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Abstract 

The mortality of wildlife on roads is an aspect of biological and environmental 

degradation that is often overlooked amidst the plethora of other threats that exist. Yet it 

is a very real concern, especially for species that are more susceptible to death on 

roadways, such as the herpetofauna. In this research, I utilized databases of herpetofauna 

road mortality from two highways in the Frontenac Arch region in eastern Ontario. Data 

from regular surveys I conducted on a 38km section of Ontario’s Highway 2 (2016 and 

2017), as well as previous surveys conducted on the 37km Thousand Islands Parkway 

(2008 and 2010) were used to explore where and why mortality is occurring in this area.  

Kernel density analysis for the taxonomic groupings included in this research 

showed that road mortality was not random along the roads and there was spatial 

clustering in the form of hotspots. The hotspots of every taxonomic group overlapped in 

the middle of Highway 2, while hotspots on the Thousand Islands Parkway were more 

variable. There is an expanse of forest and wetland that intersects with the hotspot areas 

of Highway 2, and there was some activity on the Parkway where the road intersects this 

forest and wetland, but mortality is not as significantly clustered as on Highway 2. 

Regression tree analyses showed that, across roadways, wetland and water-related 

variables are important factors influencing the location of frog and toad, turtle, and 

watersnake mortality. An overarching trend from the results of the regression tree 

analyses was that mortality was generally higher in areas with lower traffic levels and in 

areas lacking development such as roads and urbanization. This suggests that populations 

in these areas may be avoiding roads, or are depressed due to prolonged exposure to 

roads and high traffic.  
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Chapter 1 

Introduction 

1.1 Research Context 

The Earth has entered into what has been termed a ‘6th extinction event’ (Novacek 

and Cleland 2001), a period of tremendous species loss and declines in biodiversity. This 

extinction event is unique, however, as the primary drivers behind it are anthropogenic in 

origin (Myers 1988; Knowlton 2001). As a result, these drivers have been the focal point 

of great concern and have stimulated research in order to identify and mitigate any 

potentially damaging effects. Threats such as habitat loss, global climate change and 

pollution are all very salient risks in conservation and wildlife biology, and a great 

amount of work has been done to document and assess the impacts of these threats 

(Hoekstra et al. 2005; Terlizzi et al. 2005; Lovejoy 2006). Studies suggest that 269 to 350 

extinctions of bird and mammal species alone could occur globally by 2100 (Johnson et 

al. 2017), and will only worsen if the current trajectory of environmental degradation is 

maintained. Many of the issues facing biodiversity are consequences of anthropogenic 

development on landscapes - where land use changes occur and transform a natural area 

into an area dominated by human activity. The two most prominent land use conversions 

of natural landscapes are agriculture and urbanization (Scherr and Satya Yadva 1995). 

With the human population continuing to grow and 2.7 – 4.9 Mha of land expected to be 

developed annually in order to house and feed this population (Lambin and Meyfroidt 

2011), the number and size of natural areas are declining globally.  
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There can also be significant ecological repercussions in areas where the 

landscape is not completely transformed. Even small amounts of human infrastructure 

can have drastic effects on the ecology and wildlife of an area that is otherwise left 

untouched. There is no better example of this than roads. Roads make up vital network 

systems that the modern world relies on, but they are also agents of significant 

environmental and ecological degradation. Roads fragment landscapes and stress the 

nearby environment, and have a disproportionate effect on a landscape relative to their 

area (Hawbaker and Radeloff 2004; Dietz et al. 2013). Research on the effects that roads 

have on the natural world has been a growing area of exploration, with studies ranging 

from identifying how wildlife species interact with roads, to how roads can promote the 

invasion and establishment of exotic species.  

Generally, habitat loss and the other threats mentioned previously attract a great 

deal of attention in research (Otto et al. 2017; Pecl et al. 2017). That said, the death of 

animals on roads due to vehicular collision, also called road mortality, has received a 

growing amount attention recently (CBC News 2017; Carvalho et al. 2018) and is of 

specific concern for several species because road mortality can be a tremendous source of 

direct species loss. This research will continue to explore the ramifications that road 

mortality has on wildlife species. 

 

1.2 Research Rationale 

The death of animals on roadways is an important phenomenon because it alone 

can have a devastating impact on the demographics and persistence of some populations 

(Gibbs and Shriver 2002; Gibbs and Steen 2005). The reptiles and amphibians, called the 
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herpetofauna, have been identified as a group that are especially susceptible to death on 

roads and this mortality can have crucial implications for population structure and 

stability (Dupuis-Désormeaux 2017). For instance, Gibbs and Steen (2005) found that an 

increase in annual mortality of only 3% in female snapping turtles (Chelydra serpentina) 

is predicted to cause declines in population size. The herpetofauna are especially 

vulnerable to death on roads due to their thermoregulatory requirements, common slow 

movement speed and, in some demographics (such as adult female turtles), propensity to 

nest in the gravel shoulder of roads (Rosen and Lowe 1994; Gibbs and Shriver 2002; 

Steen et al. 2006). The protection of herpetofauna from roads becomes even more 

pertinent in areas such as Eastern Ontario, Canada, where four of the five turtle species 

that occur in the area are at risk of extinction (Government of Ontario 2018). Identifying 

where road mortality is occurring and why it is occurring in particular areas are questions 

of paramount importance in biology today. By effectively answering these questions, 

appropriate mitigation and conservation action can be taken in order to protect animals 

from death on roads.  

The drivers of herpetofauna road mortality have been explored by a plethora of 

studies (Garrah et al. 2015; Souza et al. 2015; Heigl et al. 2017); however these are 

highly specific to certain geographies. In order to give an accurate and useful prognosis 

of where and why road mortality is occurring it is useful to investigate where areas of 

high road mortality are happening and to study each individual road whenever possible. 

This is not to say that all research on road mortality is useful only in the area that it is 

conducted; on the contrary, overarching trends and species habitat relationships are 

critical to guide the field and inform best practices. However, it is important to not over-
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extend the results of previous work and to ground findings for specific areas and roads on 

results from those same areas and roads.  

There have also been several studies that have addressed the road mortality 

characteristics of several broad taxonomic groupings within the herpetofauna (e.g. all 

frogs and all freshwater turtles [Glista, DeVault and DeWoody 2008; Langen et al. 

2012]), as well as studies that have extensively examined road mortality for a single 

species of herpetofauna (e.g. Fowle (1996) with the western painted turtle (Chrysemys 

picta blemii) and Crawford et al. (2017) and the Diamond-backed terrapins (Malaclemys 

terrapin)). While these are both valid approaches, there have been few studies that have 

attempted to address road mortality across multiple roads at both the species-specific 

level and with more general taxonomic groupings. The importance of an approach that 

considers both specific and general taxonomic groupings is that it affords the ability to 

compare results between the two, such that any similarities and differences can be 

elucidated. This is important to consider for mitigation and protection. Action taken to 

protect wildlife species based on the results of a specific species could potentially leave 

other species vulnerable, while action based on general findings could fail to protect 

species that do not conform to general patterns. Many studies focus on the mortality of a 

single road (Ashley and Robinson 1996; Glista, DeVault and DeWoody 2008; Garrah et 

al. 2015) without regard for any neighbouring roads in the network (but see Langen, 

Ogden and Schwarting 2009). A more holistic approach that incorporates multiple roads 

is more intensive with regards to both time and resources, but the benefit is a more 

complete understanding of road mortality within an area; after all, the movements of 

wildlife in a fragmented landscape are rarely constrained by only a single road. 
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There are also few studies that have addressed the importance of different levels 

of scale for explanatory variables that influence road mortality (but see Beaudry and 

Hunter Jr 2008). Identifying where mitigation action should take place may depend on 

the scale at which this question is addressed: locally, one area or variable may be 

important, while at the landscape level an entirely different area or variable may be 

crucial for road mortality (Levin 1992). An analysis of any potential differences in scale 

is important when considering the extent of mitigation needed; will targeted, small-scale 

changes address the issue, or will more extensive, large-scale solutions need to be 

implemented? 

 

1.3 Goals and Objectives  

The goal of my research was to identify areas of high herpetofauna road mortality 

in the Frontenac Arch Ecoregion of Eastern Ontario and relate these areas to 

environmental variables in order to identify the factors most responsible for their 

presence. I collected and analyzed data from Ontario’s Highway 2 and the Thousand 

Islands Parkway at a species level, as well as at more general taxonomic levels in order to 

tease apart any potential differences between groupings. I also compared the results from 

these two different roads to gain a regional perspective of mortality. Lastly, I analyzed 

the influence of environmental variables at two different levels of scale in order to 

address any differences that may exist between a local and landscape level. 

My objectives were: 1) to examine where along Highway 2 and the Thousand 

Islands Parkway areas of high road mortality were occurring, and 2) to identify the 

environmental variables that were important for explaining high road mortality on both 



 

6 

 

roads. I predicted that, for all taxonomic groupings, areas of high mortality, or ‘hotspots’ 

would be spatially concentrated and not uniform throughout the lengths of the roads. I 

also anticipated that the most important variables used to explain high levels of mortality 

in the regression tree analyses would be different depending on the taxonomic grouping. 

Largely, I expected that for the turtles - both painted (Chrysemys picta) and otherwise -, 

the watersnakes (Nerodia sipedon) and the Anurans, high levels of wetland, water and 

traffic would be the most important variables in explaining high road mortality. For the 

other snake species, I expected that high levels of traffic, roads and forested areas would 

be the most important variables in explaining high road mortality. These expectations are 

based on the importance of these habitat features to the respective taxonomic groups, and 

are supported by the findings of several studies where the variables specifically 

mentioned have been found to explain road mortality elsewhere (Andrews et al. 2008; 

Langen, Ogden and Schwarting 2009; Gunson, Mountrakis and Quackenbush 2011).  

 

1.4 Thesis Outline 

Chapter 1 serves to bring context to the importance of road ecology, the purposes 

of my specific study and what I expected to find as results. Chapter 2 provides a review 

of the literature for the field of road ecology, both historically and contemporarily. In it, I 

review the foundations of the field of road ecology as well as the methods and techniques 

that are commonplace within the field. Chapter 3 presents, in manuscript form, the 

methods, results and discussion of my research. Chapter 4 concludes the findings of this 

research, offering a summary and a discussion of how the findings of this research will 

directly influence future work. 
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Chapter 2 

Literature Review 

2.1 Background 

As anthropogenic development continues to increase worldwide, and the 

abundance of natural areas simultaneously decreases, it is important to ask questions 

about the environmental and ecological impacts of phenomenon that might otherwise go 

unchallenged. Far from innocuous, roads are the pieces of infrastructure that are often the 

first to be developed in areas – opening the landscape to exploitation and degradation 

(Peres and Lake 2003) – and are also the literal connection between hubs of development. 

Roads have become ubiquitous across the world, with their total extent reaching 100 

million kilometres in 2008 (CIA 2008) and that figure rising every year. Apart from the 

well documented environmental impact of exhaust emissions, roads, and the cars that 

travel them, have several very distinct and potent effects on the natural world. 

My work in this thesis is specifically concerned with the impact roads have on 

wildlife, particularly the reptiles and amphibians (referred to as the herpetofauna). This 

chapter provides an introduction into the wide-ranging effects that roads have on the 

environment, introduces roads as a significant source of wildlife mortality and discusses 

the ramifications for the herpetofauna of the Great Lakes region. I also discuss the ways 

in which wildlife mortality and animal interactions with roads are conceptualized and 

recorded, as well how animal-environment relationships and wildlife mortality have been 

modelled in the past. 
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2.2 Road Ecology Overview 

2.2.1 Roads Divide Landscapes and Alter the Abiotic Environment  

 By virtue of being a linear feature, roads divide the landscapes that they pass 

through and can lead to habitat fragmentation and isolation (Delgado et al. 2007; Riitters, 

Clouston and Wickham 2012). One of the most notable negative impacts roads have on 

natural landscapes is that of edge effects (Murcia 1995; Delgado et al. 2007). Edge 

effects occur at the boundaries of habitat patches, often times changing the structural, 

chemical and abiotic properties of an area, which in turn also changes the use and 

preference for wildlife (Harris 1988; Brodie, Giordano and Ambu 2015; Scriven et al. 

2018). For example, Murcia (1995) found changes in a variety of ecological and 

biological phenomenon at and near the edges of habitat, each with a varying degree of 

sensitivity to the edge. Edge effects disproportionately impact interior species, as their 

preferred habitat becomes smaller as the landscape is increasingly divided (Laurance and 

Yensen 1991). However general degradation is also common with habitat edges. For 

instance, invasive species establishment is more common within the edge of forests (With 

2002) and species diversity can be low (Murcia 1995). Reed, Johnson-Barnard and Baker 

(1996) found that roads create 1.5-2 times more edge habitat than clearcutting in the 

Rocky Mountains, illustrating the extremely detrimental impact roads can have without 

converting much of an area.  

 Roads also alter the surrounding environment in a variety of ways and in many 

cases disrupt the way the landscape ‘works’ (Forman et al. 2003). Roads can change the 

way that water flows within a landscape. Road networks can act alongside stream 

drainage networks and cause more water to leave an area much faster than it would 



 

9 

 

otherwise, resulting in faster moving water and more energy entering streams (Jones 

2000). Roads also facilitate erosion, as well as nutrient and chemical dispersal through 

water-runoff (Forman et al. 2003). This run-off is a key component for introducing 

foreign and toxic chemicals into the environment, with the extent of their spread highly 

variable and difficult to study (Coffin 2007). Chemicals such as heavy metals from 

exhaust (e.g. lead), asbestos, deicing salts and pesticides are frequently introduced into 

the environment via run-off from roads (Kramer 2013). Roads also introduce sound 

pollution into the environment (Coffin 2007). Although noise abatement studies are often 

required during an environmental impact assessment of new highways, the main focus is 

typically the impact that noise has on the lives of humans (Hammer, Swinburn and 

Neitzel 2014); few studies have investigated the impacts of noise on wildlife near roads 

(although read Jaeger et al. 2005). The noise from roads will disproportionately affect 

species who rely on sound for fundamental behaviours, such as birds and bats (Coffin 

2007). Slabbekoorn and Peet (2003) found that great tits (Parus major) sang at higher 

frequencies near roads in order to overcome being masked amongst all of the low 

frequency sound pollution being emitted from the vehicles. Roads also introduce higher 

wind speeds, temperatures and humidity into the environment, by virtue of removing 

natural components of the landscape (Forman et al. 2003). 

 While my research does not specifically deal with edge effects, the chemical and 

abiotic makeup of the roadside or the soundscape nearby to roads, it is important to 

contextualize the place that roads have within ecology. Problems in biology are often 

multifaceted, and the biological implications that roads have on the natural world are 

varied, complex and worthy of attention. As seen above, all forms of life are impacted by 



 

10 

 

roads due to changes in the abiotic environment; however roads also have substantial 

impacts on the biotic environment, specifically wildlife.  

 

2.2.2 Roads Impact the Environment for Wildlife 

 The presence of roads also has a variety of effects on wildlife within the 

environment. While the effects discussed above certainly have repercussions for flora and 

fauna, these are termed ‘indirect effects’ (Trombulak and Frissell 2000) due to their 

effects on biota stemming from byproducts of the road’s existence.  In contrast, ‘direct 

effects’ are consequences that the presence of a road has directly (as the name implies) on 

the living organism itself (Trombulak and Frissell 2000). For the purposes of my 

research, I will focus on the direct effects that impact wildlife, although it is important to 

mention that flora are also impacted (Bennett 1988; Gelbard and Belnap 2003; Watkins et 

al. 2003).  

 One direct effect that impacts wildlife is the establishment and spread of exotic 

species that is facilitated by roads. There are three mechanisms that allow for this: roads 

facilitate the spread of exotic species through human movement on the roads (such as the 

Emerald ash borer (Agrilus planipennis) [Prasad et al. 2010]), the development of roads 

alters habitats allowing for the establishment of exotic species, and roads displace native 

species (Hulme 2009).  

 Roads can also alter the behaviour of wildlife around the road, as the example 

with the great tits’ song frequency demonstrates. According to Trombulak and Frissell 

(2000), there are five main ways in which wildlife can alter behaviour due to roads. 

Firstly, there is overwhelming evidence that wildlife alter their home ranges in response 
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to roads and dense road networks (Brody and Pelton 1989; McLellan and Shakleton 

1988). Many species, like the mountain lion (Felis concolor) and African elephant 

(Loxodonta africana) have been found to reside in areas away from roads and 

anthropogenic development (van Dyke, Brocke and Shaw 1986; Barnes et al. 1991), 

while some species are attracted to roads, such as the turkey vulture (Cathartes aura), 

likely due to an increase in carrion (Coleman and Fraser 1989).  

