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Abstract 

Road mortality has become a serious threat to turtle populations. Mitigation strategies using 

exclusion fencing and some form of crossing structure are becoming increasingly common, yet studies 

that evaluate the efficacy of these designs still remain rare. Field monitoring that was conducted from 

2014-2017 had identified a 1 km stretch of Highway 401 in eastern Ontario with especially high levels of 

wildlife mortality, including the endangered Blanding’s turtle (Emydoidea blandingii). In 2018 the 

Ontario Ministry of Transportation installed two types of fencing in this location to prevent animals from 

entering the roadway and to funnel them into existing drainage culverts to allow for habitat connectivity. 

The goal of this research was to evaluate the effectiveness of the fence-culvert design by collecting two 

years of post-mitigation road mortality data, and then comparing this to the pre-installation data. I 

implemented a before-after-control-impact (BACI) study design to interpret and assess the results. In 

addition to road mortality surveys, a combination of camera trapping, sand trapping, and field 

observations of wildlife behavior were used in the post-mitigation survey years. Kernel density analysis 

(KDE+) was used to analyze the mortality data and showed that the mitigation structure was effective in 

reducing turtle and mammal mortality, but also suggested that the fencing may have contributed to an 

increased mortality of snakes. Camera trapping at culvert entrances indicated that the majority of complete 

crossings through the culverts were mammals (97%), with few herpetofaunal crossings (3%). 

Nevertheless, there was a distinct presence of herpetofauna at the openings of culverts (n=789), suggesting 

that adequately sized and configured ecopassages may aid in connectivity. Based on these results, as well 

as ongoing maintenance considerations, I conclude that a ‘best practice’ design to reduce road mortality of 

turtles and other wildlife on Highway 401 may be the installation of 3/8” chain link fence with a ground-

level screen of fine mesh or smooth plastic (~30cm), adequately sized and designed ecopassages, and full 

coverage fencing of pre-defined hot spot locations of mortality. 
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Chapter 1 

Introduction 

1.1 Research Context and Rational 

Many scientists have raised alarm bells for what has been referred to as the Earth’s ‘6
th
 major 

extinction event’ (McCallum, 2015; Novacek & Cleland, 2001; Rampino & Shen, 2019). This extinction 

event is identified by the global degradation of habitat and extinction of species that is taking place on a 

catastrophically short timescale; it is thought that the effects of this will radically reset the future evolution 

of the planet's biota. These changes in biodiversity can have detrimental ramifications to ecosystem 

processes and change the resilience of ecosystems to environmental change. What is unique about this 

particular extinction event when compared to its predecessors, is that it is the only one to result from 

anthropogenic alteration of the environment (Chapin et al., 2000; Pievani, 2014). Global climate change, 

pollution and habitat loss are substantial threats to biodiversity worldwide (Veerkamp et al., 2020), the 

loss of which will have profound consequences for environmental services that humans require from 

ecosystems (Steffen et al., 2015). Therefore, the past few decades of ecological research have focused 

greatly on documenting and assessing the impacts of these threats (Fahrig, 2003; Houghton, 2005; Khan & 

Ghouri, 2011; Radchuk et al., 2019). For instance, Johnson et al. (2017) conducted a comparison of trends 

in recent extinctions with current levels of threat and found that extinctions may increase to between 269 

and 350 additional extinctions of birds and mammals by 2100. Moreover, this is most likely an 

underestimate, as it is based on data from the IUCN Red List (2021) which has only assessed 80% of its 

current goal of 160000 species, and 85% of the assessed species are currently experiencing decreasing 

populations. The world as we know it is headed towards a point of no return, and it is imperative that 

current research be focussed on understanding, identifying, and combating key anthropogenic contributors 

to this problem. 
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One of the main contributors to biodiversity declines across the globe is landscape development as 

a result of human activity; the two main land use conversions of natural landscapes being agriculture and 

urbanization (Amundson et al., 2003). With the global population expected to increase to 9.6 billion by 

2100 (Gerland et al., 2014), and with it the requirement for an increase in land development to house and 

feed this expanded population (Gerten et al., 2020), both the amount and size of natural landscapes are 

decreasing. Although large developments – such as cities or expansive crop fields – are well known for 

decreasing ecosystem health (Kok et al., 2018; Templeton et al., 1990; Theodorou et al., 2020), there can 

also be significant ecological repercussions in areas where the landscape is only partially transformed. The 

most common of these types of developments is roads. Roads are omnipresent features of our landscapes, 

serving as a network of connections for civilization, without which the modern world would not exist. 

However, roads are also agents of significant habitat fragmentation, which separate and isolate wildlife 

populations, decreases habitat quality and quantity, and decreases wildlife populations directly through the 

facilitation of wildlife-vehicle collisions (Ceia-Hasse et al., 2017; Forman, 2005; Saint-Andrieux et al., 

2020). Wildlife-vehicle collisions may be the single greatest source of direct anthropogenic wildlife 

mortality (Andrews et al., 2008), but they also can pose a threat to motorists as well, as drivers may 

swerve to avoid animals on the road (Conover, 2019).  

