojibway Prairie (near the city of Windsor) and Wainfleet Bog 

(near Port Colbourne), contain less than 100 individuals each and are thought to be 

remnant of two much larger historical populations (Weller and Oldham 1993). Ontario’s 

Bruce Peninsula and eastern Georgian Bay are thought to host the largest and most stable 

populations of the eastern massasauga across its global range, holding an estimated 

8,000-10,000 and 13,000-22,000 individuals, respectively (Rouse and Willson 2002; 

Harvey 2008).  
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The massasauga is listed as a threatened species in Ontario and is protected as an 

imperiled species in all states where it is found except for Michigan (Parks Canada 

Agency 2010). Human persecution, habitat loss and fragmentation are thought to be the 

major threats leading to population decline and local extirpations of the massasauga 

across its global range (Parks Canada Agency 2010). Massasaugas have long generation 

times (Rouse and Willson 2002), low dispersal (Johnson 2000), and specific habitat 

requirements for survival, which are especially contingent on the availability of ideal 

hibernation (wet forest) and gestation (dry, open) sites (Harvey and Weatherhead 2006). 

These factors combined suggest that populations may be extremely sensitive to habitat 

changes and slow to recover from such perturbations. Analysis of records dating from 

pre-1900 show significant contraction of the historical range of massasuagas in Ontario, 

with the current extent of occupancy reflecting only about half of that observed two 

centuries ago (Weller and Oldham 1993).  

 Previous genetic work on massasaugas has consistently revealed differentiation of 

populations across extremely small (<5 km) spatial scales (Gibbs et al. 1997; Lougheed 

et al. 2000; Chiucchi and Gibbs 2010). A recent study comparing contemporary to 

historical rates of migration between populations suggested that the fine-scale 

fragmentation of populations we see today pre-dates European settlement and subsequent 

landscape modification (Chiucchi and Gibbs 2010). This implies that genetic population 

structure is likely driven by the innate low dispersal of this species and not by 

fragmentation due to anthropogenic development (Chiucchi and Gibbs 2010). Although 

this may be true for populations of massasaugas in the United States, which tend to be 

small and spatially disjunct, the story is not so clear for Ontario and the role of landscape 



	   16	  

in shaping populations is unknown. Individuals from the Bruce Peninsula and eastern 

Georgian Bay that were sampled by Chiucchi and Gibbs (2010) came from spatially 

distant national and provincial parks. In reality, massasaugas are more or less 

continuously distributed across these two regions. To accurately assess the scale of gene 

flow, diagnose genetic clusters, identify genetic discontinuities and ultimately understand 

the physiognomic basis for spatial genetic structure, we must sample uniformly across all 

putative barriers and habitat types.  

Study Objectives 

 In this study I use landscape genetics and individual-based simulations to 

investigate the effect of fragmented landscapes on gene flow and population structure of 

the eastern massasauga rattlesnake. To determine the geographical consistency of spatial 

structure, I contrast the two largest remaining populations of the massasuaga in Ontario: 

eastern Georgian Bay and the Bruce Peninsula. These regional populations share a 

common evolutionary history as evidenced by low variation in mitochondrial DNA, with 

population divergence following post-glacial re-colonization of these landscapes (Ray 

2009). Very few landscape genetic studies have contrasted multiple landscapes in a single 

analysis; thus I address a major deficiency in the current literature, and the questions I 

address have direct consequences for the management of the threatened massasauga: 

1) How many distinct genetic populations exist across both regions and at what scale 

are populations structured? 
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2) Starting with the knowledge of basic habitat preference and spatial ecology, what 

natural and anthropogenic landscape features influence gene flow of 

massasaugas? 

3) Do the same landscape features correlate with genetic distance across local 

populations? If not, do differences mirror local variation in landscape composition 

or configuration? 

4) How many generations must pass before one can statistically detect semi-

permeable barriers to gene flow, and thus what are the implications for detecting 

the consequences of contemporary anthropogenic disturbance? 
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Figure 1: Two organizational models representing hypotheses about the origin of spatial 
genetic structure and the statistical expectations predicted if each hypothesis were true. 
Panel (a) describes the hypothesis that genetic structure is a product of isolation-by-
distance alone, and panel (b) describes the hypothesis that genetic structure is a product 
of isolation-by-resistance where the intervening landscape restricts gene flow. The “~” 
symbol denotes a Mantel test, where G is a matrix of pair-wise genetic distances, D is a 
matrix of pair-wise Euclidean geographic distances, and L is a matrix of pair-wise 
resistance distances. The “|” further denotes a partial Mantel test where the effects of the 
matrix to the right of the symbol are factored out of the analysis. Abbreviations: sig, 
significant; NS, not significant. 
 

Adapted from Cushman et al. 2006; Cushman & Landguth 2010  
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Figure 2: Generalized North American range of the eastern massasauga rattlesnake (a), 
and sampling locations and general land cover across the two sampled regional 
massasauga populations in Ontario: the Bruce Peninsula, and eastern Georgian Bay (b). 
Each red circle represents a single individual blood or tissue sample.  The ‘other’ land 
cover class pictured here represents habitat that is thought to be suitable for massasaugas 
and to support dispersal, including wetlands, sparse forest, bedrock, alvar, pasture and 
abandoned fields. 

a	  

b	  
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Chapter 2: Methods 

Sampling Location and Field Methods 

Over the course of three active seasons (May-October) from 2008 to 2010, I 

assembled or myself collected 308 massasauga rattlesnake blood or tissue samples across 

two regional populations in Ontario, Canada: the northern Bruce Peninsula (n=170; 105 

blood, 65 tissue) and eastern Georgian Bay (n=138; 106 blood, 32 tissue) (Figure 2). On 

the Bruce Peninsula, massasaugas occur over a 1,000 km2 region, extending from Pike’s 

Bay to the tip of the peninsula (Parks Canada Agency 2010).  About 1/5 of the northern 

Bruce Peninsula is protected in national and provincial parks and conservation area 

(CPAWS Wildlands League 2005). Eastern Georgian Bay boasts the largest massasauga 

population in Canada, with an extent of occurrence spanning over 6,200 km2 from Port 

Severn north to Britt Station (Parks Canada Agency 2010). About 1/3 of the total eastern 

Georgian Bay region lies within the boundaries of regulated parkland and conservation 

areas (Jalava et al. 2005). Both eastern Georgian Bay and the Bruce Peninsula have 

relatively little large-scale anthropogenic land conversion, with tourism and recreation as 

the main land use category (Lawrence and Nelson 2005). Some agriculture exists on the 

Bruce Peninsula, but for the most part such lands are concentrated in the southern extent 

of my study region. The small town of Tobermory lies at the northern tip of the Bruce 

Peninsula. The town of Parry Sound (population approximately 18,000) lies at the eastern 

terminus of the Parry Sound (an extension of Georgian Bay) along the eastern Georgian 

Bay shoreline, bisecting the study region into two more or less equally sized tracts lying 

to the north and south.  



	   21	  

 Massasaugas are more or less continuously distributed across both of these 

regional populations and I tried to sample in a way that best reflects this pattern of 

occurrence. First I targeted public and protected areas (conservation areas, crown land, 

national and provincial parks) where information on occurrence and densities were most 

readily available. Although massasaugas use a variety of different habitats (Harvey and 

Weatherhead 2006) their cryptic nature limited my search effort to areas where 

probability of detection tends to be highest. This included known hibernation sites 

(coniferous swamps, fallow fields, and wetland edges), which were searched during 

egress and ingress from hibernacula, and gestation and shedding sites (bedrock outcrops, 

limestone barrens, alvar, forest edge, and sparse forest), which were searched throughout 

the active season. I extended my search to private land where permission was granted. In 

addition, I completed routine road surveys to search for road-killed snakes and obtained 

road-killed specimens from collaborators. These samples were invaluable for filling 

sampling gaps in regions where private land ownership or land-cover type precluded 

searching for, or limited the ability to detect snakes. I also obtained samples from 

collaborators from two islands: Lyal Island, which lies 2 km off the western shore of the 

Bruce Peninsula, and Beausoleil Island (Georgian Bay Islands National Park), which lies 

less than 500 m from the southern mainland of eastern Georgian Bay. 

When a live snake was located, it was captured using a hook and a restraining 

tube, and a small amount of blood was taken from the caudal vein for genetic analysis 

using a 29 gauge, 0.5 cc insulin syringe. For road-killed snakes that were encountered I 

took a small piece of skeletal muscle. I stored all blood and tissue samples in 95% ethanol 

maintained at -20°C until extraction. All snakes were sexed using a probe or by 
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measuring tail length, and a PIT-tag was implanted under the skin for future identification 

and to preclude re-sampling of the same individual. UTM coordinates were recorded with 

an accuracy of less than 10 m at the site of capture using a hand-held Garmin GPS unit.   

Laboratory Methods 

 I extracted DNA from blood and tissue using QIAGEN DNeasy Tissue kits 

(QIAGEN, Mississauga, ON, Canada) following the manufacturer’s protocol. I 

genotyped each individual at 14 microsatellite loci using eight published and six 

unpublished species-specific primers: Scu5, Scu7, Scu16 (Gibbs et al. 1998), Scu200, 

Scu210, Scu211, Scu212, Scu214 (Anderson et al. 2010), M2B-63, Sca7F1, Sca16E4, 

Sca2A5, Sca19H5, Sca3D6 (José Dávila et al., unpublished; Table 1). Ten loci were 

combined into five duplexes for PCR amplification (Scu5, Scu16; Scu7, M2B-63; 

Scu200, Sca16E4; Scu212, Scu214; Sca3D6, Sca19H5). Scu5 and Scu16, and Scu7 and 

M2B-63 were amplified in 12 µL final volumes containing 2 µL of 5-20 ng/µL genomic 

DNA, 1 µL 1 x Taq buffer with (NH4)2SO4 (Fermentas, Burlington, ON, Canada), 0.8 µL 

of 25 µM MgCl2, 0.5 µL of 10µM dNTPs, 0.5 µL each of 10 µM Well-RED 

fluorescently labeled forward primer and un-labeled reverse primer (Sigma-Aldrich 

Canada Ltd., Oakville, ON, Canada), 0.15 U of Taq polymerase (Fermentas), and 5.67 

µL of double-distilled H20. Fluorescent labels were used for these reaction because I was 

unable to optimize reactions with these primers using M13-labels. The remaining 

duplexes were amplified in 11 µL final volumes containing 2 µL of 5-20 ng/µL genomic 

DNA, 1 µL 1 x Taq buffer with (NH4)2SO4 (Fermentas, Burlington, ON, Canada), 1 µL 

of 25 µM MgCl2, 0.1 µL of 10µM dNTPs, 0.2 µL each of 10 µM M13-tagged forward 

primer and un-tagged reverse primer, 1 µL of 100 µM labeled Well-RED M13 (Sigma-
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Aldrich Canada Ltd., Oakville, ON, Canada), 1.05 U of Taq polymerase (Fermentas), and 

4.9 µL of double-distilled H20.The remaining four loci (Scu210, Scu211, Sca2A5, 

Sca7F1) were amplified separately in 11 µL final volumes containing 2 µL genomic 

DNA, 1 µL 1 x Taq buffer with (NH4)2SO4 (Fermentas, Burlington, ON, Canada), 1 µL 

of 25 µM MgCl2, 0.1 µL of 10µM dNTPs, 0.2 µL each of 10 µM M13-tagged forward 

primer and un-tagged reverse primer, 0.5 µL of 100 µM labeled Well-RED M13 (Sigma-

Aldrich Canada Ltd., Oakville, ON, Canada), 0.45 U of Taq polymerase (Fermentas), and 

5.9 µL of double-distilled H20. Microsatellites were amplified in a Applied Biosystems 

GeneAmp PCR System 2700 thermal cycler with an initial hot start at 95°C for 5 

minutes, 35 cycles of 95°C for 30 s, annealing at 55°C for 45 s, and extension at 72°C for 

45 s, with a final extension step at 72°C for 5 min. Alternatively the duplex containing 

Scu200 and Sca16E4 was amplified using a touchdown procedure with 3 cycles each for 

annealing temperatures from 65-62°C and 30 cycles with an annealing temperature of 

55°C. PCR products were genotyped using a Beckman Coulter CEQ 8000 capillary 

automated sequencer and alleles were scored using a Beckman Coulter CEQ 8000 

Genetic Analysis System (Beckman Coulter, Mississauga, ON, Canada).  

Genetic Population Structure 

 I tested all loci for departures from Hardy-Weinberg Equilibrium (HWE) within 

locales (defined as a location where multiple individuals were sampled within a 10 km 

radius) containing ten or more individuals using Arlequin 3.5.1.2 (Excoffier and Lischer 

2010). I did not do global tests for HWE as previous work suggests that I should expect 

strong genetic structure and thus at larger scales Wahlund Effects (Wahlund 1928) would 

be predicted. All pairs of loci were tested for linkage disequilibrium within locales using 
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Genepop version 4.0.1.0 (Raymond and Rousset 1995; Rousset 2008). To control for 

multiple exact tests I applied a sequential Bonferroni correction to all p-values (Rice 

1989).  

Spatial assignment tests. To determine the number of genetically distinct 

population clusters within eastern Georgian Bay and the Bruce Peninsula and globally, I 

used spatial Bayesian assignment methods implemented in two programs, TESS 2.3.1 

(Durand et al. 2009) and Geneland 3.2.4 (Guillot et al. 2005). Both programs group 

individuals into population clusters (k) using individual multi-locus genotypes and spatial 

location of individuals as prior information, but differ in their models and assumptions 

(François and Durand 2010). Because of these differences it is useful to compare the two 

methods to see if they converge on the same result. The TESS admixture model estimates 

the proportion of each individual’s genome that derives from each population cluster, 

taking into account spatial trends and autocorrelation of genotypes (Durand et al. 2009; 

François and Durand 2010). In contrast, Geneland uses a non-admixture model and 

separates individuals into subpopulations by detecting genetic disjunctions and 

minimizing deviations from HWE within clusters (Guillot et al. 2005; François and 

Durand 2010). Each genetic cluster inferred by Geneland is assumed to reflect a 

panmictic unit (Guillot et al. 2005). 