 Secondly, roads alter the way in which wildlife move through the landscape 

(Trombulak and Frissell 2000). Roads often act as barriers to animal movement (Shepard 

et al. 2008), considerably changing their dispersal throughout a landscape and the 

exchange of genetic material. Multiple studies have documented the negative effects that 

roads have on gene flow between populations and declines in genetic diversity (Epps et 

al. 2005; Cushman et al. 2006; Micheletti and Storfer 2017). Many species prefer not to 

cross roads – such as the white-footed mice (Peromyscus leucopus) and prairie voles 

(Microtus ochrogaster) – isolating their populations and changing the way the landscape 

is used by different species (Merriam et al. 1989; Swihart and Slade 1984). Jaeger et al. 

(2005) proposed three separate ways in which animals avoid roads, as Figure 2.1 shows: 

1) the road is seen as a hostile environment (termed “road surface avoidance”), 2) 

animals avoid the noise or chemical emissions (including odour) of the road (“noise 

avoidance”), with decreasing avoidance as distance from the road increases, and 3) traffic 

is avoided, but animals attempt to cross when they are able (termed “car avoidance”). 

This third type of avoidance, car avoidance, is an example of how variable the 

permeability of roads can be. During periods of high traffic volume, the road can be an 

absolute barrier to animal movement, and less so when safe passage is possible. 
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Figure 2.1.  The three types of avoidance that wildlife exhibit in response to roads. Noise avoidance 

includes all emissions from the road (noise, chemical or otherwise), and avoidance decreases with distance. 

Road surface avoidance is avoiding the road due to recognizing the road itself as hostile environment. Car 

avoidance is avoiding the presence of cars specifically. From Jaeger et al. 2005. 

  

Roads also impact the reproductive success of some species, mainly avian 

(Trombulak and Frissell 2000). Many bird species, such as the Bald eagle (Haliaeetus 

leucocephalus), the Northern spotted owl (Strix occidentalis caurina), and the Sandhill 

crane (Grus canadensis) have been found to preferentially nest away from roads and 

show trends of decreased reproductive success with prolonged exposure to roads 

(Anthony and Isaacs 1989; Norling, Anderson and Hubert 1992; Hayward et al. 2011). 

Road density and traffic do matter, as the nesting success of some forest dwelling 

Passerine birds has been found to be unaffected by the presence of isolated roads in 

forested environments (King and DeGraaf 2002). The prevalence of studies focusing on 

the reproductive success of birds is likely due to their readily observable nests and easily 



 

13 

 

quantifiable success rates, however it is likely that these same findings would be expected 

in other classes of animals. 

 Trombulak and Frissell (2000) also discuss the alteration of wildlife escape 

responses due to roads. Some species of animals are more likely to flee when near roads 

compared to individuals in more natural areas (Van der Zande et al. 1980; Madsen 1985). 

Escape responses can also be inhibited by roads, specifically when the road emits noise 

and alarm calls are masked (Templeton, Zollinger and Bromm 2016), but noise can also 

serve as a distraction that can delay predator-escape responses (Francis and Barber 2013).  

 The final mechanism of impact that roads have on wildlife behaviour is changes 

in the physiology of wildlife (Trombulak and Frissell 2000). MacArthur, Johnston and 

Geist (1979) found that organisms can appear as though they are unperturbed by the 

presence of a road, however they can be highly stressed physiologically. This mechanism 

has been difficult to study empirically, however the few studies that have attempted 

(MacArthur, Johnston and Geist 1979; Millspaugh et al. 2001) have found overwhelming 

evidence that roads have an adverse effect on the physiology of wildlife.   

Overall, the direct effect that has been studied the most is the death of animals on 

roads (or road mortality). Road morality has been estimated to have surpassed hunting as 

a cause of death for animals within the United States (Forman and Alexander 1998). 

However, unlike hunting, road mortality is less differentiating in its victims. This leaves 

some species of animals in dire concern and there appear to be few species of terrestrial 

animal that are immune to death on the roads (Trombulak and Frissell 2000). Beyond the 

actual loss of individual animals, road mortality can have very serious implications for 

the stability and longevity of animal populations (Gibbs and Shriver 2002, Gibbs and 
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Steen 2005). The majority of work done regarding road morality has focused on large 

mammals (see Davies, Roper and Sheperdson 1987; Bangs, Bailey and Portner 1989; 

Neilson, Anderson and Grund 2003), due to their conspicuous size and tendency for 

accidents (Forman and Alexander 1998), however road mortality effects all taxonomic 

groups (Ashley and Robinson 1996; Erritzoe, Mazgajski and Rejt 2003; Glista, DeVault 

and DeWoody 2008).  

A 2005 estimate by Erickson, Johnson and David Jr had total bird fatalities caused 

by vehicles in the United States at 80 million birds, a number that has likely increased in 

parallel with the amount of roads and vehicles upon them. While birds may superficially 

appear to be a class of organism that might be less affected by virtue of their flight, some 

species of bird are actually more susceptible to death due certain behaviours – such as 

diving to escape being predated by raptors (Andres, Helga and Johannes 2011). As well, 

the headlights of a car driving at night have been found to be important for bird mortality, 

as they can immobilize animals such as owls and leave them very susceptible to death on 

roads (Erritzoe, Mazgajski and Rejt 2003).  

The small mammals are also impacted by road mortality, although the body of 

research focused on the small mammals is dwarfed by that of the large mammals. In 2003 

Clevenger, Chruszcz and Gunson found that the mortality of snowshoe hares (Lepus 

americanus) and other small mammals was related to the distance to safe passage 

features such as drainage culverts. While both bird and mammal road mortality are 

important for consideration, I will now depart from them and focus on the herpetofauna.  
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2.2.3 Herpetofauna and the Great Lakes Region 

 The ramifications that road mortality has on vertebrate species are well 

documented, as the examples above illustrate. There is, however, specific concern 

regarding the herpetofauna, the amphibians and the reptiles, due to their life history traits 

and behaviour (Rosen and Lowe 1994, Gibbs and Shriver 2002). Many amphibian 

species, particularly the Anurans (the frogs and toads), migrate altogether at particular 

times of year, leaving them susceptible to large population declines due to road morality 

(Langen et al. 2007; Glista, DeVault and DeWood7 2008). In most road ecology studies 

that include amphibian morality, they are the most prominent class of wildlife found 

dead, making road mortality an important component of amphibian declines worldwide, 

alongside habitat loss and chytrid fungus (Batrachochytrium dendrobatidis) (Berger, 

Speare and Hyatt 1999; Becker et al. 2007).  

Snakes are also susceptible to road mortality, with a study by Bernardino (1992) 

finding that 70% of all snakes recorded were injured or died on roads in the wetlands of 

Everglades National Park. Like amphibians, snakes have specific periods of migration 

that leave them at risk if crossing a road (Ultsch 1989), but they are also drawn to roads 

for thermoregulatory reasons (Rosen and Lowe 1994). Snakes are prone to an 

immobilization response to vehicles on the road, whereby an individual snake will 

momentarily cease all movement the moment a vehicle passes (Andrews et al. 2008).  

Similar to the snakes, turtles are species that can be enticed onto roads by their 

thermoregulatory requirements (Gibbs and Shriver 2002), which compounds with their 

slow movement speed and aversive response to vehicles to put them at high risk for 

mortality. Alongside this predisposition for death on the roads, turtles are long-lived 
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species and are sensitive to loss in key demographics in the population. A study by 

Congdon, Dunham and Van Loben Sels in 1993 and 1994 found that the deaths of 

sexually mature adult females can result in potential future population collapse for both 

the snapping turtle (Chelydra serpentina) and Blanding’s turtles (Emydoidea blandingii). 

This is of particular concern because female turtles are often at greater risk of being 

killed on roads while nesting (Steen et al. 2006; Haxton 2000). 

There have been several studies on road ecology that have taken place within the 

Great Lakes region – a geographic area that is rich in herpetofauna diversity relative to 

other nearby areas, especially for the freshwater turtles (Ashley and Robinson 1996; 

Haxton 2000; Gibbs and Shriver 2002; Beaudry and Hunter Jr 2008; Garrah et al. 2015). 

Road mortality in the Great Lakes area has been associated with certain variables (such as 

surrounding habitat, time of year and climatic events), however there is a lack of studies 

that directly address the circumstances under which high levels of mortality are to be 

expected, and fewer studies that have addressed road mortality across multiple roads. 

Many studies of road ecology are applied to mitigation and conservation efforts, and as 

such it is important to outline, with as much specificity as possible, where road mortality 

is occurring and why this road mortality is occurring. My research will fill this gap by 

modelling which environmental variables are associated with predictions of high morality 

based on field-collected mortality data in the Frontenac Arch. These findings will identify 

specific variables, as well as the degree to which these variables are important (e.g. if 

traffic predicts high road mortality, a value of traffic will be supplied above which 

mortality is highest). By delineating ‘threshold’ values around which mortality is highest, 
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conservation action can be better focused to those areas that are in line with the specific 

values reported.  

 

2.3 Road Mortality 

2.3.1 Conceptualizing Road Mortality 

The way that animals interact with a road and their susceptibility to being killed 

varies markedly across species and taxa. As a result, there are multiple ways that 

mortality can be measured in a research setting. There have been several studies that have 

approached mortality less so as an actual measure of wildlife death, but instead a 

susceptibility to being killed on the road. A range of practices exist – from camera 

experiments (Baxter-Gilbert et al. 2015) to observing the tracks left by wildlife (van 

Dyke, Brocke and Shaw 1986) – and all are united in the fact that they attempt to 

approximate a rate at which wildlife interact with a road and relate it to mortality. 

Perhaps the most common approach, and the approach used for my work, is that 

of carcass counts. As the name implies, real instances of road mortality (in the form of an 

animal’s carcass) are observed and recorded. This method of observation is the most 

direct, however it is an intensive method of data collection and regular surveys are 

required in order to appropriately capture a representative sample of road mortality 

(Ratton, Secco and Da Rosa 2014).  

 

2.3.2 Metrics of Road Mortality 

Beyond how the data is collected and mortality is conceptualized, there are also 

varying ways in which road mortality is transformed into a metric for comparison and 
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measurement. A measurement of mortality is different from how it is conceptualized in 

that often times the raw data of mortality, under a specific conceptualization, are 

transformed into some metric. Sometimes the mortality data that is collected is simply 

left as it is, and point observations of mortality are analyzed against point instances 

absent of mortality (Ramp et al. 2005). This is the most common way that mortality is 

measured in road ecology studies, although it is fraught with potential errors. The 

problem with structuring the measurement of mortality in this way is that there is a very 

real possibility that the locations of absences are not in fact true absences, but instead 

there was just no mortality observed on that occasion. This is a source of error that 

logistic regression is susceptible to (as discussed in section 2.4.2), and is an error that is 

overcome by using continuous metrics of mortality that emphasize locations of spatial 

clustering as opposed to individual points of mortality.  

These metrics of clustering deal with the presence of spatial ‘hotspots’ and 

‘coldspots’, and the way in which they are calculated varies greatly. For example, Getis-

Ord statistics measure clustering in data when compared to a random distribution (Getis 

and Ord 1992), and the Getis-Ord Gi* has been used to measure hotspots of road 

mortality (Garrah et al. 2015). Road segments are assigned a z-score based on the amount 

of roadkill they contain, as well as the amount contained within nearby road segments. 

Segments with z-scores ≥1.96 are typically considered hotspot locations, as this 

corresponds to a p-value equal to 0.05 (Garrah et al. 2015).  

Ripley’s K-statistic is another metric of road mortality that has been used in 

research. Ripley’s K-statistic describes the pattern of how points are clustered spatially 

(Haase 1995), and it defines the scale at which clustering within data exists, if any 
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clustering does exist. The K-statistic can also describe the data as dispersed and random. 

Studies that have used Ripley’s K-statistic on roads have constrained the analysis to one 

dimension in order to appropriately reflect the road, and have addressed mortality 

effectively (Clevenger, Chruszcz and Gunson 2003; Langen et al. 2012). 

While there are certainly other spatial statistics appropriate for measuring road 

mortality, the last I will highlight is that of kernel density estimates. While not a common 

method of measuring mortality in the literature (but see Morelle, Lehaire and Lejeune 

2005 and Langen et al. 2012), this method transforms point data into a continuous field 

of estimates based on the values of the point data. Kernel density searches for points 

within a circular area defined by the search radius and sums the total number of points 

entrapped within the circular area (Silverman 1981). The cells of the output raster are 

populated with the calculated estimates given from the degree of overlap from the 

circular areas (see section 3.2.2 for a more comprehensive explanation of how kernel 

density is calculated).  

Kernel density is the mortality metric that I have used in this research, due to its 

ease of calculation and strengths in creating a continuous field of estimates. In many of 

the studies that have included metrics of road mortality, there has been a divide between 

the results of the mortality measure and the results of a modelling approach (see Langen 

et al. 2012 and Clevenger, Chruszcz and Gunson 2003 for examples where a metric of 

road mortality mentioned above is calculated, but where logistic regression using 

presence/absence is modelled). There is a lack of studies that take the continuous output 

of a road mortality metric as the dependent variable in a model of road mortality. This is 

likely due to a deficiency in the amount of data needed in order to be confident in a 
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continuous road mortality metric as the dependent variable. My research fills this gap by 

using kernel density estimates of road mortality as the dependent variable in regression 

tree modelling because of the extensive road mortality data that I, and others, have 

collected on the Frontenac Arch. 

It is important to relate mortality to potentially influencing variables, and not rely 

solely on the outputs of a road mortality metric when identifying areas of importance. 

This is highlighted in two studies by Fahrig et al. (1995) and Eberhardt, Mitchell and 

Fahrig (2013), where it was observed that local abundance of amphibians was inversely 

related to roads within an area; but the amount of amphibian roadkill per capita was 

highest in heavily roaded areas. These findings indicate that while areas with the most 

roads do experience higher levels of mortality relative to areas with fewer roads, 

measures of absolute mortality can be unreliable if not given the proper context. It is 

possible that in heavily roaded areas the populations are depressed due to chronic 

mortality and as a result the absolute mortality in that area would also be depressed 

(Fahrig et al. 1995, Eberhardt, Mitchell and Fahrig et al. 2013). This illustrates the 

caution that must be taken with the way results are used not only in mitigation, but also 

how they influence findings. Instead of using only kernel density measures, I opted to 

relate mortality to environmental variables in order to better inform my findings.  

 

2.4 Modelling Approaches 

2.4.1 Modelling Animals within the Environment 

  Beyond measures of road mortality, researchers in the field of road ecology 

primarily asks questions concerned with understanding the relationship between animals 
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and their environment. As a result, many studies include an analysis where this 

relationship is modelled. This is not a new or unique scientific endeavor (Saarenmaa et 

al. 1988) and there are many other areas of ecology that explore this relationship, most 

notably species distribution modelling (Guisan and Thuiller 2005). 

 Many modelling techniques are primarily concerned with the movements of 

animals through the environment, with one such methodology being collared studies. 

Collared studies, such as Hearn et al. (1990) and LaRue and Neilsen (2008), use the real 

movements of animals to model how they use their environment. Collared movement 

data has been helpful in establishing the home ranges and preferred habitat of many 

species, however it is an extremely intensive method of studying animal movement and is 

often avoided due to its prohibitive costs – especially if the risk of the animal dying 

during collar placement and/or retrieval is high. 

There has also been substantial research into how animals move within their 

environment by virtue of how connected the landscape is; that is to say, the ease at which 

a defined species can move across a landscape. One of the most prominent recent 

approaches for studying connectivity employs circuit theory – a concept that is based on 

the principles of electrical physics (McRae et al. 2008). These basic principles, such as 

resistance and current, have successfully been applied to many different areas of study, 

such as economic and neural networks, as well as gene flow through an environment 

(McCrae 2006; McCrae et al. 2008). Circuit theory has been applied to ecology with 

great success and has spawned several analytical tools (e.g. Circuitscape and Linkage 

Mapper) that predict connectivity in landscapes. In fact, in 2014 Koen et al. completed an 
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analysis of connectivity that included the Frontenac Arch Ecoregion, and this measure 

has been included as an independent variable in this research. 

 There are many other modelling approaches that are less concerned with the 

actual movement of the animals within the environment, and more about the relationships 

between where animals are found within the environment and why animals are found at 

these locations. I highlight models that rely on regression between variables to explore 

this relationship below.  

 

2.4.2 Regression Models 

 Within the field of road ecology, road mortality is most often related to the 

environment through regression analyses (Langen et al. 2012; Seiler 2004; Malo, Suárez 

and Diez 2004). The dependent variable (road mortality) is regressed against a suite of 

independent variables (most often landscape, road and climatic variables). The result is a 

model that predicts mortality using only the most important variables.  

 Logistic regression is the most widely used regression technique, with 82% of 

studies in a recent review employing this technique (Gunson, Mountrakis and 

Quackenbush 2011). This type of regression requires that the dependent variable is binary 

– mortality either occurs at a location or it does not. As I alluded to above, this manifests 

in a presence/absence measure where locations of known mortality (presence) are paired 

with locations where no mortality was found (absence); but this has inherent problems of 

ensuring that locations are truly absences. This depends on study design and the amount 

of data collected, but, again, is nullified by opting for metrics of spatial clustering.  
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 Other regression techniques have been used, the next most prevalent being step-

wise linear regression (Orłowski 2005; Inbar and Mayer 1999). This regression technique 

is amenable to continuous measures of road mortality, however it has well documented 

pitfalls in overfitting data and inflating significance testing (Thompson 2001). 

 Techniques such as logistic and stepwise regression identify the most important 

variables in models that are used to predict road mortality; however the specifics of how 

these variables are important lack elaboration. For example, Langen, Ogden and 

Schwarting (2009) found the proximity of wetland to roads to be important in predicting 

turtle mortality, but it was not discussed how much wetland on the landscape was 

important, or if there were any interactions between wetland and any other variables (e.g. 

are all wetlands of equal importance, regardless of size and relation to other variables?). 

Considering the importance of road ecology research for management and mitigation, 

being as specific as possible about which variables, under what circumstances, are 

influencing road mortality is a strength. The road ecology literature, by and large, lacks 

this specificity, so I decided to use regression trees in this research in order to address 

this.  

Though not commonly used in road ecology (however see Garrah et al. 2015), 

regression tree models predict values of the dependent variable based on recursive 

partitions that split the data into two separate groups that are as homogenous as possible 

within themselves (Segal 1988; De’ath and Fabricius 2000). These splits, or branches, are 

based on threshold values in an independent variable – for instance, values equal to or 

greater than the threshold value are partitioned into one group, and values below are 

partitioned into another. This threshold value is the benefit of regression tree techniques; 
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it offers the specificity in the independent variables that other regression models lack. Not 

only will variables of importance be highlighted, the amount or degree of this variable’s 

importance is clearly defined. Using the example from Langen, Ogden and Schwarting 

(2009) again, if wetland was identified as a variable important for predicting turtle 

mortality, a regression tree would also define how much wetland is important for turtle 

mortality. 

 

2.5 Summary 

 Changes to landscapes due to anthropogenic development can have a severe 

impact on the surrounding environment and ecology, as exemplified by roads. Roads alter 

their surroundings immensely despite their small area and are the topic of great concern 

for wildlife death. The death of animals on roads is a global epidemic that spares few 

species who are exposed to roads. Of specific concern in the Great Lakes region are the 

herpetofauna species, due mainly to their unique life history traits, thermoregulatory 

requirements and status as species at risk of extirpation. Though there have been many 

studies conducted that address road mortality of the herpetofauna, my research will 

address several gaps that currently exist, namely: 1) by relating road mortality in the 

Great Lakes region, across two roads, to environmental variables; 2) by contextualizing 

the results of my modelling approach with specific values around which mitigation and 

conservation can be informed; 3) by basing my modelling approach on a continuous 

measure of mortality that is less vulnerable to errors compared to other approaches 

(presence/absence); and 4) by examining the impact of road mortality at a refined 

taxonomic level. 
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Chapter 3 

The Locations and Drivers of Herpetofaunal Wildlife Road Mortality on 

Two Highways within the Frontenac Arch, Ontario 

3.1 Introduction 

The phenomenon of global species loss and declines in biodiversity is a central 

issue of investigation within the field of conservation biology. Concurrent with, and 

related to, other threats such as global climate change and habitat loss, species extinctions 

are occurring more frequently than they have in the recent past (Novacek and Cleland 

2001). There have been global extinction events before, however the present loss of 

biodiversity is unique due to the anthropogenic origin of the forces driving this extinction 

(Myers 1988; Knowlton 2001). In an attempt to mitigate this unprecedented species loss, 

there has been a great deal of research conducted to assess the impacts of threats such as 

climate change and habitat loss (among others), as well as to predict the future of other 

life on the planet (Hoekstra et al. 2005; Terlizzi et al. 2005; Lovejoy 2006). Among the 

plethora of issues that have been examined, the ramifications that human development 

has on the natural world is a central topic. 

Human development can lead to habitat destruction and the complete conversion 

of natural landscapes; however, even subtler forms of human development can also 

impact the natural world. There is no better example of this than roads. Roads are 

necessary for modern life; however they have important, and often overlooked, 

consequences for landscapes and for nonhuman life. Roads have been shown to fragment 

landscapes and can have a disproportionate effect on an area relative to their size 
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(Hawbaker and Radeloff 2004; Dietz et al. 2013). The presence of roads on landscapes 

has important implications for wildlife, and the issue of wildlife mortality on roadways 

has garnered significant attention recently (CBC News 2017; Carvalho et al. 2018). Not 

all species of wildlife, however, are impacted equally by road mortality.  

 The herpetofauna (the reptiles and amphibians) are a group that are especially 

susceptible to being killed on roads, and this death can drastically alter the stability and 

structure of a population (Dupuis-Désormeaux 2017). The herpetofauna have several 

characteristics and behavioural attributes that cause them to be vulnerable to death on 

roads, such as: slow movement speeds, thermoregulatory requirements and, in some 

species, identifying the gravel shoulder as a preferred nesting substrate (Rosen and Lowe 

1994; Gibbs and Shriver 2002; Steen et al. 2006). Ensuring that herpetofauna species are 

adequately protected from road mortality is paramount in areas such as Eastern Ontario, 

Canada, where four of five turtles species are designated as at risk of extinction or 

extirpation (Government on Ontario 2018).  

The ultimate goal of my research was to identify where high herpetofaunal road 

mortality was occurring, and to investigate the environmental variables associated with 

this high mortality. To achieve this, I utilized mortality data from databases pertaining to 

two separate roadways (Highway 2 and the Thousand Islands Parkway) within the 

Frontenac Arch. The data was analyzed at both a species level and at a more general 

taxonomic level in order to identify any similarities and differences in patterns of 

mortality between the two levels of analysis. The results of the two separate highways 

were also compared in order to gain a regional perspective on road mortality. Finally, I 

completed an analysis on the influence that environmental variables within the region 
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have on road mortality, and I conducted this analysis at two different scales in order to 

address any potential discrepancies between factors that may be important at a local scale 

and factors that may be important at a landscape scale. 

I predicted that, for every taxonomic grouping, mortality hotspots would not be 

uniform along the road, and would be spatially concentrated. I also predicted that the 

variables most important for explaining road mortality would vary depending on the 

taxonomic group. I expected that the mortality of species who rely on water for habitat 

and foraging, such as the turtles, frogs and toads, and the Northern watersnake (Nerodia 

sipedon), would be associated with high amounts of wetland, water and high levels of 

traffic. I expected that the mortality of all of the other snake species would be associated 

with forested areas and high levels of traffic. These expectations are based on the 

importance of these habitat features to the respective taxonomic groups, and are 

supported by the findings of several studies where the variables specifically mentioned 

have been found to explain road mortality elsewhere (Andrews et al. 2008; Langen, 

Ogden and Schwarting 2009; Gunson, Mountrakis and Quackenbush 2011). 
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3.2 Methods 

3.2.1 Study Area 

 Both of the highways included in this research are located on the Frontenac Arch, 

a southern extension of the Canadian Shield with high amounts of forest and wetland 

relative to adjacent regions underlain by sedimentary bedrock. The region is ecologically 

diverse and was recognized by UNESCO as a World Biosphere Reserve in 2002 

(UNESCO 2010). The Frontenac Arch is a very important component of the Algonquin 

to Adirondacks (A2A) wildlife corridor – an area that has been described as being of 

significant importance for the movement of wildlife between Algonquin Provincial Park 

and Adirondacks State Park in New York (Keddy 1995, Stephenson 2001). The corridor 

rests largely upon an extension of pre-Cambrian bedrock which serves to connect the two 

parks geologically (Figure 3.1), as well as create an environment within the corridor that 

is distinctly different from surrounding area. There is a high species diversity where the 

A2A corridor coincides with the Frontenac Arch, as both Carolinian and Boreal species 

exist on and around this extension of the Canadian Shield (UNESCO 2010).  

The Frontenac Arch is of significance not only because of its high species 

diversity, but also due to the types of species that occur within it. Four turtle species, two 

snake species and one lizard species that are found within the Arch have been designated 

species at risk by the Ontario Ministry of Natural Resources (Government of Ontario 

2018). These are: the snapping turtle (Chelydra serpentina), Blanding’s turtle 

(Emydoidea blandingii), northern map turtle (Graptemys geographica), eastern musk 

turtle (Sternotherus odoratus), gray ratsnake (Pantherophis spiloides), the eastern 

ribbonsnake (Thamnophis sauritus), and the common five-lined skink (Plestiodon 
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fasciatus). The St Lawrence River also bisects where the A2A corridor and Frontenac 

Arch overlap, giving rise to the 1000 Islands; protruding masses of the Shield’s extension 

and essential stepping stones for connection through the area.   

Adjacent to the St Lawrence River on the Canadian side of the natural water 

barrier lie three major highways: two two-lane roads (the Thousand Islands Parkway and 

Highway 2), and the four-lane Highway 401. Individually, each of these roadways 

presents obstacles to wildlife movement within the corridor, and due to their proximity to 

one another it is important to consider these roads together, whenever possible. Due to 

restrictions in sampling and regulations with safety, Highway 401 was not included in 

this research, although some work has been undertaken to study wildlife mortality on a 

portion of it (Danby et al. 2016). 

The Thousand Islands Parkway and Highway 2 are the two roads that are the 

focus of this research. The two roadways are similar in many respects: both have two 

lanes, run in an east-west direction, are similar in length (37km and 38km respectively) 

and span the same geographic area between the Town of Gananoque and the City of 

Brockville. The roadside environments for both roads are similar as well, and include 

residences, agriculture, forests and wetlands. The roads do not vary greatly in elevation 

and are fairly straight along their length. The largest difference between the roads is the 

presence of the St Lawrence River immediately to the south of the Thousand Islands 

Parkway. 
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Figure 3.1. The locations of three major highways relative to one another within the context of the A2A 

wildlife corridor. The grey areas of the inset denote the Canadian Shield and the high proportion of natural 

areas that exist on it (adapted from Garrah et al. 2015). 

 

3.2.2 Data Collection 

Data for this study was collected by regularly surveying Highway 2 and the 

Thousands Islands Parkway. The primary data collection that I was involved with took 

place on Highway 2, with the data collection on the Thousand Islands Parkway occurring 
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previously (2008 and 2010). These surveys were conducted by bicycle (35%) and by car 

(65%) across the entire 38km stretch of Highway 2 an average of three times per week in 

the spring and summer months of 2016 and 2017. The average speed of travel for surveys 

by both bicycle and car was 10km per hour, where the car would be driven slowly along 

the shoulder of the road. The direction of travel during surveys alternated between 

eastbound and westbound. This was done in order to eliminate any potential bias from 

travelling on only one side of the road. The observation period for Highway 2 was June 

16th to November 9th in 2016 and April 8th to October 27th in 2017. On the Parkway the 

observation period was April 14th to October 16th in 2008 and June 2nd to September 

30th in 2010. The purpose of each survey was to actively seek out and record any 

instances of wildlife mortality or any animals that were interacting with the road. My 

definition of an instance of road mortality was broad, in that any indication that an animal 

had died on the road was recorded. Most often this involved observing the full body of 

the deceased animal, however fragments of bone, hair, feather and any skin or scales, as 

well spots of blood were documented as an instance of mortality. When an observation of 

morality was discovered, the surveyor would mark the location of the animal with a 

WAAS-enabled GPS while also identifying the animal to the finest possible taxonomic 

level (i.e. species whenever possible). Photographs were also taken when necessary to 

facilitate subsequent identification. Along with the taxonomic classification, five other 

variables were also recorded, namely: the living condition of the animal (e.g. dead on 

road [DOR] or alive on road [AOR]), the location of the animal on the road (e.g. 

pavement, shoulder), the state of decay of that animal to be used as rough estimate of 

time of death (e.g. fresh, rotting, dry), the life stage of the animal (e.g. adult, juvenile) 



 

32 

 

and lastly whether the animal was found on the north or south side of the road (eastbound 

or westbound lane).  

One of the greatest challenges during my data collection (and a challenge that has 

been well documented in many road ecology studies (Glista, DeVault and DeWoody 

2008; Garrah et al. 2015)) was the treatment of the frogs found on the highway. The two 

most prevalent species of frog in my study area – the Northern leopard frog (Lithobates 

pipiens) and the green frog (Lithobates clamitans) – have similar body sizes, habitat and 

green colouration, making them difficult to distinguish unless a whole body was found. 

Due to the fragile nature of amphibian tissue, finding an observation that was fully intact 

was rare – there would often be cases where an observation was discovered that was 

distinctly frog, however no other discerning features could be found. This, coupled with 

the fact that frogs could be found in extreme numbers within a short period of time (e.g. 

over 1500 in one survey in 2016), resulted in the inability to identify 72% of all frogs at 

the species level on Highway 2.  

 The protocol for surveys conducted on the Thousand Islands Parkway were 

identical to those of Highway 2 – surveys took place an average of three times per week 

during the spring and summer months of 2008 – 2011, and the GPS locations, taxonomic 

information and other variables were recorded with each observation. For the purposes of 

this project, only data from 2008 and 2010 were analyzed. This is because 2011 was not a 

‘full year’ of surveys, leaving the possibility for missed observations during crucial 

movement windows. The year of 2009 was not included as well, as there is believed to be 

issues with under reporting in the data collected during that year (for more details, see 

Garrah et al. 2015). 
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Within the county of Leeds and Grenville there are dedicated employees that 

search the road for driving hazards and remove them. While speaking with one of them, I 

was told that this includes some wildlife that dies on the roads. They were concerned 

primarily with animals that could pose a threat to drivers; essentially anything larger than 

a raccoon. This included deer, porcupine and large turtles, such as adult snapping turtles 

and potentially Blanding’s turtles. I was told by the county that there were no records 

kept of where animals were found and what those animals were. After speaking with the 

county employees it was evident that they only rarely removed turtles and I am confident 

that my counts of adult turtles were not skewed due to these practices. Any potential 

animals being moved off the road by the crews by definition would have been large 

enough in body-size that some remnant of their death would still exist to be documented 

on our surveys, such as a bloody stain or a shell fragment. My surveys were frequent 

enough that I would either observe the animal before it was moved, or these remnants 

would still be observable during the next survey that took place.  

There is potential that deceased animals on the road could have been scavenged 

before a surveyor arrived to observe it. In a small test of potential scavenging, I moved 

animals that I found during my surveys to locations at 1km intervals along the road, 

starting one kilometer from the start of the road at either end. On subsequent days I 

returned and recorded whether or not the planted animal was still there. If after three days 

the planted animal had not disappeared, the threat of error due to scavenging was deemed 

to be low, as within three days at least two surveys would have occurred and the animal 

would have been recorded on either of those surveys. From a total of 36 locations, only 

four had consecutive instances of planted animals disappearing, and these four areas were 
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subsequently identified as hotspots, meaning that their magnitude would have been 

under-estimated, not over-estimated. This is encouraging, considering Ratton et al. 

(2014) reported that carcass removal rates could be as high as 89% within the first 24 

hours. The recommendation of Ratton et al. was that surveys be conducted every two 

days in order to combat this source of error, which our survey methods satisfy. 