 First I wanted to assess if the two regional populations of eastern Georgian Bay 

and the Bruce Peninsula are in fact genetically distinct. Using all samples pooled across 

both regions, I ran 1,000,000 sweeps of MCMC following a burn-in of 500,000 sweeps 

using the BYM (Besag et al. 1991) admixture model in TESS. I conducted 20 

independent runs with kmax set to 2 as expected for two regional populations. Since there 
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was no variation between runs, I chose the run with the lowest ‘deviance information 

criterion’ (DIC; Spiegelhalter et al. 2002) value for further interpretation. In Geneland I 

ran the same set of individuals using 100,000 sweeps of MCMC with a thinning of 100 

and again a kmax of 2. I ran 10 independent runs in Geneland and chose the run with the 

highest posterior probability for further interpretation.  

 Next I wanted to determine the number of genetically distinct subpopulations 

within each regional population. With the run settings as above I conducted TESS and 

Geneland analyses using individuals from eastern Georgian Bay and the Bruce Peninsula 

separately, but allowing kmax to vary from 2 to 5. For TESS, I chose the ideal cluster 

number of each region according to when mean DIC values reached a plateau, or when 

barplots of admixture coefficients stabilized (i.e. no new clusters appeared with 

increasing kmax), as suggested by Chen et al. (2007). I conducted a one-way ANOVA in 

R 2.12.1 (R Development Core Team 2010) to assess the differences in mean DIC among 

values of kmax. For each region I conducted an additional 100 runs for the most likely 

value of kmax. I averaged the 20 runs with the highest likelihood (lowest DIC values) 

using CLUMPP (Jakobsson and Rosenberg 2007) to control for low levels of between-

run variation, and visualized the resulting Q matrix in DISTRUCT (Rosenberg 2004).  

Landscape Resistance Analysis 

Resistance Models. I hypothesized that genetic distance between individual 

massasaugas within each region is either a function of isolation-by-distance (IBD) where 

Euclidean geographic distance alone explains gene flow, or isolation-by-resistance (IBR) 

where genetic distance between individuals is determined by the suitability of the 
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intervening habitat matrix. For the hypothesis of IBR, I considered three land-cover types 

to be potential restrictors of massasauga movement based on the known biology of the 

species: open water, dense forest, and roads. To evaluate the relative cost of each feature 

to a dispersing massasauga I created a set of 18 landscape resistance surfaces representing 

different combinations of these features. To create the landscape resistance surfaces I 

used the Ontario Land Cover Database, First Edition (Ontario Ministry of Natural 

Resources 1998). This database includes 28 land cover classes derived from LANDSAT 

Thematic Mapper satellite data recorded in the 1990s, 17 classes of which were found in 

my study regions. Using GRASS GIS 6.4 (GRASS Development Team 2010) I re-

sampled raster maps of each region to a 40 m resolution and reclassified them into five 

cover types: open water, dense forest, major roads, minor roads, and other. The ‘other’ 

category consisted of land cover types that are suitable for massasaugas and support 

dispersal, including wetlands, sparse forest, bedrock, alvar, pasture and abandoned fields. 

These features were chosen based on the results of previous massasauga habitat selection 

and radio-telemetry studies that were conducted within Ontario populations (Harvey and 

Weatherhead 2006; Rouse 2006), or in other parts of the species range (Moore and 

Gillingham 2006). On the Bruce Peninsula, cropland was also included in the ‘other’ 

category since it is present only in small amounts in the core study region.  

The raster maps were cropped to include only the core range of the massasauga 

based on an updated range map for the species (Parks Canada Agency 2010). In addition, 

the town of Parry Sound (eastern Georgian Bay) was excluded from the raster map, since 

there are no recent observation records of massasaugas within the town’s boundary. Next 

I assigned a resistance value of 1, 6, 11, or 16 to each of the five features representing 
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low, medium, high, or very high resistance to dispersal, respectively. Not all possible 

combinations of landscape resistance values were tested. For example, I hypothesized 

that dense forest would always present a lower resistance than open water to a dispersing 

massasauga, and thus this habitat type was only allowed to vary from low (1) to medium 

resistance (6) in any of the 18 IBR models. The ‘other’ category was given a resistance of 

1 in all models to reflect no resistance to gene flow. Table 2 shows the relative resistance 

values given to each feature for each of the 18 IBR models.  

 To calculate pair-wise resistance distances between individuals for each IBR 

model, I used Circuitscape 3.5 (McRae and Beier 2007). This program combines circuit 

theory and random walk theory to measure connectivity between sampling locations. 

Unlike least-cost path analysis, Circuitscape considers all possible dispersal routes 

between two sampling locations simultaneously and generates effective resistance 

distances averaged across all of these paths for each pair-wise comparison. To maintain 

consistency and generate comparable distances, Circuitscape was used for the model of 

IBD as well. Therefore, instead of calculating Euclidean geographical distances I 

calculated pair-wise resistances between individuals across a neutral landscape. For all 

Circuitscape analyses I used a 4-cell connection scheme where current can flow only 

from the four cardinal sides of a square raster cell. 

As many of the IBR models included roads as a hypothesized restrictor of 

massasauga movement, I removed all road-killed samples from these analyses. This 

reduced the sample size of each region to 106 and 105 individuals for eastern Georgian 

Bay and the Bruce Peninsula, respectively. 
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Causal Modeling. I used a causal modeling framework to rank the 18 alternative 

models of landscape resistance, and test if any explained pair-wise genetic distances 

within regional populations better than the null model of isolation-by-distance (Cushman 

et al. 2006). First I calculated the Mantel correlation between a matrix of pair-wise 

genetic distances (Rousset’s ar; Rousset 2000) and each matrix of pair-wise landscape 

resistance distances (for each of the 18 IBR models) or the matrix of pair-wise Euclidean 

geographic distance, using the ecodist 1.2.3 package (Goslee and Urban 2007) in R (R 

Development Core Team 2010). The matrices of pair-wise genetic distances for each 

region were generated using SPAGeDi 1.3 (Hardy and Vekemans 2002). Next I tested for 

any independent effects of each hypothesis by factoring out the effect of IBD from each 

IBR model and vise versa using partial Mantel tests. All p-values were adjusted using a 

sequential Bonferroni correction to control for multiple tests. To test for a regional 

difference in landscape effect on gene flow within eastern Georgian Bay (which is 

approximately twice the area of the Bruce Peninsula), I repeated the above procedure 

using only individuals from north of Parry Sound (n=29) or south of Parry Sound (n=77). 

I also repeated this using 29 randomly chosen individuals from south of Parry Sound to 

test if sample size affects my ability to detect the influence of landscape resistance on 

gene flow. Finally, to test if the presence of islands affected models of IBD or IBR I 

repeated the above analyses excluding Lyal Island on the Bruce Peninsula and Beausoleil 

Island in eastern Georgian Bay. 

Landscape Fragmentation Analysis 

 The effect of a landscape feature on gene flow depends on how contiguous it is, 

where continuous features will limit dispersal more than features of the same type that are 
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small and patchily distributed across a landscape (Short Bull et al. 2011). Thus, regional 

differences in landscape composition and configuration can lead to different genetic 

patterns and thus statistical support of different landscape resistance models. To test for 

this I quantified the extent of fragmentation, the patch density, and the percentage of 

landscape of open water, dense forest, and roads in the Bruce Peninsula and north and 

south of Parry Sound, using FRAGSTATS 3.3 (McGarigal et al. 2002). I hypothesized 

that these features would only be detected as significant restrictors in my IBR models in 

the regions where they are least fragmented, most dense, and make up a large percentage 

of the landscape.  

I used correlation length (GYRATE_AM) as a metric of fragmentation for each 

putative barrier. This is a landscape level metric that measures the length that a random 

line can move through a patch until it reaches an edge, averaged over all patches of that 

land class on the landscape (McGarigal et al. 2002). I only considered inland water in my 

calculations of the correlation length of open water because a significant portion of my 

study area is contiguous water that does not comprise massasauga habitat (i.e. Lake 

Huron and Georgian Bay).  Correlation lengths were measured under a 8-cell connection 

scheme (i.e. raster cells could be connected along the four cardinal and four inter-cardinal 

directions) to maintain continuity of linear features for calculations (e.g. roads and 

rivers). 

To quantify the density and extent of patches of water, dense forest and roads I 

used the class-level metrics ‘patch-density’ (PD) and ‘percentage of landscape’ 

(PLAND), respectively. Patch density is a simple calculation of the number of patches of 

a land class type divided by the total landscape area (McGarigal et al. 2002). The 
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percentage of landscape is calculated as the sum of all patch areas of a single land class 

type divided by the total landscape area (McGarigal et al. 2002). 

Computer Simulations 

 Roads and other anthropogenic landscape features present a unique problem in 

landscape genetic analyses because they are often built in areas where construction is best 

facilitated (e.g. valleys or fields where little physical modification is needed). In addition 

to this, the Bruce Peninsula and eastern Georgian Bay are popular summertime and 

cottage destinations and roads here are often coincident with water bodies (e.g. following 

a river or the shoreline of a lake). Thus a possible confound exists where my analyses 

might imply that roads are a barrier to gene flow in local populations when in fact 

impediments to gene flow are due other facets of topography. To attempt to disentangle 

the effects of water and roads I performed individual-based and spatially explicit 

simulations of gene flow using the program CDPOP 1.0 (Landguth and Cushman 2010). 

This program simulates dispersal and reproduction across user-defined landscape 

resistance surfaces. Individuals are geo-referenced and occupy a fixed grid across the 

landscape. The user defines dispersal mode and the total distance offspring can move 

from their natal site and adults can move to mate. My objectives were two-fold: First I 

quantified how many generations must pass before a road is detectable as a barrier to 

gene flow on an otherwise neutral landscape, to investigate if detection can occur within a 

time frame relevant to my study. Second I investigated the ability to detect roads as 

barrier to gene flow when long-standing water barriers are also present on the landscape. 
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In my first set of simulations, my specific objectives were to answer the following 

questions: 1. Under an otherwise neutral landscape, how long does it take for genetic 

structure to develop in response to a semi-permeable barrier to gene flow? 2. How does 

the ability to detect spatial structure vary with population density and dispersal threshold 

of juveniles? These two parameters are of particular pertinence to massasaugas since 

regional populations in Ontario have been shown to exhibit vastly different effective 

population sizes (Chiucchi and Gibbs 2010), and knowledge of how far juveniles disperse 

from their natal site is unknown for wild massasaugas. To address these objectives I 

simulated gene flow and mating across a 500 km2 landscape for a total of 150 

generations. For the first 100 generations individuals were allowed to disperse and mate 

across a completely neutral landscape. After 100 generations a linear road assigned a 

resistance value of 11 was introduced onto the landscape to represent a semi-permeable 

dispersal barrier, and remained on the landscape for 50 further generations (Figure 3). I 

ran simulations using three different juvenile dispersal thresholds (1.77, 2.00, or 2.20 

resistance units) across two populations densities (4 per km2 or 6 per km2), giving a total 

or six separate simulations. Resistance units are not directly comparable to Euclidean 

geographic distance, but preliminary runs showed that thresholds of 1.77, 2.00, and 2.20 

resistance units translated into average juvenile movements of 0.8, 1.4, and 2.2 km, 

respectively. These reflect values that are lower, equal or larger than known dispersal 

distances for adult massasaugas, respectively (Weatherhead and Prior 1992). For all 

simulations, individuals were allowed to disperse following a linear function and adults 

were given a movement threshold value of 2.00 resistance units which approximated to 

roughly 1.4 km, reflecting the average range size of radio-tracked massasaugas 
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(Weatherhead and Prior 1992). Mortality rates were set to reflect those published for 

massasaugas, where 65% of newly born snakes (Miller 2005) and 45% of adult snakes 

die (Harvey and Weatherhead 2006) every generation. The number of offspring produced 

by each mate pair followed a Poisson distribution with a lambda of 8, reflecting known 

average litter sizes of wild populations of massasaugas in Ontario (Parent and 

Weatherhead 2000).  

Initial populations had 12 neutral loci starting with 20 alleles per locus. This 

number was set to represent the upper limit of the actual number of alleles per locus 

observed in massasauga-specific microsatellite used in this study (4-21 alleles/locus). 

Loci followed a k-allele mutation model with a mutation rate of 0.0005 per locus per 

generation, which is regarded as the average rate for microsatellite loci (Estoup and 

Angers 1998).  Genotypes were sampled every five generations starting at generation 1 

(at generation 0 no mating has yet occurred). Although massasaugas have over-lapping 

generations, I chose not to simulate this due to computational limitations. I wanted to 

simulate gene flow across an area representative of the scale of my landscape resistance 

analyses (e.g. 500 km2), and using non-overlapping generation would have required me to 

generate many thousands of individuals across the landscape and run simulations for 

much longer to reflect years instead of generations. 

Landguth et al. (2010) conducted a similar set of simulations, but my analysis 

differs in four important ways. First, Landguth et al. (2010) simulated an absolute barrier 

to gene flow. This is probably unrealistic for the current study system and for natural 

populations in general since roads are rarely complete barriers to dispersal (Holderegger 

and Du Giulio 2010). Second, Landguth et al. (2010) did not simulate neutral gene flow 
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before introducing a road barrier. Therefore the current simulation allows me to assess 

our ability to detect the effects of a semi-permeable barrier to gene flow in the presence 

of strong and long-standing patterns of isolation-by-distance. Third, the current 

simulation uses a set of dispersal thresholds that are relevant for the massasauga 

rattlesnake. Landguth et al. (2010) tested the sensitivity of CDPOP simulations to 

changes in dispersal values, but did not investigate thresholds less than 10 km. Finally, no 

study has evaluated the effect of population density on the ability to detect landscape 

genetic correlations and I explicitly address this. 