 

3.2.3 Data Processing 

The GPS and taxonomic data of the road mortality observations for both roads 

were entered into a database, which was subsequently imported into a GIS environment 

(ArcMap 10.5) with each observation represented by a single point. The points were 

projected into the NAD_1983 UTM Zone 18 projection. These points were then divided 

into three groupings for each road: the Anurans, turtles and snakes. These grouping were 

then further divided into the Anurans, painted turtles (Chrysemys picta), other turtles, 

watersnakes (Nerodia sipedon) and other snakes. The rationale for these groupings was 

largely due to data availability – across both roads, the painted turtles and the 

watersnakes were the most abundant turtle and snake species, and enough data was 

available to make a species-specific grouping possible. However, it also permitted the 

testing of the influences of road mortality on these species individually, which was 

important as individual species testing is often difficult to achieve in road ecology due to 

sample size. All of the other snakes and turtles were amalgamated in order to still be 

included in the study and the Anurans were collapsed from their individual species due to 

the amount of indistinguishable animals found on the road (see Table 3.1 for which 

species comprise the Anurans, other turtles and other snakes groupings). There were 24 
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observations of the Eastern Newt (Notophthalmus viridescens) that were omitted from 

further analysis, as they were few in number and were not Anuran species. In addition, 

there were no five-lined skink observations on either highway. Each individual road 

mortality location was used to generate a field using kernel density estimation.  

Kernel density estimation, or analysis, is a nonparametric probability density 

function that ‘smooths’ a series of discrete points into a continuous field (Silverman 

1986; Anderson 2009). There are two variables of importance for kernel density analysis: 

the cell-size and the search radius. The final output of the kernel density analysis is a 

raster file, and the cell-size controls the raster’s resolution. The search radius is the 

distance within which the density is calculated. For example, at a 250m search radius, 

circles with radii of 250m are placed over each of the points included in the analysis. A 

grid of the determined cell-size is then placed over the area and the number of 

overlapping 250m circles within a cell determines the magnitude of the kernel density 

measurement. For my purposes, a final cell-size of 25m and a search radius of 250m were 

selected for every analysis. Through an iterative process, a final search radius of 250m 

was chosen as it is adept at identifying discrete hotspots that may blend together at larger 

search radii, or that may not be detected at all at smaller radii. As well, in the modelling 

portion of this research, variables at scales of 50m and 250m were used and I believed 

relating a kernel density analysis of 250m to these variables seemed more appropriate 

than, for example, relating a kernel density measurement at a search radius of 500m to a 

variable calculated at a 50m scale. A 50m buffer was created around the entire length of 

both of the roads individually, in order to constrain the kernel density analysis solely to 

the road surface.  
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Once the kernel density analyses for the five taxonomic groupings were 

completed for both highways, they were standardized. Each raster cell was standardized 

using the following formula:  

Standardized Kernel Density = (KDcell – KDmean) / KDstandard deviation 

The groupings were standardized in order to better compare them against one another – 

as the maximum estimates of the kernel density analysis ranged widely between 

groupings, due to the differences in the number of animals found for each grouping. As a 

result, the dependent variable in all subsequent analyses was standardized kernel density 

(SKD).   

Once standardization of the kernel density measures was completed, the resulting 

standardized kernel density raster was sampled by introducing an overlapping layer of 

points and transferring the value of the raster to these points. A distance of 300m between 

each point was used in order to minimize spatial autocorrelation and maintain data 

independence.   

 

3.2.4 Regression Tree Analysis 

I related the standardized kernel density values of each point to a suite of 

environmental variables measured at each point using regression tree analysis. Decision 

trees are a type of predictive machine learning that make recursive partitions in data in 

order to explain a dependent variable with a suite of independent variables, akin to a 

linear model. There are two primary types of decision trees: classification trees that use a 

categorical dependent variable and regression trees that use a continuous dependent 

variable. Regression trees were used in this research. Regression trees operate by making 
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recursive partitions in the data by identifying some threshold value in the independent 

variable that is best able to split the data into two separate groups that are each as 

homogenous as possible. This process then repeats on the newly formed groups and 

identifies another threshold value in an independent variable to split the data again, if 

appropriate (De’Ath and Fabricus 2000). The result is a model of branching binary 

decisions based around threshold values, creating a tree-like diagram (see Figure A.1 in 

Appendix A for an example). The benefits of regression trees are that they are 

nonparametric, and they are adept at identifying relationships between variables of 

importance and additive effects (Breiman et al. 1984, De’Ath and Fabricus 2000). There 

are, however, some potential drawbacks of regression trees. Firstly, regression trees can 

‘overfit’ the data from which they are constructed and this results in a model is not useful 

for prediction using data that was not used in construction (Elith, Leathwick and Hastie 

2008). This issue is combatted by ‘pruning’ regression trees so that they are not hyper-

specific to one dataset and can more easily incorporate, and predict, other data. In 

addition, regression trees are sensitive to perturbations in the data from which they are 

built, and in some cases can have entirely different trees constructed when the data is 

changed (Tibshirani 1996). This is an important consideration because regression trees 

conduct cross-validation wherein a subset of the training data is withheld, and the tree 

can potentially change based on the data that is withheld. Building trees from a robust 

dataset that can tolerate small changes can aid in improving the stability of the tree to 

some extent, as can performing multiple cross-validation folds in order to minimize the 

influence of one withheld subset of data. 
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Table 3.1. The amphibian, snake and turtle species that were positively identified and that make up the 
Anurans, Other Snakes and Other Turtles groupings. 

Anurans  

American Bullfrog Lithobates catesbeianus 

American Toad Anaxyrus americanus 

Gray Tree Frog Hyla versicolor 

Green Frog Lithobates clamitans 

Northern Leopard Frog Lithobates pipiens 

Other Snakes  
Dekay's Brownsnake Storeria dekayi 

Eastern Gartersnake Thamnophis sirtalis 

Eastern Milksnake Lampropeltis triangulum 

Eastern Ribbonsnake Thamnophis sauritus 
Gray Ratsnake Pantherophis spiloides 

Northern Ring-necked Snake Diadophis punctatus 

Northern Red-bellied Snake Storeria occipitomaculata 

Smooth Green Snake Opheodrys vernalis 

Other Turtles  
Blanding's Turtle Emydoidea blandingii 

Eastern Musk Turtle Sternotherus odoratus 

Northern Map Turtle Graptemys geographica 

Snapping Turtle Chelydra serpentina 

 

Two separate sets of regression tree analyses were performed, with each operating 

at a different scale of measurement and analyzing different independent environmental 

variables. These variables were calculated using data from several datasets; landcover 

was derived from the “Sustaining What We Value” dataset for ecoregion 6E10 (SWWV 

2010) at a 10m resolution, terrain variables were derived from the Ontario Provincial 

10m resolution digital elevation model (DEM), landscape connectivity measures were 

taken from Koen et al. 2014 and distance to waterbodies and water crossings were 

calculated using OHN_Waterbodies and OHN_Watercourses datasets, accessible through 

Land Information Ontario. These variables were calculated as follows: at each of the 

sample points spaced 300m apart, circles with radii of 50m and 250m were created, and 

the proportions of landcover, values of the DEM and mean connectivity score within 
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these circles were used to calculate the variables of interest (such as, the percentage of 

wetland within the 50m radius circle). Other variables required further calculation, such 

as Sorenson’s dissimilarity score and Shannon’s diversity index. Sorenson’s dissimilarity 

score compared the landcover composition of the north and south sides of the road and 

was included in order to determine if habitat and land use dissimilarities on either side of 

the road influenced road mortality. Shannon’s diversity index measured the diversity of 

landcover types on the landscape and was included in order to determine if amount of 

different nearby landcover types influenced road mortality. Traffic was measured as 

average daily traffic (ADT) and was derived from traffic count data for both roads. 

Traffic on Highway 2 was derived from data provided by the Public Works of the United 

Counties of Leeds and Grenville, and for the Parkway it was derived from data collected 

by Eberhardt, Mitchell and Fahrig (2013). There were also ‘distance-to’ measures, which 

were simply a calculation of the distance from a sample point to a feature. Before specific 

variables were selected for inclusion in a model, a correlation matrix between all of the 

potential variables was created and any relationships with an R2-value over 0.7 had one 

of the variables excluded, as they were determined to be collinear. After this, 12 

environmental variables at each scale were selected for inclusion in the regression tree 

models. The same independent variables were used in all of the models created at a 

particular scale, and the variables were selected with the assumption they would be 

meaningful at that scale (e.g. the elevational difference between the North and South side 

of the road was thought to potentially be meaningful at the 50m scale, however at the 

larger 250m scale it was thought that differences would be negligible). A comprehensive 
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list of the variables used in both of the analyses and their inherent scales can be found in 

Tables 3.2 and 3.3, as well as a table of every variable that was derived in Appendix C. 

There were ten models created at each scale (five taxonomic groups across two 

roadways). The models were created using R (version 3.3.2) using the rpart package 

(version 4.1-13) (Therneau, Atkinson and Ripley 2010). The procedure was the same for 

every model, regardless of road or scale. The data was partitioned into ‘training’ and 

‘testing’ sets, containing 80% and 20% of the data respectively. Using the training data, 

an initial tree was built using the function rpart. These initial trees required at least 10 

observations in each leaf (min.split = 10), twenty cross-validation folds (xval = 20), and a 

complexity parameter of 0.01 (cp = 0.01). The complexity parameter is a tool that 

restricts the growth of the tree based on the assigned value. If a branch was to grow, but it 

did not increase the R2 of the model by at least the value of the complexity parameter, it 

was not included. After this tree was complete, the testing set was used in the initial tree 

model in order to predict the magnitude of hotspots. Predictions were made using the 

predict function. This allowed the root mean squared error (RMSE) to be calculated by 

using the predicted values from the predict function and the actual values from the test 

dataset. RMSE was calculated as: 

RMSE = √(∑(𝑝𝑟𝑒𝑑𝑖𝑐𝑡 − 𝑎𝑐𝑡𝑢𝑎𝑙)𝟐) 

The model was then pruned in order to avoid overfitting the data. The restraints on the 

pruned tree were again a minimum leaf size of 10 (min.split = 10), as well as a designated 

complexity parameter value, however the exact value varied with each model. After a 

pruned tree was grown, the predicted values were compared against the actual by 

calculating RMSE.  
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It is common practice to choose the pruned tree with either with the lowest cross-

validated error, or the lowest RMSE as the candidate model (Williams 2011). For my 

purposes, I decided that the best candidate model would be the one that minimized the 

RMSE, as well as cross-validated error (xerror) – a measure of misclassification in the 

training data. This required an iterative approach, where several different complexity 

parameter values were tested in the model in order to achieve a minimized xerror value as 

well as a minimized RMSE value. The result was a candidate model that is the most valid 

both within the training data it was grown from (minimized xerror), as well as between 

the testing data it was compared against (minimized RMSE). Along with the changes in 

RMSE and xerror between the initial and pruned models, the R2-values were also 

calculated for the candidate model as a measure of model performance.  

The regression diagrams built from the collected data can be found in Appendix 

A. The tree begins with a split, based on an independent variable that can be seen in text, 

followed by two branches extending downward. The threshold values around which the 

split was made can be seen near to the branches – one branch showing the outcome if the 

independent variable values were less than the threshold, the other branch showing the 

outcome if the values were greater than or equal to the threshold. Branches can either 

extend into another split, where another variable will be seen in text, or they will extend 

to the terminal leaf nodes. These leaf nodes contain the predicted value of the dependent 

variable.  
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Table 3.2. The 12 variables included in the 50m regression tree analysis, with their inherent scale of calculation, a description of the variable and the mean and 

range of the variables on both highways. 

 

50m Variables Scale Description of Variable 

Highway 2: 

Mean 

Highway 2: 

Range 

Parkway: 

Mean 

Parkway: 

Range 

Traffic NA Level of traffic at sample point (ADT) 

 

2549.7 ADT 

4760-1350 

ADT 

 

2660.5 ADT 

4073-2059 

ADT 

Distance to Culvert 0m Distance to nearest culvert (m) 242.9m 1750.1-0.6m 74.4m 719.1-0m 

Distance to Water 0m Distance to nearest body of water (m) 

 

547.3m 

1408.7-

35.6m 

 

104.8m 

 

419.4-0m 

Distance to Water 

Crossing 0m 

Distance to nearest structure crossing a body of 

water (m) (e.g. bridge) 

 

570.5m 

 

2157.4-0.8m 

 

583.3m 

 

3069.7-0m 

Distance to Intersection 0m Distance to nearest roadway intersection (m) 597.1m 2509.8-0.5m 326.9m 1610-2.8m 

Wetland 50m 

Amount of wetland in 50m radius around sample 

point, derived by summing the “Swamp”, 

“Marsh” and “Aquatic” classes (%) 

 

 

0.8% 

 

 

42.3-0% 

 

 

11.9% 

 

 

100-0% 

Forest 50m 

Amount of forest in 50m radius around sample 

point, derived by summing the “Deciduous”, 

“Coniferous”, “Mixed” and “Undifferentiated” 

forest classes (%) 

 

 

 

21.1% 

 

 

 

88.6-0% 

 

 

 

33.2% 

 

 

 

82.3-0% 

Diversity of Landscape 50m 

Shannon's diversity index score within a 50m 

radius 

 

0.9 

 

1.7-0.4 

 

1.1 

 

1.8-0 

Urban Area 50m 

Amount of urban land class in 50m radius around 

sample point (%) 

 

13.4% 

 

77.2-0% 

 

7.2% 

 

78.5-0% 

Agricultural Land 50m 

Amount of agricultural land class in 50m radius 

around sample point (%) 

 

34.1% 

 

84.8-0% 

 

17.9% 

 

75.9-0% 

Dissimilarity 

North/South 50m 

Sorenson's dissimilarity score between the North 

and South side of road in a 50m radius 

 

0.38 

 

1-0 

 

0.54 

 

0.98-0 

Elevational Difference 

North/South 50m 

Difference in elevation between the North and 

South side of road in a 50m radius 

 

1.2 

 

8-0.000018 

 

1.7 

 

13.13-0.014 
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Table 3.3. The 12 variables included in the 250m regression tree analysis, with their inherent scale of calculation, a description of the variable and the mean and 

range of the variables on both highways. 

 

250m Variables Scale Description of Variable 

Highway 2: 

Mean 

Highway 2: 

Range 

Parkway: 

Mean 

Parkway: 

Range 

Traffic NA Level of traffic at sample point (ADT) 

 

2549.7ADT 

4760-1350 

ADT 

2660.5 ADT 4073-2059 

ADT 

Circuitscape Mean 250m 

Mean Circuitscape score within 250m 

radius 

 

0.00095 

0.0018-

0.00032 

 

0.0011 

0.0023-

0.0003 

Swamp 250m Amount of swamp in 250m radius (%) 1.7% 30.2-0% 0.2% 3.2-0% 

Coniferous Forest 250m 

Amount of coniferous forest in 250m 

radius (%) 

 

0.02% 

 

1.5-0% 

 

0.05% 

 

1.6-0% 

Deciduous Forest 250m 

Amount of deciduous forest in 250m 

radius (%) 

 

15.8% 

 

76.8-0% 

 

8.7% 

 

62.5-0% 

Agricultural Land 250m 

Amount of agricultural land in 250m 

radius (%) 

 

46.1% 

 

94.4-0% 

 

13.5% 

 

60.9-0% 

Roads 250m Amount of roads in 250m radius (%) 8% 37.9-3.3% 8% 35.1-3.4% 

Urban Area 250m Amount of urban area in 250m radius (%) 9.3% 74.1-0% 7.2% 68.1-0% 

Water 250m 

Amount of waterbodies in 250m radius 

(%) 

 

0.4% 

 

15-0% 

 

7.6% 

 

41-0% 

Open Wetland 250m 

Amount of open wetland in 250m radius 

derived by summing the “Marsh” and 
“Aquatic” classes (%) 

 

 
0.4% 

 

 
18.2-0% 

 

 
19.1% 

 

 
58.4-0% 

Mixed/Undifferentiated Forest 250m 

Amount of mixed and undifferentiated 

forest in 250m radius derived by summing 

the “Undifferentiated” and “Mixed” forest 

classes (%) 

 

 

 

18.4% 

 

 

 

85.9-0% 

 

 

 

35.7% 

 

 

 

94.7-0% 

Diversity of Landscape 250m 

Shannon's diversity index score within a 

250m radius 

 

1.03 

 

1.83-0.2 

 

1.3 

 

1.9-0.3 
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3.3 Results 

3.3.1 Mortality Documented and Temporal Trends 

A total of 8251 observations of herpetofauna wildlife mortality were documented 

on Highway 2 during the two years of data collection. The total number of observations 

on the Thousand Islands Parkway was 10027 individuals. Figures 3.2 – 3.7 present the 

number of observations made throughout each year (recorded as Day of Year) for the 

Anurans, the turtles and the snakes along both Highway 2 and the Parkway. The rationale 

for these groupings not being divided further was to give a very general context for the 

temporal trends on the highways and to condense the results. The observation period for 

Highway 2 was June 16th to November 9th in 2016 and April 8th to October 27th in 2017. 