 As a second major objective, I wanted to evaluate the interaction between two 

potentially confounding features of the landscape: water and roads. To do this, I 

simulated gene flow across a 533 km2 subset of the raster layer used in the landscape 

resistance analysis south of Parry Sound, for a total of 150 generations (Figure 4). I chose 

to use this landscape in particular because I found that spatial structure in this region was 

significantly correlated with a model of resistance including both water and roads as 

barriers to gene flow. Thus as a secondary objective, these simulations allowed me to 

reconstruct the inferred landscape genetic process for this region to see if the simulated 

data matched my empirical results. For the first 100 generations, individuals were 

allowed to disperse and mate across a landscape where water alone restricted gene flow 

(corresponding to IBR01 model, see Table 2). After 100 generations, roads were added 

onto the landscape (corresponding to IBR03 model, see Table 2) and simulations 

continued for a further 50 generations. Massasauga generation time is estimated at 5 

years; therefore the time frame of this simulation represents 500 years of mating prior to 

European settlement where water alone restricted dispersal, followed by the 
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contemporary introduction of roads onto the landscape. Assuming that most major roads 

were not constructed until the 1930s (Bevers, 2011), present day would roughly represent 

generation 116 of this simulation (16 generations following the introduction of roads onto 

the simulated landscape). For this simulation I generated 2792 individuals to roughly 

represent a population density of 5 snakes per km2 distributed across pixels with a 

resistance value of 1  (i.e. individuals were never placed on cell containing open water or 

roads). Both adults and juveniles dispersed following a linear function with a threshold 

value of 2.3 resistance units. Preliminary runs showed that this translated into roughly 

1.3-1.5 km dispersal distances that match averages reported for massasaugas 

(Weatherhead and Prior 1992). All other simulation parameters were the same as reported 

above. 

 For all simulations, the genotypes of each sampled generation were input into 

SPAGeDi to generate matrices of pair-wise genetic distances (Rousset’s ar; Rousset 

2000). For the first set of simulations across a neutral landscape subsequently bisected by 

a road, I performed Mantel test between pair-wise genetic distance and a matrix of neutral 

resistances for each sampled generation, to see how long it would take for a signature of 

isolation-by-distance to arise. To test how many generations must pass before a road 

barrier can be detected on the otherwise neutral landscape, I performed partial Mantel 

tests between genetic distances and the road-barrier model of landscape resistance, 

controlling for the neutral distances between samples. This procedure was repeated for 

each simulation using a sub-set of 100 randomly chosen individuals to test if the ability to 

detect significant patterns is effected by sample size.  
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For the simulation across the landscape south of Parry Sound, I performed four 

sets of partial Mantel tests to address separate hypotheses. My first hypothesis was that 

water alone should be detected as a barrier to gene flow soon after the initiation of the 

simulation. To test this, I performed Mantel tests for each sampled generation between 

matrices of pair-wise genetic distances and a resistance-distance matrix representing 

water alone as a restrictor of gene flow, factoring out any effects of geographic Euclidean 

distance. Next I hypothesized that the landscape resistance model incorporating both 

water and roads together as restrictors of gene flow should weak correlation prior to the 

introduction of roads onto the landscape, but strong and highly significant correlation 

after road introduction. To address this I performed Mantel tests for each sampled 

generation between matrices of pair-wise genetic distances and a resistance-distance 

matrix representing both water and roads as restrictors of dispersal, factoring out the 

effect of geographic Euclidean distance. My final hypothesis was that any independent 

effects of roads should only be detected following their introduction onto the simulated 

landscape. To test this I performed two sets of Mantel tests for each sampled generation: 

one on the water and road resistance-distance matrix factoring out the effects of the 

water-only matrix; and on a resistance-distance matrix reflecting roads alone as a barrier 

to gene flow, factoring out the effects of geographic Euclidean distance. These tests were 

repeated using a sub-set of 56 individuals chosen from locations that most closely match 

the sampling locations of snakes in my empirical data within the simulated region. I again 

repeated this process using a subset of 56 but this time with randomly chosen individuals 

across the landscape. The purpose of using these subsets was to test whether sample size 
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limits my ability to detect significant patterns, and to investigate how the distribution of 

actual sampling localities might have modified results. 
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Figure	  3:	  Example	  of	  the	  simulation	  setup	  across	  a	  landscape	  where	  a	  semi-‐
permeable	  road	  barrier	  bisects	  an	  otherwise	  neutral	  landscape,	  for	  a	  population	  
density	  of	  four	  individuals	  per	  km2.	  The	  road	  was	  introduced	  onto	  the	  landscape	  
only	  after	  100	  generation	  of	  mating	  across	  a	  neutral	  resistance	  surface.	  Juveniles	  
were	  allowed	  to	  disperse	  0.8,	  1.5,	  or	  2.2	  km	  in	  separate	  simulations.	  	  
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Figure	  4:	  Simulation	  setup	  across	  a	  subset	  of	  the	  raster	  map	  from	  south	  of	  Parry	  
Sound	  in	  eastern	  Georgian	  Bay.	  A	  total	  of	  2792	  individuals	  were	  simulated	  across	  
the	  landscape.	  Individuals	  were	  allowed	  to	  disperse	  and	  breed	  on	  a	  landscape	  where	  
water	  alone	  restricted	  gene	  flow	  (resistance	  value=16)	  for	  100	  generations.	  
Following	  these	  100	  generations	  roads	  were	  added	  onto	  the	  landscape	  (resistance	  
value=11)	  and	  simulations	  proceeded	  for	  another	  50	  generations.	  
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Table 1: DNA microsatellite loci used in this study for massasauga rattlesnakes, and the 
number of alleles found at each locus within the regional population of eastern Georgian 
Bay (EGB) and the Bruce Peninsula (BP). Shown are forward and reverse primers, repeat 
motif for original clone, and literature source. 

No. 
Alleles Locus Primer Sequence 5’ to 3’ Repeat Motif Reference 

EGB BP 
F:GACATTGCTGAACAGACTAT 

Scu5 R:TTGTGTAGCATAGTGAAACA 
(TC)15(AC)9 

Gibbs et 
al. 1998 

 11 7 
F:CTTTGTGCTATTTTTCCACC 

Scu7 R:GCCAAAAAAGTAAAATATGAGC 
(TC)16(TG)14TT(TG)5 

Gibbs et 
al. 1998 

 9 9 
F:TATGGGAATCTGGCTTTCTC 

Scu16 R:AACTGATTCATATCTGCACTGC 
(AC)17 

Gibbs et 
al. 1998 

 6 7 
F:TAATGTGTGCCATTGTGCC 

Scu200 R:CAATGTATCTCATCTCCAACCCC 
(ATCT)20 

Anderson 
et al. 2010 

 15 21 
F:CCTGAATATTACTCCAAAAACG 

Scu210 R:ATATTGTTGCATCTGCTATCCA 
(AGT)13 

Anderson 
et al. 2010 

 18 15 
F:TCCCTTTTCTAGAATAAGTCTC 

Scu211 R:TACCTTTGAAGATCATTTGGAG 
(ATCT)16 

Anderson 
et al. 2010 

 11 11 
F:ATGGGTGGTCTAGAAACATGAT 

Scu212 R:AAATTAGCTTCTGGGTCTGTCA 
(AGAT)23 

Anderson 
et al. 2010 

 11 13 
F:CTTCAAATTACAATAACCCACA 

Scu214 R:ACACTTTGAGAATAAGCAACTA 
(AGAT)25 

Anderson 
et al. 2010 

 12 13 
F:GCCAGAAGTCAATTATGATTTTGCT 

Sca3D6 R:GCTGTCATTCATGTTGCATTCTT 
(GGAT)15 

José 
Dávila et 
al. unpub 7 7 

F:CAAACACCTCAGTGCTAAGC 

Sca2A5 R:GTTCTTTCTCGTCTATTCTGC 
(ATG)20 

José 
Dávila et 
al. unpub 9 10 

F:CTGGACATCTTTAGCCTGAA 

Sca16E4 R:GACCAATCCAGACTAAGTCAA 
(TCA)11 

José 
Dávila et 
al. unpub 5 6 

F:GGCTGACTACATCTTCAATGC 

Sca19H5 R:CGTCGAAACGTCACCAAGAC 
(TCTG)16 

José 
Dávila et 
al. unpub 7 7 

F:GGTTCAGACCAATCCTTCTTG 

Sca7F1 R:TCTCATTCCCATCACCTTCC 
(GGAA)15 

José 
Dávila et 
al. unpub 5 4 

F:CATCCAGACATAACAACGGTTG 

M2B-63 R:CCTGGTCCTGAACTATGTCTTC 

(TCTCTG)6 (TC)6 
(TG)14 

José 
Dávila et 
al. unpub 9 12 
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Table	  2:	  Resistance	  values	  assigned	  to	  landscape	  features	  for	  the	  isolation-‐by-‐
distance	  model	  (IBD)	  and	  isolation-‐by-‐resistance	  models	  (IBR01-‐IBR18)	  tested.	  	  A	  
resistance	  value	  of	  1	  denotes	  that	  a	  feature	  does	  not	  present	  an	  impediment	  to	  
dispersal,	  whereas	  a	  value	  of	  16	  denotes	  that	  a	  feature	  is	  a	  strong	  impediment	  to	  
dispersal.	  	  
	  

Model Open 
Water 

Major 
Roads 

Minor 
Roads 

Dense 
Forest 

IBD 1 1 1 1 
IBR01 16 1 1 1 
IBR02 16 11 11 6 
IBR03 16 11 11 1 
IBR04 16 11 6 6 
IBR05 16 11 6 1 
IBR06 16 1 1 6 
IBR07 11 1 1 1 
IBR08 11 11 11 6 
IBR09 11 11 11 1 
IBR10 11 11 6 6 
IBR11 11 11 6 1 
IBR12 11 1 1 6 
IBR13 6 1 1 1 
IBR14 6 11 11 6 
IBR15 6 11 11 1 
IBR16 6 11 6 6 
IBR17 6 11 6 1 
IBR18 6 1 1 6 
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Chapter 3: Results 

Genetic Population Structure 

 All loci were variable with an average of 9.6 ± 3.7 alleles per locus for eastern 

Georgian Bay and 10.1 ± 4.4 alleles per locus on the Bruce Peninsula (Table 1). All loci 

were in HWE except for Scu16 and Sca7F1, which both showed significant heterozygote 

deficiencies across multiple locales (Table 3, 4). An important assumption of Bayesian 

assignment analysis is that loci are in HWE within diagnosed clusters; therefore I 

removed Scu16 and Sca7F1 from all subsequent analyses. Scu214 and Sca3D6 were 

found to be in linkage disequilibrium in one locale in eastern Georgian Bay (Table A1.2 

Appendix 1). Five pairs of loci exhibited linkage disequilibrium expectations in a single 

locale on the Bruce Peninsula (Table A1.2 Appendix 1). Departures from linkage 

equilibrium within populations can lead to over- or under-estimations of population 

structure by Bayesian assignment tests (Falush et al. 2003); however Bayesian 

assignment appears to be robust to violations of this assumption when linkage is weak 

(Falush et al. 2003; Hauser et al. 2006). Since patterns of linkage between loci were not 

pervasive or consistent across locales, apparently linked loci were used in analyses.  

Spatial Assignment Tests. Both TESS and Geneland revealed genetic 

differentiation between eastern Georgian Bay and the Bruce Peninsula (Figure 5). In 

Geneland, all individuals had more than a 98% posterior probability of belonging to one 

of the two diagnosed clusters. TESS revealed a few apparently admixed genotypes within 

the Bruce Peninsula. It is unlikely that this reflects true admixture between the two 
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regional populations as they have been separated for long periods of time, but rather 

suggests admixture with un-sampled populations (e.g. islands) or possibly trans-located 

individuals (e.g. through illegal pet trade and government confiscations).  

 Within eastern Georgian Bay, DIC values from TESS reached a plateau at k = 4, 

which I judged to be the ideal cluster number (Figure 6a). Mapping the cluster 

assignment of individuals revealed a clear geographic trend, showing a distinction 

between snakes north and south of Parry Sound and further substructure splitting the 

north into two clusters and separating individuals sampled from the southern mainland 

from those of Beausoleil Island (Figure 7). On the Bruce Peninsula, DIC values did not 

reach a plateau (Figure 6b), so I chose the ideal number of clusters based on stabilization 

of barplots. No new clusters arose after a k of 2, which I judged to be the number of 

clusters for this region (Figure 8a). Mapping the cluster assignment of individuals 

revealed a distinction between Lyal Island and the mainland, but no further population 

subdivision of mainland snakes (Figure 8b).  

 In contrast to TESS results, Geneland inferred only three genetic clusters within 

eastern Georgian Bay (Figure 9a). Like TESS, Geneland resolved differentiation between 

snakes north and south of Parry Sound with further differentiation of Beausoleil Island 

from the mainland. However in contrast to TESS, samples north of Parry Sound were not 

further subdivided. In addition, three individuals lying along the shoreline north of Parry 

Sound assigned to the south of Parry Sound mainland cluster. Geneland inferred two 

genetic subpopulations within the Bruce Peninsula (Figure 9b). Like TESS, Geneland 

showed differentiation between the mainland and Lyal Island. However the individuals 

on the mainland directly adjacent to the island were assigned with Lyal Island to form a 
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single genetic cluster revealing a genetic division between the north and the southern 

portion of the Bruce Peninsula. 

Landscape Resistance Analysis 

 The IBD and all 18 IBR models showed significant Mantel matrix correlations 

with inter-individual genetic distances for eastern Georgian Bay (Table 5). However none 

of these models remained significant after removing the effects of IBD with partial 

Mantel tests, and following sequential Bonferroni correction of p-values. On the Bruce 

Peninsula, neither the model of IBD nor any of the IBR models significantly correlated 

with inter-individual genetic distance implying panmixia. As would be expected, IBR 

models remained non-significant after factoring out the effects of IBD with partial Mantel 

tests (Table 5).  

I found regional differences within eastern Georgian Bay. Both north and south of 

Parry Sound, the IBD and all 18 IBR models individually showed significant Mantel 

correlations with inter-individual genetic distances. For analysis of samples from north of 

Parry Sound, three models of IBR were significantly correlated with pair-wise genetic 

distance after factoring out IBD; all three included water alone as a restrictor to gene 

flow. However, these models were not significant after sequential Bonferroni correction 

(Table 6). In contrast, five models of IBR showed significant correlations with inter-

individual genetic distance after removing the effects of IBD south of Parry Sound (Table 

6). All five of these models included open water, and major and minor roads as restrictors 

of gene flow, but did not include dense forest. However, when I sub-sampled south of 

Parry Sound using only 21 random individuals, none of the Mantel r or partial Mantel r-
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values were significant following sequential Bonferroni correction (Table 7). Removing 

Beausoleil Island from models did not change the ranking of IBR models, but reduced the 

p-values (Table 7). 