On the Parkway the observation period was April 14th to October 16th in 2008 and June 

2nd to September 30th in 2010. The data collected on Highway 2 from the years 2016 and 

2017 was similar in its distribution, as was the data from the Parkway in the years 2008 

and 2010.  

Figures 3.2 and 3.3 depict the amount of Anuran mortality recorded along 

Highway 2 and the Parkway, respectively. The Anuran data was log10 transformed due to 

extreme values. There is a distinct increase in mortality followed by a decline as the 

observation period progresses (Figure 3.2 and 3.3). Similarly, Figures 3.4 and 3.5 show 

the mortality of snakes throughout the year along Highway 2 and the Parkway 

respectively. On both roadways it can be seen that mortality is low at the beginning of the 

observation period and increases toward the end of the observation period (Figures 3.4 

and 3.5). Finally, Figures 3.6 and 3.7 depict the mortality of turtles across the observation 

period for Highway 2 and the Parkway respectively. There is no universal trend that can 
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be observed; instead turtle mortality is highly variable across the observation period, with 

the maxima on both highways occurring at very different times (Figures 3.6 and 3.7). 

Tables 3.4 and 3.5 shows the mean number of individuals and standard deviation 

found from the Anuran, the other turtle, the painted turtle, the other snake and the 

watersnake groupings per survey on Highway 2 and the Parkway respectively. There 

were a total of 51 surveys completed on Highway 2 in 2016, with another 82 completed 

in 2017 for a total of 133 surveys. A total of 82 surveys were completed on the Parkway 

in 2008 and 55 completed in 2011 for a total of 137 surveys. The average values were 

rounded to the nearest tenth significant digit.  

The Anurans grouping had the most observations on both highways; the average 

number of individuals found per survey being at least 6 times greater than any other 

taxonomic group on Highway 2 in any year, and being at least 33 times greater on the 

Parkway (Tables 3.4 and 3.5). Highway 2 had both the highest and lowest annual 

numbers of Anurans found per survey. Highway 2 had more snakes, in both groupings, 

per survey than the Parkway. The number of turtles found per survey was comparable 

across both roads. The only taxonomic grouping to have substantial yearly fluctuations in 

the number of individuals found per survey was the Anurans; all other groupings 

remained the same across both years for each road (Tables 3.4 and 3.5).  
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Figure 3.2. The number of Anuran mortality observations found along Highway 2 from both years plotted 

against the day of the year. 
 

 

Figure 3.3. The number of Anuran mortality observations found along the Parkway from both years plotted 

against the day of the year.  
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Figure 3.4. The number of snake mortality observations found along Highway 2 from both years plotted 

against the day of the year. 

 

Figure 3.5. The number of snake mortality observations found along the Parkway from both years plotted 

against the day of the year. 
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Figure 3.6. The number of turtle mortality observations found along Highway 2 from both years plotted 

against the day of the year. 

 

 

 

Figure 3.7. The number of turtle mortality observations found along the Parkway from both years plotted 

against the day of the year. 
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Table 3.4. Mean and standard deviation (SD) of observations per survey in each taxonomic grouping for 

Highway 2. 

Year Anurans  Painted Turtles Other Turtles Watersnakes Other Snakes 

 Mean SD Mean SD Mean SD Mean SD Mean SD 

2016 75.4 216.4 0.5 1 1 2.4 1.6 2.9 6 8.9 

2017 38.1 52 0.8 1.2 1.1 2.3 1.7 2.3 6.5 9.7 

 

 

Table 3.5. Mean and standard deviation (SD) of observations per survey in each taxonomic grouping for 

the Parkway. 

Year Anurans  Painted Turtles Other Turtles Watersnakes Other Snakes 

 Mean SD Mean SD Mean SD Mean SD Mean SD 

2008 66.1 90.8 0.8 1.2 0.7 1 1 2.3 1.9 3.9 

2010 73.5 81.7 0.8 1.4 0.6 1.1 0.6 1 1.6 2.5 

 

 

3.3.2 Kernel Density Analysis 

The groupings of the Anurans, the painted turtles, the watersnakes, the other 

turtles and the other snakes were all included in their own, separate kernel density 

analyses. Within each taxonomic grouping, the point mortality data from both roads was 

converted into a single kernel density map that share a range of kernel density values. 

The kernel density measures are expressed in the number of observations per square 

kilometer (obs/km2), not standardized kernel density (SKD) in order to showcase not only 

the range of raw kernel density values that were achieved, but to illustrate which 

groupings had the highest estimates of road mortality and to allow for an absolute 

comparison between the two roadways. The locations of hotspots along both roads are 

denoted by the kilometer within which they occur, with the values increasing west to east.  
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Anurans 

The maximum estimate of Anuran mortality was a kernel density value of 8773 

obs/km2 (Kernel Density = 8773) (Figure 3.8). There were two major hotspots found 

along Highway 2; a larger hotspot found in the middle of the road’s extent (km 17 to km 

18) and a smaller hotspot on the eastern end at km 34 (Figure 3.8). There was also third, 

minor hotspot at km 15, found directly to the west of the large hotspot in the middle of 

the road’s extent.  

Along the Parkway, there were four major hotspots of Anuran mortality that were 

comparable in intensity to those on Highway 2 (Figure 3.8). The first, and largest, hotspot 

was in the middle of the road’s extent (km 19 to km 20), with a small hotspot occurring 

immediately to the east (km 21). Further east, there were two hotspots within close 

proximity (km 30 and km 32). There were also other areas of high mortality identified 

along most of the road.  

There is some overlap in the spatial locations of the hotspots across both roads: 

there is a high amount of morality around the middle on both Highway 2 and the 

Parkway. There is also some overlap in easterly activity, however those are not congruent 

to the same degree as the large hotspots in the middle of the roads. 

 

Painted Turtles 

 The maximum estimate of painted turtle mortality was a kernel density estimate of 

184 obs/km2 (Kernel Density = 184) (Figure 3.9). Four distinct hotspots occurred along 

Highway 2 at kms 13, 18, 33 and 35, and all are roughly the same in size (Figure 3.9). 
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There are also three minor hotspots along the road; two within one kilometer of one another 

(km 2) at the western end and another at km 24.  

 

 

Figure 3.8. Kernel density map of Anuran mortality along Highway 2 and the Thousand Islands Parkway. 

The maximum kernel density was 8773 obs/km2. The two largest hotspots occurred around the centre of both 

roads. There is a high amount of overlap in the hotspot locations as most mortality occurred in the middle of 

both roads. 

 

On the Parkway, there were five distinct major hotspots of painted turtle mortality 

that occurred along its length (Figure 3.9). The hotspots occurred at kilometers: 2, 5, 6, 21 

and 24 along the Parkway’s length.  

The exact spatial locations of hotspots between the highways do not overlap well, 

however several attributes of the hotspots across both highways are similar: the hotspots 

are quite small but intense and there are many of them along the roads’ lengths.  

 

Other Turtles  

 The maximum estimate of other turtle mortality was a kernel density value of 441 

obs/km2 (Kernel Density = 441) (Figure 3.10). On Highway 2, there was a large hotspot 

of other turtle mortality that occurs in the middle of the road’s extent (km 17 to km 18). 

Two other hotspots of similar intensity occurred at the eastern end of the road within 
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close proximity to one another (km 33 and km 35). A small hotspot occurred directly to 

the east of the large hotspot in the middle of the road (km 19) (Figure 3.10).  

 

 

Figure 3.9. Kernel density map of painted turtle mortality along Highway 2 and the Thousand Islands 

Parkway. Despite low locational congruence, there are a multitude of small, intense hotspots that occurred 

in discrete areas, with the maximum density value of 184 obs/km2. 

 

In comparison, there was only one area on the Parkway that is comparable in 

intensity to hotspots on Highway 2; a small hotspot at km 2. There was another hotspot 

that occurs at km 11, though it was not as intense as the hotspot mentioned previously. 

There were three faint hotspots on the Parkway: two occur near to one another around the 

middle of the Parkway (km 21 and km 22) and a third at km 35 (Figure 3.10).  

Aside from the small degree of overlap in the middle and eastern end of both 

roads, there was a low amount of congruence across the roads, both in location and in 

number of intense hotspots.  
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Figure 3.10. Kernel density map of other turtle mortality along Highway 2 and the Thousand Islands 

Parkway. The maximum kernel density estimate was 441 obs/km2. There were three intense hotspots that 

occurred along Highway 2 and only one small hotspot of similar intensity along the Parkway. Overall, there 

is a low amount of congruence in hotspot locations across the highways. 

 

Watersnakes 

 The highest estimate of watersnake mortality was a kernel density value of 319 

obs/km2 (Kernel Density = 319), and this maximum was approached multiple times along 

Highway 2, but not along the Parkway (Figure 3.11). Watersnake mortality on Highway 2 

was largely contained within a 6km area in the middle of the road’s extent beginning at km 

14 (Figure 3.11). There were five discrete hotspots that are discernible; four easterly 

hotspots that are small in size, and one large hotspot directly in the middle of the road. 

There was another small hotspot on the western end of the road (km 37). A small hotspot 

also occurred at the eastern end of Highway 2 (km 3).  

 The most intense hotspots, three in total, on the Parkway were not comparable to 

those on Highway 2. They occurred in different areas along the road (kms 6, 17 and 28). 

There were four distinct areas that are less intense that occurred along the road as well 

(Figure 3.11).  
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 Across both roads, there was a low amount of congruence between the locations of 

hotspots. There are two faint hotspots that appeared on the Parkway in the same area that 

the majority of the intense hotspots on Highway 2 appeared. 

 

Figure 3.11. Kernel density map of watersnake mortality along Highway 2 and the Thousand Islands 

Parkway. The maximum kernel density estimate was 319 obs/km2 and several intense hotspots occurring in 

the middle of the road along Highway 2 approach this maximum, with no ho tspots of similar intensity 

occurring on the Parkway. Overall, there is a low amount of hotspots location congruence across both roads.  

 

Other Snakes 

The highest estimate of other snake mortality was a kernel density value of 702 

obs/km2 (Kernel Density = 702), and this maximum value appeared solely on Highway 2 

(Figure 3.12). In total, six distinct hotspots of this maximum can be seen on Highway 2, 

although some are larger than others. Five hotspots occurred in the middle of road along 

Highway 2 (beginning at kms 12, 14, 17 and 19), and the sixth hotspot occurred in the 

eastern end of the road (km 33). A slightly less intense hotspot occurred in the eastern 

half of the road (km 25), and there are several weak hotspots along the entire western half 

of the road (Figure 3.12).  

 Along the Parkway there was virtually no hotspot activity that is comparable to 

Highway 2. The most intense hotspot is a small hotspot that occurred near the western 
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end of the road (km 3). Besides that, there was a large area of very faint activity near the 

middle of the road (km 19 to km 21) (Figure 3.12). 

 There was a low amount of congruence in terms of hotspot location across both 

roads. Hotspot activity is the most concentrated and intense near the middle of road on 

Highway 2 and there was some faint hotspot activity on the Parkway in this area, 

however the extent and intensity of the Highway 2 hotspots was much greater. 

 

Figure 3.12. Kernel density map other snake mortality on Highway 2 and the Thousand Islands Parkway. 

The highest kernel density value of 702 obs/km2 occurred solely on Highway 2. There are several hotspots 

on Highway 2, with most occurring in the middle. There is virtually no hotspot activity on the Parkway that 

is comparable to Highway 2. There is a low amount of congruence in hotspot location across both roads. 

 

3.3.3 Regression Tree Analysis 

 As described in 3.2.4, the regression tree analysis was conducted at two different 

levels of scale. At focal scales of 50m (the local scale) and 250m (the landscape scale) 

trees were grown based on independent variables that were thought to be particularly 

relevant at each respective scale. Variables used in the 50m analysis are listed in Table 

3.2, and the variables used in the 250m analysis are in Table 3.3.  

 In total, there were 20 regression tree analyses constructed. The complete 

regression tree diagrams are provided in Appendix A. The major trends of these diagrams 

are summarized in Tables 3.6 and 3.7. These tables show the maximum standardized 
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kernel density (SKD) values of mortality predicted by the models for Highway 2 and the 

Parkway respectively, as well as the path of branching splits that lead to each predicted 

value. These ‘branching paths’ should be read such that the topmost split begins on the 

left, and subsequent splits follow after the comma. The branching paths are terminated at 

the leaf node, which is the predicted standardized kernel density value. While the entirety 

of the tree grown from the candidate model is important, the focus of this section will be 

to address the primary drivers of wildlife mortality by identifying solely the variables that 

influence high levels of mortality. As a result, only the variables that led to the highest 

prediction of mortality in each tree are included. In doing so, a clearer picture of where 

mitigation must be focused can be formed, without having to directly address the other 

relationships. 

 Tables 3.8 and 3.9 show the differences between the initial models and the 

respective pruned models for root mean squared error (RMSE) and cross-validation error 

(xerror) for each roadway. The differences were calculated by subtracting the values of 

the pruned models from the values of the initial models. As such, positive differences 

indicate a reduction in error for the pruned model, while negative values show an 

increase. As with all other metrics of error, RMSE is expressed in the same units as the 

variable being predicted, which was standardized kernel density (SKD) for my purposes. 

Alternatively, xerror is expressed as the percentage of the model’s misclassification rate 

(e.g. a change of 12% shows the pruned model misclassified observations 12% less than 

the initial model). The criteria for selecting the candidate model was to minimize both of 

these error metrics. This was done by selecting the models with the greatest difference 

values between the initial and pruned models. This minimization was achieved in all but 
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four of 40 total cases, with those being; the RMSE of the other snakes at 250m, the xerror 

of the other turtles at 50m and the xerror of the watersnakes at 250m on Highway 2 

(Table 3.8), as well as the RMSE of the other snakes at 50m on the Parkway (Table 3.9). 

In each of these four cases, the increase in one metric was justified by the minimization 

that was achieved in the other metric. A specific instance of note is the other turtles at the 

50m scale. This was the sole instance where the increase in one metric was larger in 

magnitude than the decrease in the other metric. The rationale behind choosing this as the 

candidate model was that the costs of the increase in the xerror were outweighed by the 

benefits of RMSE minimization. When faced with two comparable differences in either 

metric, I opted to minimize the error between the training and test datasets so that the 

candidate model would be more generalizable, instead of a better fit to just the data from 

which it was built. 

Model fit, as indicated by R2-values, ranged across both roads. Values for 

Highway 2 models were consistently higher than the Parkway models; save for the 

painted turtles at the 50m scale (Tables 3.6 and 3.7). The relative performance and 

predictability of all models can be found in Tables 3.6 – 3.9.  

 

Anurans 

50m Analysis 

 The most important local variable (i.e. 50m scale) influencing Anuran mortality 

along Highway 2 was the presence of wetlands. The highest levels of road mortality 

(SKD = 2.9) were predicted to occur in areas where roadside habitats contained at least 

10% Wetland (Table 3.6). On the Thousand Islands Parkway, the highest predicted 
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Anuran morality (SKD = 2.7) occurred when the Distance to Water was less than 54m 

and Traffic was less than 2211 ADT (Table 3.7).  

 

250m Analysis 

 The highest predicted value of Anuran mortality (SKD = 4.1) along Highway 2 at 

the 250m scale was achieved when the landscape was comprised of at least 21% Swamp 

(Table 3.6). On the Thousand Islands Parkway, the highest predicted value of Anuran 

mortality (SKD = 2.6) at the 250m scale was achieved when Traffic was less than 2211 

ADT and Open Wetland was at least 17% of the landscape (Table 3.7).  

 

Painted Turtles 

50m Analysis 

 The most important variable influencing painted turtle mortality on Highway 2 at 

the local scale was the presence of wetlands on the landscape. The maximum predicted 

value of painted turtle mortality on Highway 2 (SKD = 2.2) was achieved when Wetland 

was at least 7.1% of the landscape (Table 3.6). On the Parkway, the most important 

variable for predicting painted turtle mortality at the local scale was also the presence of 

wetlands. The maximum predicted value of painted turtle mortality on the Parkway (SKD 

= 2.5)  was achieved when Wetland was at least 47% of roadside habitats (Table 3.7).  
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Table 3.6. The R2-values and the branching path that leads to maximum SKD value for all ten taxonomic 

groupings on Highway 2. These ‘branching paths’ should be read such that the topmost split begins on the 

left, and subsequent splits follow after the comma. The branching paths are terminated at the leaf node, 

which is the predicted standardized kernel density value. 

 

Taxonomic Group 

and Scale 

 

Overall Model 

Fit (R2) Branching Path 

Anurans 50m 0.58 Wetland ≥ 10% 

Anurans 250m 0.6 Swamp ≥ 21% 

Painted Turtles 50m 0.38 Wetland ≥ 7.1% 

Painted Turtles 250m 0.49 Open Wetland ≥ 1.3% 

Other Turtles 50m 

 

0.52 
Wetland < 23%, Forest ≥ 53%, Diversity of 

Landscape ≥ 0.99 

Other Turtles 250m 0.42 Swamp ≥ 21% 

Watersnakes 50m 0.61 Distance to Intersection ≥ 2048m 

Watersnakes 250m 0.65 Swamp >= 2.6%, Deciduous Forest < 2.7% 

Other Snakes 50m 

 

 

0.45 

Forest ≥ 2.5%, Distance to Water < 320m, 

Elevational Difference North/South ≥ 0.83, 

Traffic < 2705 ADT 

Other Snakes 250m 0.56 Roads < 4.3% 
 

 

 

Table 3.7. The R2-values and the branching path that leads to the maximum SKD value for all ten 

taxonomic groupings on the Thousand Islands Parkway. These ‘branching paths’ should be read such that 

the topmost split begins on the left, and subsequent splits follow after the comma. The branching paths are 

terminated at the leaf node, which is the predicted standardized kernel density value. 

 

Taxonomic Group 

and Scale 

 

Overall Model 

Fit (R2) Branching Path 

Anurans 50m 

0.35 Distance to Water < 54%, Traffic < 2211 

ADT 

Anurans 250m 0.37 Traffic < 2211 ADT, Open Wetland ≥ 17% 

Painted Turtles 50m 0.48 Wetland ≥ 47% 

Painted Turtles 250m 0.43 Water ≥ 26%, Circuitscape Mean ≥ 0.000681 

Other Turtles 50m 

 

0.33 

Distance to Water Crossing < 53m,  

Urban Area ≥ 3.1% 

Other Turtles 250m 0.21 Diversity of Landscape ≥ 1.8 

Watersnakes 50m 0.27 Distance to Water < 44m 

Watersnakes 250m 

0.41 Open Wetland ≥ 20%, Circuitscape Mean ≥ 

0.0017 

Other Snakes 50m 

 

0.38 
Diversity of Landscape < 1.3, Wetland ≥ 

7.7%, Distance to Water ≥ 150m 

Other Snakes 250m 0.21 Deciduous Forest ≥ 49m 
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Table 3.8. The difference values of root mean squared error (RMSE) and cross-validation error (xerror) for 

the ten regression tree models performed for the taxonomic groupings on Highway 2. The differences were 

calculated by subtracting the value of the pruned model from that of the initial model. A positive value 

indicates that the pruned model had a lower error value, while a negative value indicates the pruned model 

had a greater error value. RMSE is expressed in standardized kernel density estimates (SKD) of road 

mortality, while xerror is expressed as the percent of misclassification. In all cases except the RMSE of the 

other snakes at 250m, the xerror of the other turtles at 50m and the xerror of the watersnakes at 250m, there 

was improvement or no change in both metrics for all groupings.  

 

Taxonomic Group 

and Scale 

RMSE 

Difference 

xerror 

Difference 

Anurans 50m 0 0% 

Anurans 250m 0 0% 

Painted Turtles 50m 0.16 27% 

Painted Turtles 250m 0.04 1% 

Other Turtles 50m 0.03 -5% 

Other Turtles 250m 0.19 30% 

Watersnakes 50m 0.01 1% 

Watersnakes 250m 0.32 -9% 

Other Snakes 50m 0.18 18% 

Other Snakes 250m -0.01 12% 
 

 

 

 

Table 3.9. The difference values of root mean squared error (RMSE) and cross-validation error (xerror) for 

the ten regression tree models performed for the taxonomic groupings on the Thousand Islands Parkway. 

The differences were calculated by subtracting the value of the pruned model from that of the initial model. 

A positive value indicates that the pruned model had a lower error value, while a negative value indicates 

the pruned model had a greater error value. RMSE is expressed in standardized kernel density estimates 

(SKD) of road mortality, while xerror is expressed as the percent of misclassification. In every case except 

for the RMSE of the other snakes at 50m there is improvement in both metrics for all groupings. 

 

Taxonomic Group 

and Scale 

RMSE 

Difference 

xerror 

Difference 

Anurans 50m 0.36 9% 

Anurans 250m 0.29 26% 

Painted Turtles 50m 0.11 13% 

Painted Turtles 250m 0.03 6% 

Other Turtles 50m 0.15 18% 

Other Turtles 250m 0.2 12% 

Watersnakes 50m 0.2 7% 

Watersnakes 250m 0.06 17% 

Other Snakes 50m -0.01 17% 

Other Snakes 250m 0.08 23% 
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250m Analysis 

 The most important variable influencing painted turtle mortality on Highway 2 at 

the landscape scale (i.e. 250m scale) was the presence of open wetlands. The maximum 

predicted value (SKD = 2.1) on Highway 2 was achieved when Open Wetland was at 

least 1.3% of the landscape (Table 3.6). On the Parkway, the maximum predicted value 

of painted turtle mortality (SKD = 2.4) at the 250m scale was achieved when the amount 

of Water on the landscape was at least 26% and the Circuitscape Mean was greater than 

or equal to 0.000681 (Table 3.7).  

 

Other Turtles 

50m Analysis 

  The highest predicted value of other turtle mortality (SKD = 3.2) on Highway 2 

at the 50m level of analysis was achieved when Wetland was less than 23% of the 

landscape, Forest was at least 53% of the landscape and the Shannon’s Diversity score of 

the landscape was greater than or equal to 0.99 (Table 3.6). On the Parkway, the highest 

predicted value of other turtle species mortality at the 50m level scale (SKD = 4) was 

achieved when the Distance to Water was less than 53m and when Urban Area was 

greater than or equal to 3.1% of the landscape (Table 3.7).  

 

250m Analysis 

 Along Highway 2, the maximum predicted value for other turtle mortality (SKD = 

4.4) at the landscape scale occurred when Swamp was at least 21% of the landscape 

(Table 3.6). On the Parkway, the maximum predicted value of other turtle mortality 
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(SKD = 3.5) at the 250m scale was achieved when the Shannon’s Diversity score for the 

landscape was greater than or equal to 1.8 (Table 3.7).  

 

Watersnakes 

50m Analysis 

 On Highway 2, the maximum predicted value of watersnake mortality (SKD = 

3.8) at the local scale occurred when the Distance to Intersection was greater than or 

equal to 2048m (Table 3.6). On the Parkway, the maximum predicted value of 

watersnake mortality (SKD = 1.7) at the 50m scale occurred when the Distance to Water 

was less than 44m (Table 3.7).  

 

250m Analysis 

 The maximum predicted value of watersnake mortality (SKD = 4.7) on Highway 

2 at the 250m scale occurred when Swamp comprised at least 2.6% of the landscape, and 

Deciduous Forest was less than 27% (Table 3.6). On the Parkway, the maximum 

predicted value of watersnake mortality (SKD = 2.7) at the landscape scale was achieved 

when Open Wetland was greater than or equal to 20% of the landscape and the 

Circuitscape Mean was greater than or equal to 0.0017 (Table 3.7).  

 

Other Snakes 

50m Analysis 

 The maximum predicted value of other snake mortality (SKD = 2.7) on Highway 

2 at the 50m scale was achieved when Forest was at least 2.5% of the landscape, 
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Distance to Water was less than 320m, the Elevational Difference North/South was 

greater than or equal to 0.83 and Traffic was less than 2705 ADT (Table 3.6). On the 

Parkway, the maximum predicted value of other snake mortality (SKD = 4.3) at the 50m 

scale was achieved when the Shannon’s Diversity score on the landscape was less than 

1.13, Wetland was at least 7.7% of the landscape and Distance to Water was greater than 

or equal to 150m (Table 3.7).  

 

250m Analysis  

 On Highway 2, the maximum predicted value of other snake mortality (SKD = 

4.3) at the landscape scale was achieved when Roads were less than 4.3% of the 

landscape (Table 3.6). On the Parkway, the maximum predicted value of other snake 

mortality at the 250m scale occurred when Deciduous Forest at least 49% of the 

landscape (Table 3.7).  
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3.4 Discussion 

 Overall, the results of my analyses show that wetland and water-related variables 

are very important in influencing road mortality within the Frontenac Arch region. I 

expected that wetland and water-related variables would be important for the Anuran, 

turtle and watersnake taxonomic groups due to their reliance on these habitats types, and 

this was found overwhelming for the aforementioned categories. The other snake 

taxonomic grouping did not have as strong an association to water-related variables as the 

other categories – which was expected given they are not as reliant on these areas for 

habitat – however wetland and distance to water were still important for the other snakes 

at the local (50m) scale on both highways (Tables 3.6 and 3.7). In addition, not only were 

these water-related landcover types featured within the branching path leading to the 

maximum mortality estimate in 16 of 20 total analyses, but in seven of those 16 these 

water-related variables were the sole predictor used to explain the maximum mortality 

estimate (Tables 3.6 and 3.7). This finding indicates that not only are these variables of 

paramount importance for predicting mortality, but they are, in many cases, important 

regardless of other interactions and relationships with other variables. 

Other studies have reported on the importance of wetland and water-related 

variables (Beaudry and Hunter Jr 2008; Langen, Ogden and Schwarting 2009; Langen et 

al. 2012), however the results of this research are significant because they delineate not 

only that these variables are of supreme importance for road mortality, but the degree to 

which they are important as well. To illustrate, consider the painted turtles at the local 

scale on each highway. On Highway 2, the highest mortality estimate is achieved when 

there is at least 7.1% wetland in the surrounding 50m (Table 3.6), while on the Parkway 
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the maximum estimate is achieved when wetland is at least 47% of the surrounding area 

(Table 3.7). It is clear that wetland is important for both, as has been established, 

however on Highway 2 the results show that it is important to consider small wetlands 

when targeting mitigation efforts, whereas on the Parkway much larger wetlands should 

be the focus of mitigation. This ability to differentiate between the importance of these 

variables for different taxonomic groupings, beyond simply identifying the most 

important variables, make the findings of this work significant for the field of road 

ecology. 

 

3.4.1 Mortality Documented and Temporal Trends 

While there are some differences between the highways, specifically in the timing 

of peak turtle mortality, the overall similarities in the temporal trends within each 

taxonomic grouping shown in Figures 3.2 to 3.7 indicate that species around both roads 

are responding to the time of year in the same way (e.g. snakes on both Highway 2 and 

the Parkway are killed more often later in the year). It was not expected that species near 

Highway 2 would respond to the time of year differently than species near the Parkway; 

however there is evidence that animals can change their behaviour in response to roads 

(Taylor and Goldingay 2010) and it is possible that differences in the makeup of the 

landscape (i.e. differences in landscape pattern between the highways) could also 

influence these behavioural changes (Humphries et al. 2010). These trends suggest that 

there are no such differences in behaviour across roads and that animals near Highway 2 

and the Parkway are responding to their environment and interacting with the road in the 

same way. 
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 The results show that snakes are killed more later in the year during the fall 

months, potentially as they begin to return to hibernacula for the winter (Andrews and 

Gibbons 2005), and this trend is in line with results from previous studies (Garrah et al. 

2015; Smith and Dodd Jr. 2003). Other studies have found that there are two separate 

times that turtle mortality reaches an annual peak: in the spring for adult turtles and the 

late summer and fall for hatchling turtles (Ashley and Robinson 1996; Gibbson and 

Merkle 2004). My results are in line with these expectations, with the differences in 

peaks between Highway 2 and the Parkway potentially being caused by differences in the 

life stages of the turtles being found. It could be that on the Parkway there were just more 

adult turtles found than hatchlings, and vice versa on Highway 2, or perhaps roadside 

nesting was more successful on Highway 2 than on the Parkway, resulting in more 

hatchling observations.  

  The painted turtles, other turtles and watersnakes were all found in comparable 

numbers per survey across both highways (Table 3.4 and 3.5), suggesting that 

populations in the area and requisite habitat were at similar levels across the roads. There 

were however three times as many other snakes found per survey on Highway 2 than the 

Parkway. This is likely due to the presence of the St Lawrence River directly to the south 

of the Parkway. The presence of the River likely had little impact on the amount of 

preferential habitat available for the turtles and watersnakes, as they prefer areas with 

water, and that is why they were observed in similar amounts. Conversely, for species 

included in the other snakes category, preferential habitat – like forest and rocky 

outcroppings (Harding 1997) – is likely less common due to the presence of the River. As 

a result, less snakes would be in that area, resulting in fewer being killed on the road. 
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 The Anurans are a special case due to their high numbers. The number of 

individuals found per survey are comparable in 2016 on Highway 2 and 2010 on the 

Parkway, with 2008 having slightly fewer individuals per survey but still within the same 

range. The true outlier is 2017 on Highway 2, where only 38.1 Anurans were recorded 

per survey (Table 3.4 and 3.5). The maximum number of Anurans found in a single 

survey in 2017 was around 100 individuals, while in 2016 it exceeded 1500 (Figure 3.2). 

It could be that 2017 was a year with very little Anuran movement, and by extension very 

little Anuran death; however the results may support an alternative explanation. The 

mean number of Anurans found in 2016 was similar to those found on the Parkway, 

however the standard deviation (SD) for the 2016 Anurans was very high relative to the 

other three years (Table 3.4). This inflated SD was certainly caused by two surveys with 

an extreme amount of Anuran mortality recorded; one such being the survey with over 

1500 individuals recorded that was mentioned previously. 2016 was a year with very 

little rainfall, and the observed instances of mass movement in the midsummer could 

have been the result of climatic stressors, which have been found to influence amphibian 

movement (Clevenger, Chruszcz and Gunsons 2003; Langen et al. 2007). Indeed, both of 

the surveys with high numbers of Anuran mortality occurred shortly after a period of rain 

(Government of Canada 2016). It could be that the lack of rain in 2016 concentrated most 

of the Anuran movement around Highway 2 into these short periods of time after rainfall 

and this resulted in more individuals being killed on the roads during a mass movement 

event. There was no outlier of Anuran mortality in 2017, indicating that no single mass 

movement event occurred, and instead there could have been multiple, smaller movement 

events that continued for a longer period due to regular rain (Dodd Jr 1994). 
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3.4.2 Kernel Density Analysis 

Overall, the hotspots for taxa on Highway 2 exhibit spatial clustering, mainly 

around the middle of the road’s extent and at its eastern end (Figures 3.8 – 3.12). In each 

of the five analyses, these two areas exhibited the highest concentrations of mortality – 

although the specific characteristics of the hotspots varied with the taxonomic grouping. 

Both the painted turtles and the other turtle species had areas of mortality that 

were intense, but short in length along the roads, representative of highly localized 

hotspots. This result is similar to the findings of Langen et al. (2012), where turtle 

hotspots in New York were spatial concentrated over short areas, as well as Crawford et 

al. (2014) with diamondback terrapins (Malaclemys terrpain) in Georgia. Hotspot 

locations were more diffuse for snakes. The largest hotspot for watersnakes on Highway 

2 overlapped the central turtle hotspot, but it was longer in extent. This type of variation 

in hotspot concentration is not unexpected, especially between taxonomic groups (Ramp 

et al. 2005). It makes sense that the hotspots of the turtles and watersnakes shared a 

location, considering their similarities in terms of requisite and preferred habitat (Harding 

1997). The other snakes were the grouping that had the most variability in the location of 

their hotspots on Highway 2, likely due to their varied habitat preferences (Harding 

1997); although it is important to note that the location of the central hotspot that 

occurred for the watersnakes and turtles on Highway 2 did occur for the other snakes 

category as well. The Anurans had hotspots that were longer in length than both of the 

turtle groupings, however they appeared in virtually the exact same locations along 

Highway 2. Much like the turtles and watersnakes discussed above, this makes sense 

given their preferred habitat similarities (Hecnar et al. 2002).   
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Unlike Highway 2, there was no overarching similarities in the locations of 

intense hotspots across different taxonomic groupings on the Thousand Islands Parkway. 