Landscape Fragmentation Analysis 

 FRAGSTATS revealed marked differences between sampled portions of the range 

in terms of distribution of different landscape elements and patchiness. Water features 

were most continuous (higher correlation length), most dense, and made up the largest 

percentage of the landscape south of Parry Sound. Water features were most fragmented 

north of Parry Sound, and least dense and least extensive across the landscape on the 

Bruce Peninsula (Table 8). Patches of forest were found to be most continuous and make 

up nearly 80% of the total landscape, but showed the lowest patch density, on the Bruce 

Peninsula. Forest was found to be most fragmented and least extensive, but also most 

dense across the landscape north of Parry Sound (Table 8). The road network was most 

continuous north of Parry Sound and most fragmented south of Parry Sound. Roads were 

equally dense across all three local landscapes but were slightly more extensive north of 

Parry Sound compared to the other two regions (Table 8). 

Computer Simulations 

 For the first set of simulations where a semi-permeable road barrier was 

introduced onto a neutral landscape, significant isolation-by-distance was apparent in 

Mantel tests across all combinations of juvenile dispersal thresholds and population 

density, except when juvenile dispersal threshold was 2.2 km at a population density of 6 

individuals per km2 (Figure 10a, b). Mantel r-values rose at a faster rate and reached a 
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higher asymptote when juvenile dispersal threshold was low (Figure 10a, b). When 

Mantel tests between genetic distances and pair-wise neutral distances were limited to 

100 randomly chosen individuals, isolation-by-distance was detectable after six 

generations, and 11 generations at a population density of 4 individual per km2 for 

dispersal thresholds of 0.8 and 1.4 km, respectively (Figure 10c). Significant Mantel r-

values were found only sporadically (across generations) for the reduced dataset with the 

dispersal threshold of 2.2 km at this population density (Figure 10c). The reduced dataset 

revealed sporadic significance of Mantel r-values across generations for all dispersal 

thresholds at a population density of 6 individuals per km2 (Figure 10d).  

 Following the imposition of a semi-permeable linear road barrier, partial Mantel 

tests indicated significant correlations between the road-barrier resistance distance matrix 

and genetic distance after 2, 7, and 12 generations for dispersal thresholds of 0.8, 1.4, and 

2.2 km, respectively, at a population density of 4 individuals per km2 (Figure 11a). The 

effect of the road barrier was detectable after 2 and 7 generations for dispersal thresholds 

of 0.8 and 1.4 km, respectively, at a population density of 6 individuals per km2, and was 

never detected for a juvenile dispersal threshold of 2.2 km (Figure 11b). When partial 

Mantel tests were limited to 100 randomly chosen individuals, r-values were occasionally 

significant for the lowest dispersal threshold at a population density of 4 individuals per 

km2, and never significant for simulations with any other combination of parameter 

values (Figure 11c, d). 

 For the simulations across the landscape south of Parry Sound, partial Mantel tests 

between pair-wise genetic distances and pair-wise resistance-distances where water alone 

was a barrier to gene flow (factoring out the effect of geographic distance), revealed 
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significant r-values after only 6 generations (Figure 12a). The same result was found for 

partial Mantel tests using pair-wise resistance distances where both water and roads were 

treated as barriers to gene flow (Figure 12a). These two patterns remained relatively 

consistent when genotypes were sub-sampled using 56 individuals taken from locations 

on the landscape reflecting my empirical analysis (Figure 12b). However, the water alone 

and water and road barrier matrices were detected as consistently significant after 16 

generations when genotypes were sub-sampled randomly (Figure 12c). 

After the imposition of semi-permeable road-barriers onto the landscape, 

significant independent effects of roads were detected after 12 generations by partial 

Mantel tests between pair-wise genetic distances and pair-wise resistance distances 

reflecting water and roads as barriers to gene flow, factoring out resistance distances 

reflecting water alone as barrier to gene flow (Figure 12a). Partial Mantel tests between 

pair-wise genetic distances and resistance distances reflecting roads alone as a barrier to 

gene flow were significant after 7 generation following the introduction of roads onto the 

landscape, after factoring out the effects of geographic Euclidean distance (Figure 12a).  
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Figure 5: Results from spatial Bayesian assignment tests using all samples from the Bruce 
Peninsula and eastern Georgian bay pooled together in TESS (a) and Geneland (b,c). In 
panel a, each individual bar represents a single individual and the colour denotes the 
proportion of individual’s genotype that belongs that belongs to one of k clusters. In 
panels (b) and (c), each	  black	  dot	  represents	  a	  single	  individual.	  Maps	  show	  posterior	  
probabilities	  (denoted	  by	  the	  number	  on	  each	  isocline)	  of	  individuals	  belonging	  to	  
the	  Bruce	  Peninsula	  genetic	  cluster	  (b)	  or	  the	  eastern	  Georgian	  Bay	  genetic	  cluster	  
(c).	  	  
 

Bruce	  Peninsula	  
	  

Eastern	  Georgian	  Bay	  
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Figure	  6:	  DIC	  values	  generated	  by	  TESS	  for	  each	  cluster	  number	  (k)	  for	  eastern	  
Georgian	  Bay	  (a)	  and	  the	  Bruce	  Peninsula	  (b).	  Same	  uppercase	  letters	  above	  each	  
graph	  represents	  mean	  DIC	  values	  that	  are	  not	  significantly	  different	  between	  
groups.	  DIC	  values	  in	  eastern	  Georgian	  Bay	  leveled	  off	  at	  k=4,	  indicating	  that	  this	  is	  
the	  ideal	  cluster	  number	  for	  this	  region.	  DIC	  values	  for	  the	  Bruce	  Peninsula	  did	  not	  
level	  off;	  therefore	  the	  barplots	  representing	  admixture	  coefficients	  were	  used	  to	  
determine	  the	  ideal	  value	  of	  k	  for	  this	  region	  (see	  Figure	  8).	  	  

a	  

b	  

A	   B	   C	   C	  
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Figure	  7:	  Bar	  plots	  of	  admixture	  coefficients	  for	  each	  value	  of	  kmax	  from	  a	  spatial	  
assignment	  analysis	  performed	  in	  TESS	  2.3.1,	  for	  massasasaugas	  in	  eastern	  Georgian	  
Bay	  (a).	  Each	  vertical	  bar	  represents	  a	  single	  individual	  and	  bar	  colour	  denotes	  the	  
percent	  membership	  of	  an	  individual’s	  genotype	  to	  one	  of	  k	  clusters.	  A	  k	  of	  4	  was	  
determined	  as	  the	  true	  cluster	  number	  for	  this	  region	  as	  no	  new	  clusters	  appeared	  
at	  higher	  k,	  and	  DIC	  vales	  reached	  a	  plateau	  at	  kmax=4	  (see	  Figure	  6).	  Panel	  (b)	  
shows	  the	  geographic	  locations	  of	  individuals	  on	  the	  landscape,	  where	  colour	  
matches	  the	  assignment	  of	  individual	  genotype	  seen	  in	  the	  barplot	  of	  kmax=4.	  
Individuals	  that	  had	  less	  than	  70%	  of	  their	  genotype	  assigned	  to	  a	  single	  cluster	  
were	  defined	  as	  have	  mixed	  ancestry	  and	  are	  represented	  as	  black	  triangles	  on	  the	  
map.	  Population	  name	  abbreviations:	  NED,	  North	  east	  of	  Dillon	  Road;	  KB,	  Killbear;	  
SPM,	  South	  of	  Parry	  Sound	  Mainland;	  BI,	  Beausoleil	  Island.	  

a	  

b	  
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Figure	  8:	  Bar	  plots	  of	  admixture	  coefficients	  for	  each	  value	  of	  kmax	  from	  a	  spatial	  
assignment	  analysis	  performed	  in	  TESS	  2.3.1,	  for	  massasasaugas	  on	  the	  Bruce	  
Peninsula	  (a).	  Panel	  (b)	  shows	  the	  geographic	  locations	  of	  individuals	  on	  the	  
landscape.	  Other	  details	  same	  as	  Figure	  7.	  Population	  name	  abbreviations:	  BP,	  Bruce	  
Peninsula	  mainland;	  LI,	  Lyal	  Island.	  

	  

a	  

b	  
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Figure	  9:	  Results	  from	  non-‐admixture	  spatial	  assignment	  in	  Geneland.	  Spatial	  
clustering	  suggests	  three	  distinct	  genetic	  clusters	  within	  eastern	  Georgian	  Bay	  (a)	  
and	  two	  genetic	  clusters	  within	  the	  Bruce	  Peninsula	  (b).	  Each	  black	  dot	  represents	  a	  
single	  individual.	  Maps	  show	  posterior	  probabilities	  of	  individuals	  belonging	  to	  one	  
of	  3	  clusters	  for	  eastern	  Georgian	  Bay	  (a.	  i,	  ii,	  iii)	  or	  two	  clusters	  for	  the	  Bruce	  
Peninsula	  (b.	  i	  or	  ii).	  	  

a	  

b	  

i	  

ii	   iii	  

i	  
	  

ii	  
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Figure 10: Mantel r correlations between a matrix of inter-individual genetic distances 
and Euclidean geographic distance for each sampled generation using all simulated 
individuals (a,b) or a subset of 100 random individuals (c,d) at population densities of 4 
individuals per km2 (a,c) and 6 individuals per km2 (b,d). Open symbols represent non-
significant correlations and filled symbols represent r-values that were significant 
following Bonferroni correction. The vertical dotted line at generation 99 denotes the 
point in time that a linear, semi-permeable road barrier was introduced onto the simulated 
landscape. 

a	   b	  

c	  
	  

d	  
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Figure 11: Partial Mantel r correlations between a matrix of inter-individual genetic 
distance and resistance distances based resistance surface where a semi-permeable road 
barrier bisects the landscape, factoring out the effect of Euclidean geographic distance. 
Mantel values are shown for each sampled generation using all simulated individuals 
(a,b) or a subset of 100 random individuals (c,d) at population densities of 4 individuals 
per km2 (a,c) and 6 individuals per km2 (b,d). Open symbols represent non-significant 
correlations and filled symbols represent r-values that were significant following 
Bonferroni correction. The vertical dotted line at generation 99 denotes the point in time 
that a linear road barrier was introduced onto the simulated landscape. 

 

 

 

a	   b	  

c	   d	  
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Figure 12: Partial Mantel r correlations for the simulation conducted south of Parry 
Sound for each sampled generation using all simulated individuals (a), a subset of 56 
individuals chosen from empirical sampling locations (b), and a subset of 56 randomly 
chosen individuals (c). Each graph shows the results of four partial Mantel tests using 
combinations of 5 different distance matrices: pair-wise genetic distances (gen), pair-wise 
Euclidean geographic distance (euc), pair-wise resistance distances where water alone 
restricts gene flow (L1), pair-wise resistance distances where both water and roads 
restrict gene flow (L2), and pair-wise resistance distances where roads alone restrict gene 
flow (Rd). Open symbols represent non-significant correlations and filled symbols 
represent r-values that were significant following Bonferroni correction. The vertical 
dotted line at generation 99 denotes the point in time that a linear road barrier was 
introduced onto the simulated landscape. 

0.
0

0.
1

0.
2

0.
3

0.
4

Generation

M
an

te
l's

 r

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151

gen~L1|euc
gen~L2|euc
gen~Rd|euc
gen~L2|L1

-0
.2

0.
0

0.
2

0.
4

0.
6

0.
8

Generation

M
an

te
l's

 r

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151

gen~L1|euc
gen~L2|euc
gen~Rd|euc
gen~L2|L1

-0
.2

0.
0

0.
2

0.
4

0.
6

Generation

M
an

te
l's

 r

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151

gen~L1|euc
gen~L2|euc
gen~Rd|euc
gen~L2|L1

a	  

b	  

c	  



	   55	  

 