However there was one area near the centre of the road that registered across every 

taxonomic grouping (Figures 3.8 – 3.12). There was a substantial amount of Anuran 

mortality in several areas on the Parkway; however the most intense hotspots occurred 

near the middle of the road’s extent, as well as towards the eastern end – much like on 

Highway 2 (Figure 3.8). The hotspots of the painted turtles and other turtles had similar 

characteristics to those on Highway 2 – they were short and intense, but there were few 

similarities in the location of the hotspots across the roads, other than one small area of 

overlap on the western end of the road. The similarities in the characteristics of the 

hotspots may be an indication that the way turtles behave and interact with the landscape 

and the differences observed are due to differences in landscape pattern between the 

highways. The hotspots of the watersnakes and the other snakes were not very intense on 

the Parkway, however there was one shared hotspot area in the middle of the road. 

Across both highways, the most comparable kernel density maps, in terms of the 

magnitude of the hotspot, are the Anurans, the painted turtles and the other turtles. Within 

each of these three taxonomic groupings, the kernel density estimates of similar values 

were achieved on both highways. Conversely, the Parkway did not have hotspots of 

similar intensity to Highway 2 for the watersnakes and the other snake taxa. This is 

understandable – there were three times as many observations made per survey on 

Highway 2 for the other snakes, and nearly twice as many for the watersnakes, so it is to 

be expected that the hotspots would be more intense. Additionally, beyond the 

differences in individuals found, watersnake hotspots on the Parkway appear more 
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diffuse. As opposed to being almost exclusively constrained to one section of road as on 

Highway 2, there are multiple areas of modest mortality along the road (Figure 3.11).  

Overall, the hotspot areas on Highway 2 exhibited spatial clustering near the 

middle of the road in every taxonomic grouping, indicating that this is an important area 

for mortality on the roadway. While the shared hotspot areas on Highway 2 are more 

easily discerned, there is an area on the Parkway that has some activity for all five of the 

taxa, and it is also in the centre of the road, almost directly south of the area on Highway 

2. Speaking anecdotally, this area in the middle of Highway 2 is surrounded by wetland 

and forest on either side of the road. In fact, as Figure 3.13 shows, there is an area of 

forest and wetlands that extends downward from Charleston Lake and intersects with 

Highway 2 at this central location, as well as onto the Parkway. It could be that this is an 

important area for movement of all species in the region, or perhaps road mortality is 

associated with this area because it is one of the few undeveloped areas that still exist 

along the roadway. My results cannot speak to the exact reason as to why this central area 

is important; however they can highlight that it is of importance for road mortality in the 

area, independent of the results of the regression tree analyses.   

 

Figure 3.13. Extension of forest and wetland (highlighted with red circle) from the Charleston Lake region 

in the North intersecting with Highway 2 and the Thousand Islands Parkway. Highway 401 also intersects 

this extension in between the two highways. Landcover data from Sustaining What We Value (SWWV, 

2011). 
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3.4.3 Regression Tree Analysis 

 In this section, I will conduct three levels of comparison for the regression tree 

results. Firstly, I will explore the results of the regression trees between species, but limit 

the comparisons to within the same highway. Next, I will discuss the similarities and 

differences between the same classes on different highways. Lastly, I will examine any 

differences in scale within each highway, as well as across highways.   

 

Species Comparison 

 As previously stated, wetland and water-related variables were important in 

predicting road mortality in this region. The turtles, watersnakes and Anurans, across 

both roads, generally conformed to the same trend; higher estimates of road mortality are 

positively associated with these wetland and water-related variables. Specifically, on 

Highway 2 the Anurans and the painted turtles at both levels of scale and the water 

snakes and other turtles at the 250m level, included wetland, in some form, as the 

variable around which the primary split in the regression was created (Table 3.6). In the 

three other analyses, where wetland was not the variable associated with the primary split 

(the watersnakes at the local scale and the other snakes at both scales) wetland of any 

type did not feature at all in the branching path that lead to the maximum road mortality 

estimate. This is surprising for the watersnakes at the local scale, where the mortality 

estimates increase as distance from an intersection increases. It is possible that traffic is 

slower and potentially more alert to wildlife at intersections, and as such mortality in 

these areas is lower than in other areas where cars are not as slow moving or attentive – 
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however this result fits within an overarching trend in the data: road and traffic related 

variables being negatively associated with mortality.  

I expected that mortality would increase as urban areas and roads increased, 

however these results indicate the opposite. This expectation is intuitive: more roads, or 

more traffic, will result in a high amount of road mortality. However, instead the results 

of the watersnakes at the local level on Highway 2, and the results of every analysis 

where road-related variables were found to be important show that higher levels of road 

mortality can be expected in areas with lower traffic or less roads so long as there is 

suitable habitat nearby. A possible explanation for this finding is wildlife road avoidance, 

whereby animals avoid the areas of roads with the most activity (Jaeger et al. 2005). An 

alternative explanation for this finding is hypothesized by Eberhardt, Mitchell and Fahrig 

(2013); that areas of high traffic and dense road networks will have depressed 

populations of wildlife and, as result, have lower mortality compared to those without. In 

every branching path that included traffic, higher mortality rates were estimated when 

traffic was below a certain value. The mortality of other snakes on Highway 2 at the 

landscape level (250m) is best explained when roads are less than 4.3% of the landscape, 

and, again, the watersnakes on Highway 2 at the local scale had higher estimates when 

the distance to an intersection was greater than 2048m. These results show that mortality 

is not predicted to be high in developed areas, but instead areas with little development 

(i.e. natural areas) are those that are most impacted by the presences of roads.  It could be 

that mortality in urban and roaded areas is lower due to chronically depressed populations 

in those areas, as Eberhardt, Mitchell and Fahrig hypothesize. Thus, mortality is highest 

in the most natural areas – such as an area that is far from road intersections.  
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The most unexpected result on Highway 2 was that of the other turtles at the local 

scale (Table 3.6). The primary split in the branching path shows that when wetland is less 

than 23% of the local area, among other variables, high mortality is predicted. This is 

contrary to my expectation that turtle mortality would increase alongside the amount of 

wetland near the road. However, by considering the other two variables in the branching 

path – high forest nearby and higher landscape diversity – perhaps this result is indicating 

that other turtle mortality at 50m is occurring nearby very specific wetland areas and not 

all wetland areas equally. These results suggest that small wetland areas nested in a 

forested, diverse landscape are the most vulnerable to road mortality on Highway 2.  

On the Parkway, eight of the ten branching paths included wetland or water-

related variables (Table 3.7). The only two analyses that did not include any water-related 

variables were the other turtles and other snakes at the landscape scale. This is a 

surprising outcome for the other turtles, as water-related variables were predicted to be 

important for mortality. Instead, the sole variable of importance for predicting high other 

turtle mortality was when the Shannon’s diversity score was greater than 1.8 (Table 3.7). 

This could indicate that on the Parkway, the areas of importance are those that are a 

mosaic of landcover types, which includes wetland and water-related variables. No other 

studies have related high landscape diversity to turtles specifically, however several 

studies have found that the mortality of large mammals increases with landscape diversity 

(Neilsen, Anderson and Grund 2003; Malo, Suárez and Diez 2006). Without trying to 

compare turtles and large mammals directly, the logic in explaining these two findings is 

the same: more diverse landscapes have higher levels of important habitat for species, as 

well as areas that may threaten them (Finder, Roseberry and Woolf 1999).  
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Highway Comparison 

 Overall, the candidate models chosen on Highway 2 had greater R2-values than 

their Thousand Islands Parkway counterparts – with the sole exception of the painted 

turtles at the local scale (50m) (Table 3.6 and 3.7). This trend of better model-fit on 

Highway 2 is likely due to the presence of the St Lawrence River to the south of the 

Parkway. The River’s presence results in little variation of landcover along an entire 

south side of the road, and as Tables 3.2 shows, the mean dissimilarity score between the 

North and South sides of the road is greater for the Parkway at the local scale (0.54 on the 

Parkway and 0.38 on Highway 2). The lack of variation in landcover poses two 

challenges for the Parkway models: firstly, the entire south side of the road being 

dominated by one landcover type lessens the amount of other landcover types that are 

present in the analysis and this could weaken the explanatory power of the model. 

Secondly, and related to the first point, the uniformity of water could confound 

associations (e.g. there could have been high amounts of water in both hotspot and 

coldspot areas). A situation such as this could make the recursive splits of the regression 

tree more difficult to complete, and lessen the predictive power of the model. Together, 

these two challenges could account for why, overall, the Highway 2 models had better 

model-fit. 

Despite the differences in model-fit however, the variables used to predict the 

maximum estimate of road mortality were largely similar across both roadways; not in 

their exact variable name, but in their ecological significance. To illustrate this point, take 

for example the Anurans at the local scale. On Highway 2 the single variable used to 

predict high mortality was wetland when it was greater than 10% of the landscape, while 



 

75 

 

on the Parkway the branching path was when distance to water was less than 54m and the 

amount of traffic was less than 2211ADT. While wetland and distance to water were two 

different variables, their ecological significance appears to be similar: less distance to 

water equates to more water nearby, and more wetland on the landscape also equates to 

more water. I have discussed the importance of wetland and water-related variables 

previously, however in a direct comparison of the highways it is important to reiterate 

that they are important on both roads. 

 There were several taxonomic groupings that had branching paths that were not 

similar across highways: the other turtles at the landscape level, the watersnakes at the 

local scale and the other snakes at both scales. On Highway 2, the other turtles at 250m 

had high estimates of road mortality when there was a high amount of swamp on the 

landscape, while on the Parkway the highest estimates occurred when landscape diversity 

was high. Returning to the possible explanation for landscape diversity influencing turtle 

mortality outline above, the results from Highway 2 do not support this suggestion. This 

discrepancy could be explained simply by differences in landscape pattern between the 

roads. Perhaps swamp and other wetlands are the most important on the Parkway only in 

conjunction with other nearby landcover types, whereas on Highway 2 just swamp is 

sufficient. 

 The results of the other snakes at 50m between the two highways were not 

similar. On Highway 2, forested landscapes close to water that were consistent in 

elevation and had low traffic were important for mortality, while on the Parkway less 

diverse landscapes with wetland were important. This is the most discrepant of any of the 

classes, with the results indicating two very different trends. It could be that the way the 
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other snakes interact with the roads is fundamentally different across the two highways 

(Humphries et al. 2010), however a confounding variable is the differences in 

observations between the highways. With substantially less observations of the other 

snakes occurring on the Parkway, perhaps random variations in road kill location 

influenced the results more than on Highway 2, leading to these conflicting results. As 

well, the differences in species makeup for the other snakes may be confounding as well 

– the range of species and habitat preferences was much greater in the other snakes than 

the other turtles (Harding 1997).  

Lastly, the other snakes at the landscape scale had branching paths with variables 

that were not readily comparable, however upon closer inspection, a similarity between 

the variables can be seen. On Highway 2, fewer roads resulted in higher estimates of 

mortality, while on the Parkway, a greater presence of deciduous forest lead to greater 

estimates of mortality, likely caused by increased access to resources and habitat 

(Harding 1997). While these two variables were not found to be significantly correlated 

with one another in the correlation matrix, they can be construed as representing the 

inverses of one another: as areas become more roaded, the natural environment declines, 

while areas that are more natural have less roads.   

 

Scale Comparison 

Akin to the comparison of highways, I will firstly point out those groupings that 

had similar variables involved in their branching paths across scales. On Highway 2, the 

Anuran and painted turtle groupings at both levels of scale were associated with wetland 

areas. On the Parkway, the Anurans, painted turtles and watersnakes at both levels of 
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scale had similar values: traffic and water-related variables influenced Anuran mortality, 

while water-related variables and connectivity impacted painted turtle and watersnake 

mortality (Tables 3.6 and 3.7). 

There were several groupings that were not similar across scales: the other turtles 

at the local scale on Highway 2 had higher levels of mortality predicted when the 

surrounding 50m area was less than 23% wetland, which is directly opposed to the results 

at the 250m scale: more swamp on the landscape resulted in higher turtle mortality. This 

discrepancy could be because wetlands are not captured appropriately by the small size of 

the local scale area. In both the watersnakes and the other snakes on Highway 2, there 

were discrepancies between scales, however a familiar trend can be deduced: as natural 

features on the landscape are more abundant and anthropogenic features are less 

common, the estimates of road mortality increase (Eberhardt, Mitchell and Fahrig 2013; 

Fahrig et al. 1995). 

 On the Parkway, there was a discrepancy between the other snakes across scales, 

and there is no logic that can easily massage their results into being consistent. At the 

local scale, low landscape diversity made up of inland wetlands and few large bodies of 

water predict high mortality, while a high amount of deciduous forest on the landscape 

predicts high levels of other snake mortality at the landscape level. This is potentially an 

instance where different variables are of importance at difference scales, similar to the 

findings of Beaudry and Hunter Jr in 2008.  

Overall, the results of the temporal trends indicate that wildlife species are, for the 

most part, interacting with the roads in the same way and being killed at the same times 

between the highways. The kernel density analysis shows that similarities in hotspot 
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location exists both between species (especially on Highway 2) and between highways. 

There also appears to be an extension of forest and wetland from the north that may be 

important for animal mortality. As well, overall, there was agreeance in the variables 

predicting road mortality for most of the groupings and scales analyzed, as well as 

between roads. The overarching trend of the regression tree analyses is that wetland 

areas, areas nearby to water, with little anthropogenic development, are important for 

herpetofauna road mortality in the Frontenac Arch. My results are largely in line with 

previous findings and will help inform mitigation in the area, as well as guide future road 

ecology research. 

 

3.4.4 Mitigation Implications 

 The results reveal two important findings that have implications for mitigation 

activities on these roadways: wetland and water-related variables are critical areas near to 

which many taxa are killed, and as such, these areas should be the broad focus for 

mitigation efforts that take place in the Frontenac Arch region. Secondly, there are 

specific recommendations that can be made for each taxonomic group based on the 

results of the regression tree analyses.  

 Firstly, all open wetland within the region should be the target of mitigation 

activities. Open wetland was important at the landscape level for the painted turtles on 

Highway 2 and the Anurans and watersnakes on the Parkway. This overlap in importance 

between taxonomic groupings means that mitigation around this landcover type would 

benefit herpetofauna wildlife broadly. In addition, open wetland is also important because 

it has a strong influence on mortality even when found in small amounts on the 
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landscape. This is shown clearly with the painted turtles at the landscape scale on 

Highway 2; when open wetland is greater than or equal to 1.3% of the landscape, high 

mortality is expected and this disproportionate influence qualifies open wetland for 

immediate mitigation (Table 3.6). 

 As well, mitigation action that is focused on swamps around Highway 2 is also 

recommended, due to many of the same reasons outlined for the open wetland class; 

Anuran, other turtle and watersnake mortality at the landscape level is associated with 

swamp, even when it has a very small presence on the surrounding landscape.  

Based on the efficacy of previous studies, the mitigation action I would 

recommend in this area for the herpetofauna would be wildlife-exclusion fencing with 

culvert underpasses and proper signage in hotspot areas (e.g. turtles crossing). Fencing 

would deter animals from crossing on the road surface, while the culverts still maintain 

connectivity in the area. Studies by Clevenger, Chruszcz and Gunson (2001), Aresco 

(2005) and Langen et al. (2012) have reported on the success of proper fencing and 

protected crossing structures supplemented by signage. The addition of fencing has been 

shown to work even when implemented near to existing drainage culverts, and this 

lowers the cost of installing these protective measures. There has been extensive work 

done on the role of signage in mitigation, and findings have indicated that signs are 

effective at alerting drivers to the potential presence of wildlife; however the benefits of 

signage can ‘wear off’ if drivers become habituated to the signs (Glista, DeVault and 

DeWoody 2008; Gunson, Ireland and Schueler 2012). 

In all, the most important areas for mitigation focus within the Frontenac Arch 

region, in broad terms, are those associated with water or wetland. More specifically, 
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open wetlands and swamps could benefit from fencing and culvert passages, as well as 

signage, due to their disproportionate influence on mortality for their area and importance 

across several taxa. 
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Chapter 4 

Conclusions 

4.1 Summary 

 The mortality of wildlife on roads has been identified as a substantial 

conservation concern, especially for herpetofauna species. In order to properly protect 

these animals, it is important for research to delineate the areas of high mortality along 

roadways, but also examine the drivers behind high mortality in these areas, be it 

presence of habitat, traffic volume, or some other variable. In all, this research 

successfully met its objectives. 