Table 3: Observed (Ho), expected (He) heterozygosities, and p-values of exact tests for 
departures from Hardy-Weinberg Equilibrium of 14 massasaugas microsatellites used in 
this study, across four of the most intensively sampled localities within eastern Georgian 
Bay. Sample sizes are indicated in the parentheses beside the locality names.  Bolded p-
values indicate significant departures following sequential Bonferroni correction. 
  Killbear (29) Mactier (26) Six Mile (19) 
Locus Ho He p Ho He p Ho He p 
Scu5 0.63 0.74 0.13 0.62 0.67 0.06 0.58 0.60 0.01 
Scu7 0.82 0.81 0.64 0.71 0.71 0.53 0.79 0.84 0.26 
Scu16 0.19 0.68 <0.001 0.14 0.49 <0.001 0.13 0.59 <0.001 
M2B-63 0.76 0.72 0.77 0.63 0.64 0.04 0.68 0.75 0.27 
Scu210 0.93 0.84 0.79 0.88 0.84 0.25 0.68 0.67 0.74 
Scu211 0.78 0.85 0.12 0.65 0.85 0.29 0.68 0.87 0.06 
Scu212 0.72 0.84 0.14 0.68 0.83 0.09 0.94 0.86 0.25 
Scu214 0.79 0.82 0.43 0.73 0.81 0.47 0.95 0.78 0.81 
Sca2A5 0.79 0.74 0.90 0.54 0.55 0.11 0.84 0.82 0.92 
Sca7F1 0.38 0.58 0.01 0.54 0.81 <0.001 0.37 0.78 <0.001 
Scu200 0.89 0.88 0.32 0.81 0.91 0.30 0.89 0.89 0.31 
Sca3D6 0.62 0.68 0.48 0.69 0.66 0.48 0.63 0.58 0.53 
Sca19H5 0.62 0.64 0.08 0.65 0.67 0.25 0.58 0.58 0.75 
Sca16E4 0.78 0.74 0.81 0.77 0.62 0.07 0.68 0.64 0.95 
  Beausoleil (12)             
Locus Ho He p             
Scu5 0.58 0.61 0.17       
Scu7 0.89 0.80 0.89       
Scu16 0.27 0.65 <0.001       
M2B-63 0.80 0.70 0.93       
Scu210 0.58 0.59 0.47       
Scu211 1.00 0.84 0.12       
Scu212 0.75 0.63 0.14       
Scu214 0.83 0.71 0.77       
Sca2A5 1.00 0.82 0.78       
Sca7F1 0.50 0.64 0.02       
Scu200 0.67 0.77 0.07       
Sca3D6 1.00 0.72 0.06       
Sca19H5 0.67 0.54 0.55       
Sca16E4 0.67 0.68 1.00       
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Table 4: Observed (Ho), expected (He) heterozygosities, and p-values of exact tests for 
departures from Hardy-Weinberg Equilibrium of 14 massasaugas microsatellites used in 
this study, across six of the most intensively sampled localities within the Bruce 
Peninsula. Sample sizes are indicated in the parentheses beside the locality names.  
Bolded p-values indicate significant departures following sequential Bonferroni 
correction. 
  Warner (14) Dorcas (25)  Emmett (40) 
Locus Ho He p Ho He p Ho He p 
Scu5 0.31 0.59 0.01 0.35 0.58 0.03 0.42 0.61 0.07 
Scu7 0.86 0.80 0.99 0.76 0.79 0.28 0.90 0.77 0.72 
Scu16 0.38 0.78 <0.001 0.29 0.69 <0.001 0.23 0.69 <0.001 
M2B-63 0.85 0.80 0.38 0.79 0.77 0.24 0.76 0.81 0.53 
Scu210 0.50 0.70 0.01 0.92 0.85 0.85 0.89 0.83 0.46 
Scu211 0.83 0.83 0.46 0.65 0.84 0.02 0.84 0.84 0.16 
Scu212 0.62 0.87 0.10 0.86 0.88 0.68 0.92 0.88 0.59 
Scu214 0.93 0.89 0.78 0.80 0.90 0.02 0.95 0.85 0.88 
Sca2A5 0.64 0.68 0.73 0.72 0.75 0.83 0.77 0.77 0.56 
Sca7F1 0.23 0.62 <0.001 0.52 0.80 <0.001 0.54 0.71 0.04 
Scu200 0.86 0.89 0.60 0.84 0.91 0.12 0.83 0.90 0.07 
Sca3D6 0.93 0.81 0.70 0.72 0.76 0.07 0.79 0.79 0.10 
Sca19H5 0.50 0.69 0.25 0.68 0.69 0.26 0.68 0.66 0.34 
Sca16E4 0.62 0.74 0.06 0.60 0.68 0.40 0.83 0.74 0.69 
  Pine Tree (13) Shouldice (30) Crane Lake (14) 
Locus Ho He p Ho He p Ho He p 
Scu5 0.31 0.67 0.01 0.48 0.67 0.01 0.50 0.57 0.53 
Scu7 0.77 0.72 0.87 0.71 0.82 0.38 0.79 0.81 0.87 
Scu16 0.23 0.80 <0.001 0.14 0.68 <0.001 0.08 0.41 <0.001 
M2B-63 0.69 0.86 0.05 0.76 0.79 0.11 0.86 0.82 0.98 
Scu210 0.77 0.86 0.47 0.71 0.85 0.02 0.86 0.85 0.34 
Scu211 0.92 0.79 0.04 0.78 0.84 0.58 0.85 0.92 0.04 
Scu212 0.92 0.79 0.29 0.77 0.87 0.80 0.86 0.89 0.20 
Scu214 0.85 0.88 0.27 0.83 0.85 0.15 0.86 0.84 0.96 
Sca2A5 0.69 0.82 0.25 0.70 0.77 0.08 0.93 0.77 0.95 
Sca7F1 0.77 0.71 0.85 0.47 0.72 <0.001 0.36 0.70 <0.001 
Scu200 1.00 0.93 1.00 0.87 0.90 0.78 0.71 0.89 0.20 
Sca3D6 0.77 0.82 0.02 0.80 0.81 0.68 0.93 0.80 0.07 
Sca19H5 0.69 0.65 0.28 0.57 0.60 0.27 0.57 0.60 0.80 
Sca16E4 0.31 0.62 0.01 0.83 0.74 0.87 0.86 0.77 0.62 
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Table 5: Results from Mantel tests for eastern Georgian Bay and the Bruce Peninsula, 
between genetic distance and each model of IBR (gen~IBR), partial Mantel tests 
controlling for the effects of IBD on each model of IBR (gen~IBR|IBD), and partial 
Mantel tests controlling for the effects of each IBR model on IBD (gen~IBD|IBR). 
Bolded p-values denote observations that remained significant after sequential Bonferroni 
correction. 
  gen~IBR  gen~IBR|IBD  gen~IBD|IBR 

Region Model Mantel r P-
value   Mantel r P-

value   Mantel r P-
value 

IBR01 0.213 0.001   0.056 0.144   0.085 0.024 
IBR02 0.215 0.001  0.058 0.143  0.081 0.048 
IBR03 0.244 0.001  0.126 0.100  0.073 0.045 
IBR04 0.217 0.001  0.062 0.114  0.078 0.055 
IBR05 0.253 0.001  0.138 0.006  0.058 0.098 
IBR06 0.176 0.001  -0.009 0.577  0.137 0.004 
IBR07 0.217 0.001  0.054 0.131  0.071 0.060 
IBR08 0.211 0.001  0.054 0.174  0.087 0.032 
IBR09 0.240 0.001  0.123 0.011  0.080 0.040 
IBR10 0.214 0.001  0.058 0.128  0.083 0.046 
IBR11 0.252 0.001  0.137 0.006  0.062 0.076 
IBR12 0.172 0.001  -0.020 0.666  0.143 0.001 
IBR13 0.222 0.001  0.051 0.149  0.048 0.170 
IBR14 0.202 0.001  0.046 0.197  0.105 0.024 
IBR15 0.229 0.001  0.115 0.020  0.100 0.009 
IBR16 0.206 0.001  0.052 0.160  0.099 0.024 
IBR17 0.245 0.001  0.132 0.006  0.080 0.024 

Eastern 
Georgian 
Bay 

IBR18 0.163 0.001   -0.037 0.762   0.157 0.001 
IBR01 0.037 0.426   -0.022 0.635   0.049 0.165 
IBR02 0.008 0.844  -0.082 0.079  0.099 0.033 
IBR03 -0.011 0.802  -0.072 0.146  0.091 0.022 
IBR04 0.019 0.678  -0.061 0.167  0.081 0.070 
IBR05 0.009 0.828  -0.045 0.339  0.072 0.065 
IBR06 0.037 0.386  -0.033 0.476  0.054 0.210 
IBR07 0.040 0.361  -0.023 0.564  0.046 0.164 
IBR08 0.004 0.940  -0.083 0.087  0.100 0.020 
IBR09 -0.017 0.704  -0.076 0.113  0.093 0.022 
IBR10 0.017 0.694  -0.061 0.198  0.082 0.067 
IBR11 0.007 0.879  -0.046 0.381  0.073 0.066 
IBR12 0.037 0.370  -0.032 0.502  0.054 0.211 
IBR13 0.050 0.340  -0.032 0.643  0.065 0.540 
IBR14 0.000 0.580  -0.078 0.099  0.200 0.030 
IBR15 -0.070 0.580  -0.076 0.113  0.096 0.022 
IBR16 0.020 0.800  -0.085 0.178  0.078 0.065 
IBR17 0.003 0.932  -0.056 0.243  0.067 0.770 

Bruce 
Peninsula 

IBR18 0.056 0.420  -0.038 0.620  0.067 0.244 
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Table 6: Results from Mantel tests for two locales within the eastern Gerogian Bay 
regional population. Results are from Mantel tests between genetic distance and each 
model of IBR (gen~IBR), partial Mantel tests controlling for the effects of IBD on each 
model of IBR (gen~IBR|IBD), and partial Mantel tests controlling for the effects of each 
IBR model on IBD (gen~IBD|IBR). Bolded p-values denote observations that remained 
significant after sequential Bonferroni correction. 
  gen~IBR  gen~IBR|IBD  gen~IBD|IBR 

Region Model Mantel r P-
value   Mantel r P-

value   Mantel r P-
value 

IBR01 0.259 0.001   0.141 0.039   -0.025 0.632 
IBR02 0.146 0.018  0.017 0.379  0.168 0.015 
IBR03 0.109 0.085  0.013 0.438  0.194 0.001 
IBR04 0.192 0.003  0.067 0.254  0.129 0.073 
IBR05 0.154 0.022  0.058 0.223  0.170 0.013 
IBR06 0.237 0.001  0.110 0.101  0.069 0.204 
IBR07 0.258 0.001  0.142 0.036  -0.036 0.682 
IBR08 0.134 0.033  0.006 0.485  0.177 0.013 
IBR09 0.097 0.124  0.006 0.468  0.200 0.004 
IBR10 0.184 0.006  0.058 0.237  0.138 0.043 
IBR11 0.143 0.041  0.051 0.280  0.177 0.011 
IBR12 0.237 0.002  0.110 0.093  0.066 0.197 
IBR13 0.256 0.001  0.144 0.026  -0.059 0.769 
IBR14 0.113 0.066  -0.011 0.552  0.191 0.005 
IBR15 0.077 0.193  -0.006 0.549  0.210 0.004 
IBR16 0.165 0.014  0.041 0.333  0.154 0.026 
IBR17 0.124 0.064  0.039 0.354  0.188 0.005 

North of 
Parry Sound 

IBR18 0.234 0.002   0.103 0.089   0.066 0.234 
IBR01 0.247 0.001  0.110 0.055  0.095 0.013 
IBR02 0.269 0.001  0.140 0.027  0.070 0.101 
IBR03 0.301 0.001  0.197 0.001  0.069 0.063 
IBR04 0.264 0.001  0.133 0.032  0.076 0.079 
IBR05 0.296 0.002  0.190 0.001  0.072 0.058 
IBR06 0.215 0.001  0.052 0.209  0.123 0.010 
IBR07 0.251 0.001  0.106 0.060  0.079 0.036 
IBR08 0.259 0.001  0.128 0.037  0.085 0.052 
IBR09 0.298 0.001  0.193 0.002  0.073 0.060 
IBR10 0.254 0.001  0.121 0.042  0.089 0.058 
IBR11 0.294 0.001  0.188 0.001  0.074 0.058 
IBR12 0.205 0.001  0.034 0.314  0.134 0.008 
IBR13 0.256 0.001  0.100 0.069  0.049 0.170 
IBR14 0.236 0.001  0.106 0.062  0.117 0.010 
IBR15 0.283 0.001  0.179 0.001  0.096 0.024 
IBR16 0.231 0.001  0.099 0.071  0.122 0.012 
IBR17 0.280 0.001  0.174 0.005  0.096 0.025 

South of 
Parry Sound 

IBR18 0.183 0.002  0.004 0.462  0.159 0.004 
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Table 7: Results from Mantel tests for two subsets of data taken from south of Parry 
sound. Results are from Mantel tests between genetic distance and each model of IBR 
(gen~IBR), partial Mantel tests controlling for the effects of IBD on each model of IBR 
(gen~IBR|IBD), and partial Mantel tests controlling for the effects of each IBR model on 
IBD (gen~IBD|IBR). Bolded p-values denote observations that remained significant after 
sequential Bonferroni correction. 
  gen~IBR  gen~IBR|IBD  gen~IBD|IBR 

Subset Model Mantel r P-
value   Mantel r P-

value   Mantel r P-
value 

IBR01 0.212 0.001  0.105 0.087  0.067 0.107 
IBR02 0.246 0.001  0.154 0.026  0.029 0.306 
IBR03 0.260 0.001  0.181 0.007  0.056 0.139 
IBR04 0.240 0.001  0.145 0.025  0.036 0.279 
IBR05 0.253 0.002  0.172 0.023  0.061 0.127 
IBR06 0.198 0.001  0.075 0.177  0.072 0.105 
IBR07 0.217 0.001  0.103 0.101  0.048 0.170 
IBR08 0.235 0.001  0.138 0.047  0.045 0.195 
IBR09 0.256 0.001  0.177 0.009  0.060 0.136 
IBR10 0.229 0.001  0.130 0.041  0.051 0.197 
IBR11 0.250 0.002  0.168 0.008  0.063 0.137 
IBR12 0.187 0.003  0.055 0.249  0.084 0.076 
IBR13 0.220 0.001  0.101 0.104  0.017 0.396 
IBR14 0.212 0.002  0.112 0.064  0.077 0.102 
IBR15 0.242 0.001  0.162 0.013  0.078 0.062 
IBR16 0.205 0.002  0.102 0.106  0.084 0.081 
IBR17 0.235 0.001  0.154 0.027  0.082 0.074 

South of 
Parry Sound 
– 21 
individuals 

IBR18 0.164 0.004  0.021 0.400  0.112 0.031 
IBR01 0.180 0.043  0.111 0.159  0.041 0.281 
IBR02 0.177 0.035  0.100 0.202  0.033 0.311 
IBR03 0.210 0.019  0.150 0.102  0.027 0.365 
IBR04 0.167 0.048  0.084 0.239  0.044 0.300 
IBR05 0.195 0.032  0.130 0.138  0.035 0.305 
IBR06 0.150 0.070  0.060 0.320  0.062 0.233 
IBR07 0.188 0.024  0.116 0.175  0.020 0.399 
IBR08 0.170 0.045  0.085 0.234  0.041 0.316 
IBR09 0.206 0.009  0.145 0.121  0.023 0.392 
IBR10 0.157 0.050  0.070 0.299  0.052 0.280 
IBR11 0.194 0.025  0.127 0.140  0.029 0.365 
IBR12 0.141 0.074  0.044 0.358  0.068 0.206 
IBR13 0.193 0.008  0.123 0.148  -0.016 0.589 
IBR14 0.146 0.064  0.054 0.317  0.065 0.259 
IBR15 0.194 0.020  0.128 0.131  0.034 0.360 
IBR16 0.134 0.086  0.035 0.398  0.078 0.177 
IBR17 0.182 0.024  0.110 0.180  0.039 0.333 

South of 
Parry Sound 
– no 
Beausoleil 

IBR18 0.121 0.093  0.008 0.492  0.091 0.160 
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Table 8: Results from FRAGSTATS analysis of landscape composition and 
configuration.  

Study 
Area 

Percentage 
of 

landscape 
water 

Percentage 
of 

landscape 
roads 

Percentage 
of 

landscape 
forest 

Patch 
density 
water 

(patches/ha) 

Patch 
density 
roads 

(patches/ha) 

Patch 
density 
forest 

(patches/ha) 

Bruce 
Peninsula 

4 2 79 0.56 0.01 0.27 

North of 
Parry 
Sound 

9 3 32 1.8 0.01 1.48 

South of 
Parry 
Sound 

15 2 49 2.17 0.01 1.11 

              

Study 
Area 

Correlation 
length 

water (m) 

Correlation 
length 

roads (m) 

Correlation 
length 

forest (m) 
   

Bruce 
Peninsula 

478 10052 7191 
   

North of 
Parry 
Sound 

401 11604 1698 
   

South of 
Parry 
Sound 

700 8458 4781 
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Chapter 4: Discussion 

Clustering Analysis 

 At the broadest geographic scale I found strong differentiation between regional 

populations of massasaugas, but also striking genetic structure within each region. The 

former result is supported by both TESS and Geneland which both inferred that eastern 

Georgian Bay and the Bruce Peninsula form distinct genetic clusters. This result is 

consistent with past research (Gibbs et al. 1997; Lougheed et al. 2000). For example, a 

recent study by Chiucchi and Gibbs (2010) found differentiation between populations on 

both sides of Georgian Bay using fewer individuals and the non-spatial assignment 

program STRUCTURE. The low number of admixed genotypes between eastern 

Georgian Bay and the Bruce Peninsula suggests that these two regions exchange very few 

migrants, and have likely been separated for long periods of time. A recent survey of 

mitochondrial diversity across the North American range of the eastern massasauga 

showed that snakes on the Bruce Peninsula and eastern Georgian Bay form a single 

subunit, suggesting a common evolutionary and post-glacial colonization history with 

separation of populations occurring a maximum of 8-10,000 years ago (Ray 2009).  

 Although Lyal Islands appears to be genetically distinct from the Bruce Peninsula 

mainland population, contrary to predictions I find no evidence for further population 

subdivision. A previous study of massasaugas on the Bruce Peninsula found marked 

genetic differentiation between two sites only a few kilometers apart, implying that these 

snakes experience low dispersal despite proximity (Lougheed et al. 2000). The 
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conflicting results in the present study suggest three possibilities. First, patterns of genetic 

population structure may have changed within the last 10 years within these sites. A 

comparison of satellite images collected in 1993 and 1999 showed reductions in dense 

forest covering and increases in exposed bedrock outcrops and alvars on the Bruce 

Peninsula (unpublished, Geosphere Information Services 2002). Since massasaugas tend 

to avoid dense forest and preferentially use open habitat types (Harvey and Weatherhead 

2006), it is possible that the gradual opening of the canopy increased connectivity of 

massasaugas across the Peninsula over time. However, this seems unlikely since this span 

of time encompasses approximately two generations for massasaugas (Rouse and Willson 

2002), which is insufficient to generate any noticeable genotypic change (Landguth et al. 

2010). Second, this contrast could be a product of the array of microsatellite loci used in 

each study and differences in sample size. Lougheed et al. (2000) used six massasauga-

specific microsatellite loci with a total sample size of 15 individuals. The sample size 

used in my study is much larger (n=170 with 12 microsatellite loci), and therefore the 

present results are likely more representative of the region as a whole. Finally, this 

contrast could be attributed to differences in the analytical methods used between the two 

studies. Whereas Lougheed et al. (2000) calculated Fst between two locales within the 

Bruce Peninsula, I used spatial Bayesian assignment to split peninsula-wide samples into 

population clusters. The discrete locales chosen by Lougheed et al. (2000) might not have 

represented true populations or subpopulations, but rather family groups, and calculations 

of Fst could be an artifact of this sampling scheme (Latch and Rhodes 2006). Overall the 

lack of population substructure within the mainland of the Bruce Peninsula suggests that 
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features of the landscape do not impede dispersal, or that the signal of restricted dispersal 

is too recent or too weak to detect with molecular markers. 

TESS and Geneland inferred different number of clusters in eastern Georgian 

Bay. This lack of convergence is not uncommon. For example, Safner et al. (2011) found 

that the TESS admixture model overestimated the number of simulated genetic 

disjunctions compared to Geneland, whereas Chen et al. (2007) found the reverse. There 

are several differences in the underlying models of these two programs, which might 

explain these conflicting results. First, TESS uses an admixture model that incorporates 

the notion that recent interbreeding will have resulted in individuals with ancestries that 

are shared between populations, whereas Geneland does not. The TESS admixture model 

does not require sampling of all source populations, while Geneland assumes that all 

clusters have been sampled across a landscape and that each inferred cluster represents a 

panmictic unit. These latter two assumptions are likely violated in my study regions since 

not all islands that host massasaugas were sampled within eastern Georgian Bay, nor 

were locales at the extremes of the known massasauga distribution. Further, massasaugas 

are more-or-less continuously distributed across a landscape that mostly lacks obvious 

impermeable barriers to gene flow that would be expected to produce strict population 

boundaries. Safner et al. (2011) found that the TESS admixture model outperformed 

Geneland in detecting genetic discontinuities when the simulated dispersal distance was 

low, an attribute that is true for massasaugas that have a maximum adult dispersal of 2 

km (Weatherhead and Prior 1992). Together this suggests that the TESS admixture model 

is probably better suited for analysis of population structure of massasauga rattlesnakes. 

Despite this, comparison of the results of these two assignment tests can give insight into 
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the relative strength of genetic breaks and identify potential anomalies. For example, both 

programs identified differentiation between individuals sampled on Beausoleil Island and 

those found on the adjacent mainland, and a break between snakes north and south of 

Parry Sound, increasing confidence that these genetic clusters were inferred correctly. 

However, TESS identified two clusters north of Parry Sound whereas Geneland assigned 

these individuals to a single genetic unit. This might imply that TESS was better able to 

detect subtle genetic differentiation in the presence of high genetic admixture. 

Alternatively the two clusters identified by TESS might reflect an artifact produced by an 

underlying pattern of isolation-by-distance (Frantz et al. 2009; Schwartz and McKelvey 

2009). In support of this, I found no obvious contemporary landscape features that 

coincide with the boundary between the two clusters inferred by TESS and significant 

isolation-by-distance across the region. However, more extensive sampling is require to 

confirm this, as the small sample size north of Parry Sound precluded further tests for 

isolation-by-distance within each cluster separately. 

 In contrast, gene flow appears to be more restricted between clusters north and 

south of Parry Sound, as evidenced by the differentiation inferred by Geneland and the 

very low number of admixed genotypes between them as inferred by TESS. Two aspects 

of the landscape might explain this disjunction. First, observation records show that 

massasaugas rarely stray more than 10 km from the shoreline near Parry Sound (Weller 

and Oldham 1993). Thus, a natural population ‘pinch point’ exists where dispersal of 

snakes around Parry Sound is restricted to a narrow corridor, producing a spatial 

bottleneck (Excoffier et al. 2009). Second, the town of Parry Sound, lies along the 

shoreline between the clusters, and likely has presented an impermeable barrier to 
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dispersal for massasaugas at least over the last few decades, exacerbating this genetic 

disjunction.  

An alternative, but not mutually exclusive explanation for the pattern of genetic 

structure of eastern Georgian Bay is that the gradual clustering along the shoreline 

reflects past demographic change or relicts of the colonization history of this species. For 

example, Irwin (2002) showed that stochasticity of demographic processes (e.g. dispersal 

and mating) could cause strong phylogeographic breaks to arise even in the absence of 

barriers to gene flow, when individuals are continuously distributed across a landscape. 

Further, colonization (e.g. following glacial retreat) can cause spatial clustering of allele 

frequencies (Ibrahim et al. 1996; Austerlitz et al. 1997; Excoffier et al. 2009). For 

example under a linear stepping-stone model of colonization, each consecutive cluster 

along the shoreline of eastern Georgian Bay might correspond to a range expansion event 

characterized by sequential founder effects and subsequent genetic divergence between 

locales (Austerlitz et al. 1997; Excoffier et al. 2009). Similarly, genetic drift acting on the 

leading edge of an expanding population can allow ‘surfing’ of low-frequency alleles into 

colonized ranges, resulting in genetic differentiation between colonized versus ancestral 

populations. (Excoffier and Ray 2008). Both historical demographic changes and 

colonization can leave lasting effects in contemporary genetic structure of species 

(Howes et al. 2006; Orsini et al. 2008). 
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Landscape Effect on Population Structure 

Open Water. Results from both clustering and landscape resistance analyses imply 

that water limits massasuaga dispersal at multiple geographic scales. At the broadest 

scale, strong differentiation between the Bruce Peninsula and eastern Georgian Bay 

shows that long-distance dispersal across Georgian Bay is extremely rare if it occurs at all 

(Figure 5), although interestingly there are some apparently admixed individuals within 

the Bruce Peninsula. This differentiation is not unanticipated since large bodies of water 

present a major barrier to dispersal for many terrestrial snake species (e.g. Storeria dekayi 

and Thamnophis sirtalis – King and Lawson 2001; Pantherophis gloydi – Row et al. 

2010). However, the shear distance between the two regional populations, combined with 

the extremely limited dispersal capacity of massasaugas likely interact to produce this 

differentiation. The relationship between water and population structure appears to hold 

true at smaller spatial scales; within regional populations, both Lyal Island and Beausoleil 

Island are genetically differentiated from the mainland Bruce Peninsula and eastern 

Georgian Bay, respectively (Figures 7-9). Most strikingly, the northern tip of Beausoleil 

Island lies less than 500 m from the mainland, suggesting that massasaugas are reluctant 

to traverse even small stretches of open water. Further, within the cluster of snakes south 

of Parry Sound for which we have many samples, landscape resistance analysis revealed 

a significant relationship between pair-wise genetic distance and models that included 

both water and roads as impediments to dispersal. This relationship remained significant 

after controlling for Euclidean distance (Table 6) and marginally significant after 

removing Beausoleil Island samples from the analysis, suggesting that inland lakes, 

rivers, and ponds also play a role in limiting gene flow (Table 7). Interestingly, the model 
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of landscape resistance including water alone as the sole restrictor of gene flow was not 

significantly correlated with pair-wise genetic distance. This implies that it is the 

interaction of water bodies and roads that is important to dispersing massasaugas on the 

mainland. 

Despite the apparent geographic consistency of the effect of water on population 

structure, water does not appear to be an absolute barrier to dispersal for massasaugas. 

This is supported by documentation of massasaugas traversing small water bodies (DS 

Harvey pers. comm) and two main results from the clustering analysis in eastern 

Georgian Bay. First, the genotypes of two individuals on Beausoleil Island assign to the 

adjacent mainland cluster, implying that these clusters exchange at least occasional 

migrants or have sometime in recent history (Figure 7). Second, three individuals along 

the shoreline north of Parry Sound assign to the mainland cluster south of Parry Sound 

(Figures 7, 9a). Contrary to expectations, this suggests that the shoreline might act to 

maintain connectivity between the north and south of the town of Parry Sound, with 

intervening islands (e.g. Parry Island, lying adjacent to Parry Sound) perhaps acting as 

stepping-stones for gene flow. The island differentiation inferred by Bayesian assignment 

is likely exacerbated by small populations sizes experiencing elevated rates of genetic 

drift compared to mainland sites (Wright 1948; Nei et al. 1975; Frankham 1996). For 

example, in a meta-analysis Frankham (1996) found that 16 out of 19 studies involving 

mammals, reptiles, birds, and insects showed a positive relationship between genetic 

variation and island size. King and Lawson (1995) showed that strong colour pattern 

differences in island compared to mainland water snakes were attributable to a 

combination of selection on beneficial island colouration and strong genetic drift acting 
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on small population sizes on islands. Other factors, such as site fidelity or saturation of 

habitat or hibernacula on islands, might further limit the number of migrants exchanged 

between island and mainland sites, leading to genetic differentiation.  

 Roads. The most highly supported model of landscape resistance south of Parry 

Sound included water as a very high restrictor and both major and minor roads as high 

restrictors of gene flow. This was predicted since roads present major barriers to 

movement and significant sources of mortality for many animals (Fahrig and Rytwinski 

2009), including many snake species (e.g. Thamnophis sirtalis parietalis, Shine et al. 

2004; Elaphe obsoleta, Row et al. 2007; Crotalus horridus, Clark et al. 2010).  Roads 

can influence genetic structure in animals in two main ways: through the modification of 

behaviour, and through direct mortality of individuals (Holderegger and DiGiulio 2010). 

Both of these likely contribute to the pattern of landscape resistance for massasaugas. For 

example, Shepard et al. (2008) found that massasaugas crossed roads in Illinois 

significantly less than expected by chance. Similarly, Rouse (2006) found that radio-

tracked massasaugas never crossed an old highway in Mactier, south of Parry Sound, but 

readily crossed a newly constructed highway in the same region. Together these 

observations imply that massasaugas may develop avoidance behaviour in response to 

roads that have existed for a substantial time. Further, road mortality is thought to be a 

leading factor in decline of massasaugas across the species range as hundreds of 

massasaugas are killed on cottage roads each year (Parks Canada Agency 2010). High 

levels of road mortality can lead to decreases in local abundance and can limit the number 

of individuals exchanged between populations on either side of the road, diminishing 
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gene flow, decreasing Ne for now fragmented populations, and ultimately leading to 

population divergence.    

Dense Forest. Contrary to predictions, my analyses failed to identify dense forest 

as an impediment to dispersal in any of my sampling regions. This was especially 

surprising for the Bruce Peninsula, where close to 80% of the region is covered by dense 

forest. Previous work has shown that massasaugas use forest less than would be expected 

by its availability on the landscape (Harvey and Weatherhead 2006; Moore and 

Gillingham 2006; Rouse 2006). However, these studies differed in their categorization of 

‘forest’. For example, Moore and Gillingham (2006) found that massasaugas in 

southeastern Michigan strongly avoided upland hardwood forest during the active season, 

but selected lowland hardwood forest and wetlands. A radio-telemetry study on the Bruce 

Peninsula revealed that massasauga showed a minor, but significant tendency to avoid 

dense deciduous forest (Harvey and Weatherhead 2006). A similar finding for the 

avoidance of forest was reported by Rouse (2006) for snakes in eastern Georgian Bay, 

however the type of forest (sparse versus dense) was not differentiated in the study. In the 

present study, I categorized forest as either sparse or dense and thus it is possible that a 

significant pattern would have emerged similar to that found in Harvey and Weatherhead 

(2006) if I had considered coniferous and deciduous woodlands separately.  

However, a key difference exists between the present study and past habitat 

selection analyses: whereas Harvey and Weatherhead (2006), Moore and Gillingham 

(2006) and Rouse (2006) quantify habitat use based on telemetry locations, I measure 

only the signal of dispersal events that lead to gene exchange. Although massasaugas 
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might not often use forested habitats for foraging, thermoregulation, or protection, these 

habitats may still be used for dispersal.  