 

1) To examine where areas of high road mortality were occurring along Highway 2 

and the Thousand Islands Parkway 

 

The results of the kernel density analysis showed clearly the areas of high road 

mortality for both Highway 2 and the Thousand Islands Parkway. While the hotspot 

locations were more discrete on Highway 2 than on the Parkway for some taxa, the areas 

in which high levels of mortality were occurring along the Parkway were nevertheless 

clearly depicted. As well, beyond fulfilling the objective of simply determining where 

mortality was occurring, an area of potential regional importance could be seen in the 

middle of the road on Highway 2 and the Parkway. This area coincides with a stretch of 

forest and wetland extending from Charleston Lake to the North and could be indicative 

of a critical animal movement corridor on the Frontenac Arch. 
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2) To identify the environmental variables that were important for explaining high 

road mortality on both roads 

 

The results of the regression tree analyses delineated the variables of importance 

for explaining road mortality across both highways. The results of these analyses also 

showed overarching similarities between highways and scales for each taxonomic 

grouping and the results supported my expectations: areas of highest mortality for the 

Anurans, turtles and watersnakes were associated with wetland and water-related 

variables, while the other snake species were linked to forest. The result that was not in 

line with my expectations was that higher mortality was predicted in areas with lower 

traffic and less roads. However, some possible explanations for this result are; wildlife 

road avoidance, as well as a hypothesis posited by Eberhardt, Mitchell and Fahrig (2013), 

which states that populations exposed to chronic wildlife mortality on roads will have 

depressed populations compared to populations in areas with greater traffic and road 

density so long as appropriate habitat is present as well.  

 

4.2 Future Opportunities 

There are several components of my research that can lead to future work within 

the Frontenac Arch region. Firstly, Highway 401 is within close proximity to the two 

highways that were studied in this research, and is a very important aspect of regional 

connectivity and road mortality. Future research should attempt to incorporate the 

mortality on Highway 401 into a regional framework to the same degree that was done 
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here. This would allow for a more complete picture of the where mortality is occurring in 

the region, as well as which variables are influencing this mortality. 

 Studies in road ecology rely on field-collected data in order to build appropriate 

models and assess road mortality; however ample mortality data can be hard to collect 

due to intensive methods. My study, and the hybrid approach of both species-specific and 

general taxonomic groupings, is an example of the strength that more data can afford 

research. I would suggest that future works on this topic attempt to address limited data 

availability with increased data collection, and I would recommend further data collection 

on specific species in the Frontenac Arch area so to better understand road mortality at 

the species level. My research was unable to specifically address where and why certain 

species at risk were being killed, such as the Blanding’s turtle and grey ratsnake, and 

having studies targeted directly at these species is important for their protection.  

 Modelling the influence of variables on road mortality is a growing technique in 

the field of road ecology; however, as I have stated above, oftentimes the results of 

modelling techniques can be vague and inaccessible to specific, targeted mitigation 

efforts. The results of my research not only show which variables are important, but the 

level at which they are important as well. For example, on the Parkway, high other turtle 

mortality at the 50m scale was not predicted near wetland of all sizes: only those greater 

than 47% of the landscape were important. I hope that this regression tree approach I 

used becomes more common in the field, especially for research that is geared directly 

toward informing mortality mitigation. 

 I also recommend that future work within the geographic area address the 

potential importance of the extension of forest and wetland from the Charleston Lake 
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region for animal movement and road mortality. This area was highlighted in the kernel 

density analyses, and the result from the regression tree analyses suggesting that 

mortality is higher in natural areas that are away from development supports that this 

feature could be of importance. Research into animal movement patterns within this area, 

with a specific focus on this extension, would be beneficial to understanding how animals 

interact with their environment, and not just the road. 

 Finally, I would recommend the use of adaptive management strategies when 

working in this area. A common practice in adaptive management is a Before-After-

Control-Intervention (BACI) method, whereby roads are compared before and after 

mitigation, and roads where intervention has taken place are compared to comparable 

control roads where no mitigation has taken place. The result of low traffic and fewer 

roads on the landscape predicting high mortality was counter to what I expected, and so 

future research could examine this finding by intervening and taking mitigation action in 

areas that are highly urbanized, and then monitor those areas for population recovery. A 

BACI approach should be the standard moving forward to best contextualize the results 

of mortality and if mitigation action is helping ameliorate the problems that were found.  

 

4.3 Relationship to Sustainability 

 Given the importance of sustainability to environmental studies generally, it is 

necessary to address the explicit links that this research has with the concept of 

sustainability. Here I draw connections between my research and the three pillars of 

sustainability: the economic, environmental and social dimensions (United Nations 
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1987). In order for sustainability to be achieved, all three of these dimensions, or pillars, 

must ‘function’ unimpeded by the others.  

The idea of conservation biology is innately related to that of sustainability: the 

goal of conserving a species into the future is synonymous with ensuring that its lifestyle, 

habitat and all other facets of life, are sustainable. Therein lies the link between my 

research and the environmental dimension of sustainability: my research directly 

highlights aspects of the environment that are important for ensuring the conservation of 

species that are at risk of death on roads. 

The link between my research and the economic dimension is less direct, however 

by examining the implicit connection between my research and human travel, the 

economic dimension can be explored. Travel and the economy are inextricably linked: 

from transporting resources globally, to the consumer walking to a shop for their 

purchases, travel is the lynchpin that allows goods to reach people. One way that travel 

contributes to the economy indirectly is through commuting. In Canada alone, 15.4 

million people commuted to their jobs in 2011, with 70.4% physically driving the 

commuting vehicle (Statistics Canada 2011a). Additionally, there were over one million 

jobs that are the direct result of road transportation, oil, and automotive vehicles, and 

these made up 7.2% of all Canadian jobs in 2011 (Stats Canada 2011b). With 806 million 

cars on the road, and a projected one billion in 2020 (Plunkett 2008), clearly it is not 

feasible to stop automotive travel altogether, nor would this make economic sense. A 

clear argument can be made that travel must continue in order to ensure that the 

economic functioning of Canada, and the globe, is sustained. That said, the importance of 

travel must not preclude the rectification of its problems. 
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With regards to social dimensions of sustainability, there are few immediately 

apparent relationships between wildlife mortality and human society – however to think 

this would be to also believe that human society falls outside of nature, instead of within 

it. A sentiment prevalent in classic literary works and philosophical thought (Hedgpeth et 

al. 1986), the idea of ‘human vs. nature’ finds no clearer example than in how humans 

and nature interact upon the roads.  

I believe that it is appropriate to apply the ‘socioecological’ view of sustainability, 

proposed by Hiedanpää, Jokinen and Jokinen in 2012, to my research. This ontological 

view abolishes the sentiments of human beings external to nature, and posits that humans 

must begin to conceptualize themselves within nature. As such, our society (and what is 

considered ‘social’) must incorporate our interactions with nonhuman animals in order to 

create a healthy, multispecies society that is capable of thriving (Hiedanpää, Jokinen and 

Jokinen 2012). 

 The interaction between human and nonhuman animals that is of importance for 

my project is the brief interplay between nonhuman animals crossing roads and human-

operated vehicles. It is here that I believe the human abstraction from nature is most 

strongly manifest: the roads are ‘ours’ and any infringing nonhuman animals are subject 

to the lottery of survival. While it is likely that most instances of roadkill are not 

intentional, our negligence – and downright apathy – toward the carnage on our roadways 

still highlights the lopsided interaction we engage in with wildlife every day. Along with 

this, our disregard also demonstrates the power dynamic that exists in our relationship: 

the rights of the nonhuman animals are oppressed in order to satisfy human needs – roads 
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are built through habitats with no regard for their potential impacts and land is developed 

and cultivated for our purposes alone. 

If one considers the difference in reaction between a pet cat being hit on the road, 

versus the death of a squirrel that does not warrant a second glance, the influence of 

human valuation is evident. The cat is seen to have conceivable value to another human 

being (not because it has value itself) and so this deserves our attention, while those 

‘wild’ animals can remain a passing thought as we continue driving (Smith 2009). We are 

the ones that dictate the terms of value in our shared society, and from a sheer social 

justice standpoint, this is unsustainable for a harmonious society between human and 

nonhuman animals. While the installation of culverts or fencing that serve to save 

wildlife from braving the road does not solve the problem of fully balancing this power 

dynamic, it does begin to do so by giving back the nonhuman animals their right to move 

freely within their environment without risk of death. 

In conclusion, my research has several important connections with the concept of 

sustainability; specifically the three primary dimensions of economy, environment and 

society. Travel, cars and roads are important for economic sustainability, but ensuring 

that this dimension does not overwhelm the others is paramount. My research directly 

identifies aspects of the environment that are essential for the sustainability of certain 

species that are at risk of death on roads, and appropriately protecting those species from 

dying is a step toward a shared, sustainable society where nonhuman life is valued. 
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Appendix A 

Regression Tree Diagrams 

 

 

Figure A.1. The regression tree diagram of the Anurans at the 50m scale on Highway 2.  
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Figure A.2. The regression tree diagram of the Anurans at the 250m scale on Highway 2.  

 

Figure A.3. The regression tree diagram of the other snakes at the 50m scale on Highway 2. 
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Figure A.4. The regression tree diagram of the other snakes at the 250m scale on Highway 2. 

 

Figure A.5. The regression tree diagram of the other turtles at the 50m scale on Highway 2. 
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Figure A.6. The regression tree diagram of the other turtles at the 250m scale on Highway 2. 

 

Figure A.7. The regression tree diagram of the painted turtles at the 50m scale on Highway 2. 
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Figure A.8. The regression tree diagram of the other turtles at the 250m scale on Highway 2. 

 

Figure A.9. The regression tree diagram of the watersnakes at the 50m scale on Highway 2. 
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Figure A.10. The regression tree diagram of the watersnakes at the 250m scale on Highway 2. 

 

Figure A.11. The regression tree diagram of the Anurans at the 50m scale on the Thousand Islands 

Parkway. 
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Figure A.12. The regression tree diagram of the Anurans at the 250m scale on the Thousand Islands 

Parkway. 

 

Figure A.13. The regression tree diagram of the other snakes at the 50m scale on the Thousand Islands 

Parkway. 
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Figure A.14. The regression tree diagram of the other snakes at the 250m scale on the Thousand Islands 

Parkway. 

 

Figure A.15. The regression tree diagram of the other turtles at the 50m scale on the Thousand Isla nds 

Parkway. 
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Figure A.16. The regression tree diagram of the other turtles at the 250m scale on the Thousand Islands 

Parkway. 

 

Figure A.17. The regression tree diagram of the painted turtles at the 50m scale on the Thousand Islands 

Parkway. 
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Figure A.18. The regression tree diagram of the painted turtles at the 250m scale on the Thousand Islands 

Parkway. 

 

Figure A.19. The regression tree diagram of the watersnakes at the 50m scale on the Thousand Islands 

Parkway. 
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Figure A.20. The regression tree diagram of the watersnakes at the 250m scale on the Thousand Islands 

Parkway. 
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Appendix B 

R Code for Building Regression Trees 

 

Note: bolded parts of code are locations where different dataset names, titles and values 

would be placed. 
 

library(rpart) 

library(rpart.plot) 
library(caret) 

 
set.seed(any number) 

n = nrow(dataset name) 

trainIndex = sample(1:n, size = round(0.8*n), replace=FALSE) 
train = dataset name[trainIndex ,] 

test = dataset name[-trainIndex ,] 
 

 

tree1 <- rpart(KD ~ ., method = "anova", control = rpart.control(minsplit = 10, xval = 20, 
cp = 0.01), data = train) 

rpart.plot(tree1, type = 3) 
 

predict1 <- predict(tree1, test, type = "vector") 
rmsqe <- sqrt(mean((predict1-test$KD)^2)) 

 

printcp(tree1) 
prune1 <- prune(tree1, cp = chosen value, control=rpart.control(minsplit=10)) 

rpart.plot(prune1, type=5, main = "plot title", cex.main=1.5, branch.col="gray", extra = 
0, under = TRUE, under.cex = 1, branch = 0.3, round = 0) 

 

predict2 <- predict(prune1, test, type = "vector") 
rmsqe2 <- sqrt(mean((predict2-test$KD)^2)) 
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Appendix C 

All Calculated Variables  

 

Variable Name Description Scale Side of Road 

Distance to Culvert Euclidean distance (in meters) to nearest culvert 0m  
Distance to Interior Forest Euclidean distance (in meters) to nearest interior forest 0m  
Distance to Interior Wetland Euclidean distance (in meters) to nearest interior wetland 0m  

Distance to Intersection 
Euclidean distance (in meters) to nearest road intersection with 
highway 0m  

Distance to Water Euclidean distance (in meters) to nearest waterbody 0m  

Distance to Water Crossing 
Euclidean distance (in meters) to nearest water crossing with 
highway 0m  

Point Circuitscape Circuitscape value at point 0m  
Point Elevation Elevation value at point 0m  
Point Landcover Landcover class at point 0m  
Slope Point Slope value at point 0m  
Traffic Level Traffic level at point (in Average Daily Traffic) 0m  
Road Side Side of the highway covered by polygon 50m, 250m W, N, S 

Buffer Distance Buffer distance in meters 50m, 250m W, N, S 

Building Count Count of buildings within polygon 50m, 250m W, N, S 

Culvert Count Count of culverts within polygon 50m, 250m W 

Intersection Count Count of road intersections within polygon 50m, 250m W 

Sinuosity Road sinuosity for highway segment within polygon 50m, 250m W 

Roadside Steepness Elevation at point divided by mean elevation of polygon 50m, 250m W, N, S 

Circuitscape Mean Mean of circuitscape values within polygon 50m, 250m W, N, S 

Circuitscape Standard Deviation Standard deviation of circuitscape values within polygon 50m, 250m W, N, S 
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Circuitscape Count Count of circuitscape cells within polygon 50m, 250m W, N, S 

Elevation Mean Mean of elevation values within polygon 50m, 250m W, N, S 

Elevation Standard Deviation Standard deviation of elevation values within polygon 50m, 250m W, N, S 

Elevation Count Count of elevation cells within polygon 50m, 250m W, N, S 

Slope Mean Mean of slope values within polygon 50m, 250m W, N, S 

Slope Standard Deviation Standard deviation of slope values within polygon 50m, 250m W, N, S 

Slope Count Count of slope cells within polygon 50m, 250m W, N, S 

Swamp Count of landcover cells of class "Swamp" within polygon 50m, 250m W, N, S 

Aquatic Count of landcover cells of class "Aquatic" within polygon 50m, 250m W, N, S 

Marsh Count of landcover cells of class "Marsh" within polygon 50m, 250m W, N, S 

Undifferentiated Forest 

Count of landcover cells of class "Forest_Undifferentiated" 

within polygon 50m, 250m W, N, S 

Coniferous Forest 

Count of landcover cells of class "Forest_Coniferous" within 

polygon 50m, 250m W, N, S 

Mixed Forest 

Count of landcover cells of class "Forest_Mixed" within 

polygon 50m, 250m W, N, S 

Deciduous Forest 
Count of landcover cells of class "Forest_Deciduous" within 
polygon 50m, 250m W, N, S 

Agricultural 
Count of landcover cells of class "Agricultural" within 
polygon 50m, 250m W, N, S 

Roads Count of landcover cells of class "Roads" within polygon 50m, 250m W, N, S 

Urban Count of landcover cells of class "Urban" within polygon 50m, 250m W, N, S 

Water Count of landcover cells of class "Water" within polygon 50m, 250m W, N, S 

Landcover Count Count of landcover cells within polygon 50m, 250m W, N, S 

Wetland Combined class of "Aquatic", "Marsh" and "Swamp" classes 50m, 250m W, N, S 

Forest 

Combined class of "Coniferous", "Deciduous", "Mixed" and 

"Undifferentiated" forest classes 50m, 250m W, N, S 

Open Wetland Combined class of "Aquatic" and "Marsh" classes 50m, 250m W, N, S 

Diversity Shannon's Diversity index score within a polygon 50m, 250m  
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Dissimilarity N/S 

Sorenson's dissimilarity score between the North and South 

sides of the road 50m, 250m  

Elevation Difference N/S 

Difference in elevation between the North and South sides of 

the road 50m, 250m  

Slope Difference N/S 

Difference in slope between the North and South sides of the 

road 50m, 250m  

Water Difference N/S 
Difference in "Water" class between the North and South sides 
of the road 50m, 250m  

Wetland Difference N/S 
Difference in "Wetland" class between the North and South 
sides of the road 50m, 250m  

Forest Difference N/S 

Difference in "Forest" class between the North and South sides 

of the road 50m, 250m  
 

 

 

 