Comparison of Regional Landscapes 

 Results from the landscape resistance analyses show regional differences in the 

effect of landscape on gene flow for massasauga rattlesnakes. On the Bruce Peninsula I 

find no spatial structuring. North of Parry Sound, spatial structure is best characterized as 

isolation-by-distance, whereas south of Parry Sound structure reflects isolation by 

landscape resistance. Short Bull et al. (2011) suggest that barriers to gene flow will only 

be detected in landscape genetic analyses if they are relatively continuous across the 

landscape. Therefore, the contrasting results from my analysis might simply reflect 

differences in the composition or configuration of sampling sites. If this were true, I 

would expect both water and roads to be most continuous in the region south of Parry 

Sound where landscape resistance analysis showed these features as important in limiting 

gene flow. Matching this prediction, I found that the correlation length of water south of 

Parry Sound was nearly double that of north of Parry Sound and the Bruce Peninsula 

(Table 8). In addition, patches of water features were most dense and made up a higher 

percentage of the landscape south of Parry Sound compared to the other two regions. 

Thus the failure to detect water as a significant barrier in both the Bruce Peninsula and 

north of Parry Sound might reflect a true lack of influence of the feature on massasauga 

dispersal in these two regions – where water is comparably rarer and highly fragmented 

on the landscape it is less likely to limit movement and subsequent gene flow 

(Keyghobadi et al. 2005b; Short Bull et al. 2011).  
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 Contrary to my prediction, roads had the lowest correlation length, made up the 

lowest percentage of the landscape, and were least dense across the landscape south of 

Parry Sound despite being detected as a restrictor in this locale and not elsewhere. A 

possible explanation for this inconsistency is that traffic volume and road age are more 

important predictors of road mortality and road avoidance behaviour (and thus spatial 

genetic structure) than density of roads or degree of fragmentation by roads (Balkenhol 

and Waits 2009; Holderegger and De Giulio 2010). For example, both Lodé (2000) and 

Szerlag and McRobert (2006) found a significant positive relationship between vertebrate 

road mortality and traffic volume. A study on mammal communities recorded reduced 

movement across busier highways in the Rocky Mountains compared to those supporting 

lower traffic volume (Alexander et al. 2005). However, even when road mortality is high, 

the effect of roads on wild populations is temporally lagged where road avoidance 

behaviour and declines in local abundance develop gradually following road construction 

(Findlay and Bourdages 2000). Detecting the genetic effect of road barriers is further 

complicated for organisms with long generation times, where genetic signatures of spatial 

structure only appear after multiple generations (Landguth et al. 2010; Holderegger and 

De Giulio 2010).  

It is possible that road traffic is lower or roads are younger in both the Bruce 

Peninsula and north of Parry Sound compared to south of Parry Sound. Supporting this, 

the southern portion of Highway 69 (replaced with the four-lane Hwy 400) running 

through the region south of Parry Sound was completed in 1936, and was not fully 

extended north of Parry Sound until the 1950s (Bevers, 2011). However, Highway 6 on 

the Bruce Peninsula is just as old (construction completed in 1937) as the southern extent 
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of Hwy 69, yet I detected no effect of this road in my landscape resistance models. It is 

possible that this road supported less historical vehicle traffic as it services only a small 

settlement in comparison to Parry Sound in eastern Georgian Bay. The current Hwy 400 

in eastern Georgian Bay feeds a much larger area and many communities with a large 

summer populations, and is a link to large northern Ontario communities. Despite this, 

Hwy 6 continues to be a major source of road mortality for massasaugas and other snake 

species on the Bruce Peninsula (Harvey 2008; Parks Canada Agency 2010). 

 The complete lack of spatial structure on the Bruce Peninsula is quite surprising 

given the apparently low vagility of this species and the potentially high level of 

mortality experienced from roads. Consistent with the Bayesian clustering results, this 

lack of structure suggests that massasaugas within the Bruce Peninsula are relatively 

insensitive to landscape barriers or that the effects of water and roads on gene flow are 

too weak to detect. Alternatively, the regional variation in the effect of landscape on gene 

flow might reflect divergent demographic histories of snakes on the Bruce Peninsula 

compared to eastern Georgian Bay. For example, Chiucchi and Gibbs (2010) found that 

out of 13 regional populations of massasaugas across Canada and the United States, the 

Bruce Peninsula had the largest relative Ne, over twice the size estimated for 10 localities 

including all sampled Ontario populations (Killbear, Beausoleil Island, Wainfleet Bog, 

Ojibway Prairie. Thus with a large Ne, populations on the Bruce would experience lower 

rates of drift, slower population divergence and slower emergence of spatial structure 

compared to eastern Georgian Bay (Wright 1948; Nei et al. 1975; Frankham 1996).  

 Finally, local differences might reflect disparities in sampling intensity across my 

sampling locations. For example, when I sub-sampled 20 random individuals from south 
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of Parry Sound to match sample size north of Parry Sound, all significant correlations 

between pair-wise genetic distance and landscape resistance models disappeared (Table 

7). This implies that small sample size limits my statistical power to detect landscape 

genetic correlations. North of Parry Sound, three models of isolation by landscape 

resistance including water as the sole restrictor of gene flow were marginally significant 

after removing the effects of Euclidean distance. Therefore it is possible that more 

extensive sampling will reveal a significant effect of water on gene flow in future 

analyses.    

Computer Simulations 

My simulations of landscape resistance across a neutral landscape subsequently 

bisected by a semi-permeable road barrier revealed important details about the 

development of spatial structure in relation to dispersal capacity and population size. 

First, both isolation-by-distance, and isolation-by-resistance can develop extremely fast in 

response to a road barrier across a range of juvenile dispersal distances when adult 

dispersal is limited, taking roughly 6 generations for the former to develop and 2 to 12 

generations for the latter (Figures 10a,b, 11a,b). Previous work showed that an 

impermeable road barrier can lead to rapid development of genetic structure for wide 

ranging species (Landguth et al. 2010); however my study is the first to my knowledge 

that shows that even a semi-permeable barrier to dispersal can lead to genetic structure 

extremely quickly. This result also suggests that the genetic consequences of a road 

barrier could be detected within a time frame appropriate to the current study regions. 

Massasauga generation time is between 2-6 years (Rouse and Willson 2002, Parks 

Canada Agency 2010), meaning the genetic consequences of roads that built in the 1930s 
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up to till the late 1990s could realistically be expected to exhibit detectable signatures in 

contemporary populations.  

These simulations also revealed the conditions under which spatial structure 

might not arise, and when landscape genetic analyses might fail to detect underlying 

landscape-level processes. For example, when juveniles were allowed to disperse 2.2 km 

from their natal site at the highest population density, neither a significant pattern of 

isolation-by-distance nor spatial structure in response to the semi-permeable road barrier 

was ever detected even after 150 generations had elapsed (Figures 10b,11b). This 

suggests that even when adult dispersal is limited (e.g. 1.4 km average in the 

simulations), higher natal dispersal exhibited by offspring combined with high population 

density can dilute the genetic consequences of neighbour-neighbour mating.  Further, 

these simulations also revealed that Mantel tests sometimes couldn’t detect true 

underlying patterns of spatial genetic structure when sample size is limited. When 

simulated datasets were sub-sampled for 100 randomly chosen individuals, partial Mantel 

tests failed to detect a significant effect of the road on gene flow across all dispersal 

distances and population densities, even though a significant correlation was present in 

the complete datasets (Figure 11). Further simulation studies should explore the 

minimum proportion of a population that must be sampled to detect the consequences of 

landscape barriers on dispersal and gene flow.  

These simulations were valuable for exploring the genetic consequences of 

dispersal capacity of juveniles – a component of life history that is poorly known for 

many small-bodied species. Only a small handful of studies have investigated the spatial 

ecology of neonate snakes, but most seem to agree that juveniles disperse shorter 
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distances than adults on average (Webb and Shine 1997; King 1999; Cobb et al. 2005; 

Jellen and Kowalski 2007). However, studies have also revealed considerable variation of 

juvenile dispersal distances among sampling years (Webb and Shine 1997), across 

populations of the same species (e.g. King 1999; Jellen and Kowalski 2007), and within 

single litters (Cobb et al. 2005). Thus regional differences in the contemporary 

population structure of massasaugas might not only be shaped by variation in the 

effective size of populations or landscape composition, but might also reflect different 

local tendencies for dispersal of juveniles. For example, at high population density and 

high juvenile dispersal, simulated genotypes did not show a significant pattern of 

isolation-by-distance, or spatial genetic structure in response to a road barrier. This result 

supports the idea that the lack of spatial structure on the Bruce Peninsula could reflect a 

large effective population size, or that snakes disperse further from their natal sites 

compared to the other two sampled regions. Alternatively, the lack of detection of spatial 

structure on the Bruce Peninsula could simply be a product of low sample size. If 

population size on the Bruce Peninsula is truly much larger than that of subpopulations 

within eastern Georgian Bay (see Chiucchi and Gibbs 2010), the 105 individuals used in 

my empirical landscape genetic analysis might not have been sufficient to reflect the 

population as a whole.  

My simulations across the landscape south of Parry Sound were not successful at 

recreating the inferred landscape genetic process from my empirical analysis. However, 

the results further highlight the danger of spurious correlations in landscape genetics. 

Most strikingly, a model where roads and water restrict gene flow was found to be 

significant long before the introduction of roads onto the simulated landscape, suggesting 
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a strong correlation between these two features (Figure 12). Further, Mantel r-values 

were nearly twice as high when the dataset was sub-sampled to reflect the sample size 

and scheme used in my empirical analysis (Figure 12b). Together, this suggests that roads 

might not truly influence spatial structure of massasaugas south of Parry Sound but that 

the significance of these elements in my empirical analysis was driven by the significance 

of correlated water features and confounded by sampling scheme (e.g. Schwartz and 

McKelvey 2009). However, a disconnect exists between my empirical and simulated 

datasets; in my empirical landscape genetic analysis I found that water alone did not 

significantly influence gene flow across the landscape, whereas the influence of water 

alone was found to be highly significant after just a short number of simulated 

generations. One possible explanation for this is that the true effect of water on 

massasauga dispersal is not constant across the landscape. For example, water bodies that 

are bordered by roads might pose larger barriers to dispersal since the presence of these 

two features likely coincides with increased shoreline development for human recreation 

(e.g. cottages).  

One way to disentangle the effects of these two highly correlated variables is to 

tests for each independently. For example, tests between genetic distances and resistance 

distances where roads alone restrict gene flow (factoring out Euclidean geographic 

distance) correctly revealed significant, albeit low, Mantel r-values only after a road was 

introduced onto the simulated landscape (Figure 12a). An almost identical result was 

gained from factoring out the effects of water from a matrix including both water and 

roads as restrictors to gene flow in partial Mantel tests, further suggesting that these 

effects might be additive (Figure 12a). However, the utility of this method appears to be 
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limited by sample size, since all significant effects disappeared when tests were 

performed using subsets of the data (Figures 12b,c). 

Interpretations of simulations depend on how well the parameters used reflect 

realistic values for wild populations. A few important aspects of the current simulations 

likely do not mirror this reality for massasaugas. First, massasaugas have overlapping 

generations, but my simulations did not reflect this. Future simulations are needed to 

assess how the use of age-structured populations with overlapping generations might 

modify results. A second simplification of my simulations is that population size was 

necessarily constant through time since CDPOP does not allow for fluctuations. This 

means that every grid cell in each generation must be filled, and if a location does not 

receive a disperser the cell will be filled with a genotype selected randomly from the total 

sample pool. This obviously is unrealistic for wild populations, especially for species 

with low dispersal ability where such an assumption could mimic long-distance dispersal 

events and decrease the rate at which isolation-by-distance and other spatial genetic 

structure might emerge. This was not a problem for the neutral simulations since 

dispersal ability was great enough to preclude the introduction of these random 

immigrants. However, in my simulations for south of Parry Sound, a small number of 

random immigrants were introduced every generation, likely leading to an 

underestimation of the overall spatial structure in these simulations.  

Conservation Recommendations 

Ultimately a major impetus for this work was to provide explicit 

recommendations for conservation of this listed reptile species. The results from my 



	   78	  

study do indeed have important implications for the management of the threatened 

massasauga in Ontario. First, the identification of six genetic clusters across the two 

regional populations suggests that each cluster is at some level demographically 

independent (Moritz 1994; Esler 2000; Waples and Gaggiotti 2006; Palsbøll et al. 2007). 

If the goal is to maintain the full extent of geographic and genetic variation in this 

species, then each cluster should be protected in some fashion or at least acknowledged in 

planning and designation of critical habitat. Contradicting previous work, my study is the 

first to show that populations of massasaugas are not always structured over extremely 

fine spatial scales. For example, my finding that the Bruce Peninsula completely lacks 

any pattern of spatial genetic structure or population subdivision supports the idea that 

this regional population is extremely large and stable and represents a stronghold for this 

species with huge conservation potential and importance. Finally, my study shows the 

potential threat of road development on massasaugas. My failure to detect an effect of 

road barriers on population structure in the Bruce Peninsula and north of Parry Sound 

does not necessarily imply that these features do not restrict dispersal. Road mortality is 

high for massasaugas in Ontario (Harvey 2008), and if these levels are sustained over 

long periods of time will likely reduce both numbers and genetic diversity in this species. 

A large reduction in local population size as a result of road mortality (Fahrig and 

Rytwinski 2009) has the potential to cause significant loss of genetic diversity through 

drift and inbreeding. However, the effect of roads south of Parry Sound is still unclear 

since a signature of genetic clustering across a road barrier was not detected despite its 

significance in the landscape resistance analysis. To diagnose which roads are the largest 
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threats to massassaugas in this region will require annual and regular monitoring of 

vehicle traffic volume and road-kills combined with genetic analysis at finer scales.  

General Conclusions and Future Direction 

 Overall, my results suggest that landscape features differentially shape genetic 

structure of populations of massasauga rattlesnakes across the bulk of their range in 

Ontario. Open water acts as a semi-permeable barrier to dispersal when it is highly 

abundant and continuous on a landscape. In contrast roads do not consistently or 

predictably shape local populations of massasaugas. Rather, contemporary population 

structure more likely represents regional differences in demography (e.g. effective 

population size) and population history (e.g. colonization history, range expansion and 

contraction, population bottlenecks) combined with landscape-level processes. This study 

identified two new genetic clusters within eastern Georgian Bay, highlighting the value of 

intensive sampling for species that are continuously distributed across the landscape.  

This study also highlights the importance of replication in landscape genetic analysis and 

highlights the dangers of making conservation recommendations based on a single study 

site alone.  

 Future analysis will further improve our knowledge of the physiognomic and 

demographic processes responsible for shaping populations of massasaugas in Ontario. 

Although my study inferred the general effect of water and roads on massasauga 

populations, it is still unclear how these features specifically inhibit movement and the 

scale at which gene flow is impacted. At the level of inferred genetic clusters, future 

analyses should investigate the relative contribution of gene flow versus genetic drift 
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across barriers to the emergence of genetic distinctions (Hutchison and Templeton 1999; 

e.g. Austin et al. 2004). It is apparent from the results of my comparative analysis among 

regions that water does not always limit gene flow. However, the importance and 

frequency of long-distance dispersal across water barriers remains unknown. For 

example, illegal translocation of individuals away from private property occurs in these 

regions (MF DiLeo, pers. obs.) and massasaugas are sometimes the target of smugglers 

for the pet trade, and both might result in long-distance dispersal. Sampling multiple 

islands along the eastern Georgian Bay archipelago will allow us to quantify rates of 

migration across water bodies and would give insight into the possible role of islands in 

maintaining connectivity between north and south of Parry Sound. Further, my 

simulations revealed that the high correlation between water features and roads on the 

landscape might have lead to a spurious conclusion about the true effect of roads on 

contemporary populations. My results suggest two possibilities: that roads have no effect 

on dispersal and the diagnosed effect is caused by pre-existing water barriers; or that the 

effect is additive with roads accentuating the impermeability of already existing barriers. 

To verify if roads do truly influence gene flow more detailed analyses should be 

undertaken that control for the co-occurrence of these two types of landscape elements. 

Likewise, roads should not be considered a binary feature based on presence or absence.  

Rather, future analyses should include traffic volume and age of roads into genetic 

models to pinpoint those that limit dispersal most. 

 Spatial genetic structure might exist at even finer scales than the present study 

elucidated. For example, both Harvey and Weatherhead (2006) and Moore and 

Gillingham (2006) found that massasaugas strong select sites at the microhabitat scale. 
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This is quite common for reptiles where daily activity is contingent on thermoregulatory 

opportunities, which is especially important at the northern limits of a species range (e.g. 

Quirt et al. 2006; Harvey and Weatherhead 2011). Moreover, work on timber rattlesnakes 

(Clark et al. 2008) revealed that spatial genetic structure can emerge at extremely fine 

scales when locales are not connected by suitable basking habitat. Thus our 

understanding of the effect of landscape on gene flow in massasaugas would greatly 

benefit from intensive sampling at smaller scales and the inclusion of microhabitat 

elements into genetic models.  

 Finally, the contrasting patterns of population structure between the Bruce 

Peninsula and eastern Georgian Bay hint that distinct demographic histories have left a 

signature in contemporary populations. Testing between different models of historical 

range expansion, contraction and colonization (e.g. using Approximate Bayesian 

Computation) would give insight into the processes underlying the contemporary 

distribution of genetic clusters across the two regional populations. Further, the role of 

historical landscape change cannot be ignored; water levels in Georgian Bay have 

experienced incredible change of the past two centuries (Moore et al. 1994). Relating 

current genetic structure to historic water levels and landscape features might reveal 

stronger correlations between landscape and gene flow.  
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Appendix 1 

Table A1.1: p-values of exact tests for departure from linkage equilibrium between 
massasauga loci within four localities in eastern Georgian Bay. Bolded p-values indicate 
observations that remained significant following sequential Bonferroni correction. 
Killbear 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 0.24                         
16 0.49 0.31            
63 0.20 0.30 0.01           
210 1.00 0.12 0.61 0.86          
211 0.07 1.00 0.35 0.42 0.51         
212 1.00 1.00 0.21 0.70 1.00 0.47        
214 0.57 0.40 0.22 0.88 Sig 1.00 0.67       
2A5 0.52 0.91 0.80 0.93 0.79 0.21 0.15 0.53      
7F1 0.62 0.98 0.76 1.00 0.57 0.99 0.23 0.05 0.19     
200 0.62 0.05 0.94 1.00 0.09 0.07 1.00 0.24 0.06 0.36    
3D6 0.76 0.80 0.00 0.50 0.18 0.90 0.01 0.00 0.72 0.09 1.00   
19h5 0.91 0.68 0.30 0.87 0.80 0.89 0.35 0.71 0.13 0.03 0.69 0.05  
16E4 0.98 1.00 0.03 0.86 0.83 0.78 0.37 0.01 0.38 0.07 0.64 0.40 0.04 
              
Mactier 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 0.91                         
16 0.04 0.72            
63 0.61 0.57 0.50           
210 0.38 0.52 0.05 0.28          
211 0.12 0.52 0.06 1.00 0.35         
212 1.00 0.67 0.30 0.92 1.00 0.16        
214 0.92 0.40 1.00 0.98 1.00 1.00 0.14       
2A5 0.69 0.28 0.52 0.16 0.76 0.91 0.97 0.41      
7F1 0.20 0.90 0.28 0.89 0.62 1.00 0.57 0.33 0.91     
200 0.54 0.36 0.40 0.67 1.00 0.20 0.02 1.00 1.00 1.00    
3D6 0.44 0.95 0.93 0.76 0.59 0.64 0.92 0.43 0.90 0.13 1.00   
19h5 0.83 0.02 0.29 0.72 0.91 0.75 1.00 0.84 0.77 0.28 1.00 0.74  
16E4 0.00 0.43 0.06 0.85 0.82 0.36 0.98 0.91 0.73 0.50 1.00 0.95 0.16 
              
Six 
Mile 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 

7 0.90                         
16 0.39 0.49            
63 0.32 0.70 0.28           
210 0.90 0.73 0.78 0.58          
211 0.38 1.00 0.44 0.46 0.54         
212 0.85 0.48 0.75 0.72 0.20 1.00        
214 0.45 0.65 0.78 0.46 0.51 1.00 0.67       
2A5 0.67 0.35 0.74 0.16 1.00 1.00 0.04 0.40      
7F1 0.94 0.78 0.46 1.00 0.91 1.00 0.11 0.81 0.54     
200 0.84 0.31 1.00 1.00 0.49 1.00 1.00 1.00 1.00 1.00    
3D6 0.36 0.95 0.55 0.91 0.50 0.02 0.87 0.98 0.82 0.94 0.21   
19h5 0.12 0.92 0.57 0.88 0.68 0.67 0.22 0.02 0.44 0.61 0.74 0.65  
16E4 0.43 0.87 0.51 0.04 0.83 1.00 0.04 0.38 0.70 0.78 1.00 0.94 0.54 
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Table A1.1 continued 
Beausoleil 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 1.00                         
16 0.68 0.22            
63 0.71 0.30 0.74           
210 0.79 1.00 0.31 0.23          
211 0.20 0.16 0.03 0.53 0.84         
212 0.94 1.00 1.00 0.30 0.10 0.56        
214 0.43 1.00 0.92 1.00 0.81 1.00 0.06       
2A5 1.00 0.22 0.81 0.05 1.00 0.07 0.07 1.00      
7F1 0.92 1.00 0.62 0.39 0.32 0.93 0.14 0.06 0.27     
200 0.87 1.00 0.34 0.61 0.03 1.00 0.43 1.00 1.00 0.43    
3D6 0.71 0.89 1.00 0.85 0.26 0.71 0.46 0.70 0.90 0.63 0.08   
19h5 0.72 0.57 0.90 0.72 1.00 0.80 1.00 0.70 0.91 1.00 0.97 0.50  
16E4 0.17 1.00 0.98 0.58 0.89 1.00 0.65 0.69 0.09 0.67 0.69 0.29 0.60 
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Table A1.2: p-values of exact tests for departure from linkage equilibrium between 
massasauga loci within six localities in the Bruce Peninsula. Abbreviations: Sig, p-values 
that remained significant following sequential Bonferroni correction.  
Warner 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 0.75                         
16 0.80 1.00            
63 0.22 1.00 1.00           
210 0.97 0.55 0.26 1.00          
211 0.10 1.00 1.00 0.22 1.00         
212 1.00 1.00 1.00 1.00 1.00 -        
214 1.00 1.00 1.00 1.00 1.00 1.00 1.00       
2A5 0.21 0.41 0.67 0.13 0.57 0.33 1.00 0.24      
7F1 0.85 0.66 0.01 0.58 0.25 0.39 1.00 0.41 0.01     
200 0.30 1.00 - 1.00 1.00 1.00 1.00 1.00 1.00 1.00    
3D6 0.06 1.00 1.00 0.36 1.00 0.33 1.00 1.00 0.69 0.21 1.00   
19h5 0.99 1.00 0.01 0.07 0.53 1.00 1.00 1.00 0.06 0.16 1.00 1.00  
16E4 0.88 0.34 1.00 0.34 0.52 0.37 1.00 1.00 0.67 0.18 1.00 0.57 0.69 
              
Dorcas 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 0.76                         
16 0.94 0.07            
63 0.94 0.38 0.19           
210 0.79 0.58 0.25 0.24          
211 0.95 1.00 1.00 1.00 1.00         
212 0.70 1.00 1.00 1.00 1.00 1.00        
214 0.35 0.47 0.48 1.00 1.00 1.00 0.15       
2A5 0.23 0.90 0.69 0.70 1.00 1.00 0.43 0.00      
7F1 0.74 0.49 0.48 0.49 1.00 1.00 0.13 0.43 1.00     
200 0.72 1.00 0.73 1.00 0.18 1.00 1.00 1.00 1.00 1.00    
3D6 0.31 0.32 0.40 0.29 0.71 0.79 1.00 1.00 0.98 0.17 0.39   
19h5 0.90 0.61 0.96 0.34 0.50 0.52 0.41 0.36 0.87 1.00 0.44 0.29  
16E4 0.71 0.81 0.57 0.26 0.85 0.91 0.15 0.79 0.65 0.97 0.54 0.14 0.68 
              
Emmett 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 0.62                         
16 0.53 0.68            
63 0.29 0.54 0.03           
210 0.01 0.72 0.12 Sig          
211 0.23 0.35 0.02 0.37 0.58         
212 0.49 0.86 1.00 0.66 0.21 0.64        
214 0.32 Sig 0.81 Sig 0.02 0.16 0.40       
2A5 0.27 0.99 0.16 0.28 0.45 0.06 0.45 0.69      
7F1 0.18 0.06 0.45 0.06 Sig 0.31 0.21 0.12 0.16     
200 0.34 0.79 0.04 0.12 0.63 0.57 0.47 0.51 0.59 0.14    
3D6 0.47 0.75 Sig 0.08 0.03 0.28 0.76 Sig 0.73 0.38 0.43   
19h5 0.05 0.63 0.01 0.12 0.69 0.45 0.80 0.91 Sig 0.84 0.14 0.04  
16E4 0.57 0.45 0.19 0.10 0.06 0.71 0.17 Sig 0.90 0.04 0.59 0.03 1.00 
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Table A1.2 continued 
Pine Tree 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 0.93                         
16 0.76 0.87            
63 0.24 1.00 1.00           
210 0.51 1.00 1.00 1.00          
211 0.50 0.15 0.91 0.35 0.16         
212 0.07 0.69 0.42 1.00 1.00 0.69        
214 0.33 1.00 0.73 1.00 1.00 1.00 0.14       
2A5 0.42 0.41 1.00 1.00 0.17 0.68 1.00 1.00      
7F1 0.59 0.69 0.73 0.11 1.00 0.43 0.28 0.62 1.00     
200 - - - - - - - - - -    
3D6 0.48 0.08 0.94 0.42 1.00 0.83 0.68 1.00 1.00 0.78 -   
19h5 0.01 0.22 0.93 0.65 0.46 0.49 1.00 1.00 0.13 0.12 - 0.67  
16E4 0.93 0.46 0.99 1.00 0.32 0.95 0.40 0.70 0.76 0.05 - 0.87 0.73 
              
Shouldice 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 0.50                         
16 0.94 0.34            
63 0.17 1.00 0.89           
210 0.68 0.47 0.87 0.83          
211 1.00 1.00 0.39 0.46 1.00         
212 0.58 1.00 0.78 0.13 1.00 0.21        
214 0.86 1.00 0.69 1.00 1.00 1.00 1.00       
2A5 0.54 0.84 0.76 0.80 0.07 0.21 1.00 0.87      
7F1 0.45 0.27 0.47 0.83 0.50 0.87 0.60 0.86 0.19     
200 1.00 1.00 0.58 0.18 1.00 0.30 1.00 0.30 0.28 1.00    
3D6 0.32 0.63 0.55 0.45 0.12 0.69 0.04 0.07 0.54 0.69 1.00   
19h5 0.31 0.95 0.92 0.41 0.18 0.98 0.80 0.58 0.74 0.07 0.22 0.55  
16E4 0.90 1.00 0.22 0.64 0.60 0.71 1.00 1.00 0.47 0.56 1.00 0.96 0.57 
              
Crane Lk 5 7 16 63 210 211 212 214 2A5 7F1 200 3D6 19h5 
7 1.00                         
16 0.30 0.85            
63 1.00 1.00 0.56           
210 0.64 0.14 0.57 1.00          
211 0.12 1.00 0.23 1.00 1.00         
212 1.00 1.00 0.40 1.00 0.11 1.00        
214 1.00 1.00 0.57 1.00 1.00 1.00 1.00       
2A5 0.85 0.23 0.46 0.16 1.00 1.00 1.00 1.00      
7F1 0.70 1.00 0.84 1.00 1.00 1.00 1.00 1.00 0.80     
200 0.22 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00    
3D6 0.86 0.47 0.63 0.25 0.49 0.46 1.00 1.00 0.74 0.80 1.00   
19h5 0.83 1.00 0.74 0.24 0.53 0.36 0.37 0.22 0.65 0.05 1.00 0.93  
16E4 0.98 1.00 0.29 1.00 0.44 0.40 1.00 1.00 0.63 0.94 1.00 1.00 1.00 

	  