Wildlife-vehicle collisions, often referred to as road mortality, on roadways are an important 

occurrence because alone they can have a devastating impact on the demographics and persistence of 

some populations more so than others (Gibbs & Steen, 2008; Howell & Seigel, 2019). Reptiles and 

amphibians, collectively called herpetofauna, have been identified as being particularly susceptible to road 

mortality not only because of their own behaviours, and life histories (Enge & Wood, 2002; MacKinnon et 

al., 2005), but also due to humans purposefully running them over (Ashley et al., 2007). Of the 

herpetofaunal species, turtles are especially vulnerable to death on roads due to their slow-moving 

behaviours, thermoregulatory requirements, and in the case of the female portion of the population, the 
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gravel shoulders of roads are preferable for nesting sites (Aresco, 2004; Francis et al., 2019; Shine et al., 

2004). The protection of herpetofauna, in particular turtles, from roads becomes even more pertinent in 

areas such as eastern Ontario, Canada, where as of May 2021 all five turtle species that occur in the region 

are now considered species at risk (Government of Canada, 2021a). Moreover, it is projected that roads 

will globally increase by 60% in length by 2050 (Brady & Richardson, 2017). Therefore, road ecologists 

have turned their attention towards monitoring road mortality, in particular turtle mortality, in order to 

inform prominent areas of concern to determine areas which are most vulnerable, and then direct attention 

towards mitigation in these locations for remediation. 

 There are a few mitigation strategies and techniques that have been employed independently, and 

in some cases combined, in areas of high road mortality, including ecological overpasses or underpasses, 

speed bumps or rumble strips, signage, increased education and awareness of drivers, and road-side 

fencing (Glista et al., 2009; Reed, 2008). When combined with crossing structures, fences have been 

found to achieve functionality in a wide variety of applications (Gunson et al., 2016). However, fences 

alone can reinforce the fragmentation of wildlife populations if there is no accessible route across the 

roadway, and for full effectiveness they need to be installed in tandem with some form of crossing 

structure (Jaeger & Fahrig, 2004). Previous research has identified ectotherm’s preferences for culvert 

design (McCann, 2017; Read & Thompson, 2021), however little has been done to assess the success of 

existing drainage culverts to allow for proper movement (Brunen et al., 2020; Read & Thompson, 2021), 

and more data is required to properly evaluate their efficacy. There are only a handful of studies 

worldwide which assess these mitigation structures on four lane expressways, as most are conducted on 

two lane highways (Boyle et al., 2021; Markle et al., 2017).  

1.2 Goals and Objectives 

The overarching goal of this research was to evaluate the effectiveness of a fence-culvert system 

installed in 2018 to reduce wildlife mortality in a previously identified area of concern for turtles on 
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Highway 401 in eastern Ontario.  The objectives were: 1) to determine if the fence system was successful 

in reducing road mortality of turtles and other wildlife species, 2) to identify if pre-existing drainage 

culverts were effective as wildlife crossing structures, 3) to assess the relative effectiveness of the fence 

design and compare two different fence materials used in its construction, and 4) to identify improvements 

that could be made at the site as well as ‘best practices’ for design, construction, and monitoring of fence-

culvert systems at other similar sites. 

I collected and analyzed data from road mortality surveys conducted after the installation of the 

fence-culvert system and then compared these results against data made available to me that had been 

acquired prior to installation from 2014-2017. Surveys in both time periods also included adjacent 

unfenced areas, and I was therefore able to implement a before-after-control-impact (BACI) study design 

to interpret and assess the results. I also combined remote camera trapping at culverts and fence ends, sand 

trap monitoring inside fence jump outs, and field observations of wildlife behaviour during mortality 

surveys to inform on the efficacy of the fence-culvert system for preventing wildlife entrance onto the 

highway and promoting safe passage under the highway. Frequent surveys of fence integrity were also 

conducted for monitoring purposes, and to inform on design and maintenance considerations. 

As the mitigation structure was designed for turtle behavior, I predicted that where the 

impact/mitigation structure was installed, there would be instances of reduced herpetofauna mortality 

(turtle, snake, anuran), while the mammals would show no change. In addition, I anticipated that in the 

control/un-mitigated area of the roadway within the study area, that none of the taxonomic groupings 

would experience significant changes in road mortality. Moreover, I predicted that none of the monitored 

drainage culverts would be adequate in connecting wildlife populations across the highway. This 

expectation was based on comparing the study area’s drainage culvert designs, to literature that identifies 

preferences and features of culvert/crossing structure designs for turtles, as well as other taxonomic groups 

(see Smith et al., 2015 and Gunson et al., 2016, for examples). In addition, I expected that while the south 

side of the highway fence (3/8” chain link) would require less maintenance attention, that the north side 
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fence (1/4” steel mesh) would be better at preventing total wildlife from entering the roadway due to its 

smaller holes. This being said, as the mitigation structure was designed to restrict turtle movement, I 

further predicted that the two fence materials would be equally effective at reducing turtle mortality. 

Lastly, I anticipated that the large gap in the fencing on the north side of the highway would have no 

change in mortality on the roadway for all taxonomic groupings when compared to the pre-mitigation 

datum for that unique location.  

1.3 Thesis Outline 

Chapter 1 (this chapter) serves to bring context to the importance of road ecology, and identify the 

goal and objectives of the study. Chapter 2 provides a review of the literature within the field of road 

ecology. In this chapter I review the foundations of road ecology, describe the importance of herpetofauna 

road mortality within the context of the Frontenac Arch study region, the methods and techniques which 

are most commonly used to observe road mortality, as well as an overview of mitigation structure designs 

and features, and finish with a brief description of how road mortality is commonly analyzed within the 

literature. Chapter 3 presents the methods (including study area description), results, discussion, and 

recommendations of the research in their entirety. This chapter corresponds to a technical report which has 

been submitted to the Ontario Ministry of Transportation as part of the requirements of the research grant 

which funded this thesis. Similar to the manuscript in a manuscript-style thesis, the report serves as the 

main body of the thesis. Chapter 4 is the conclusion, providing a summary of the importance of this 

research within the field of adaptive management, comments on advancing the methods and techniques of 

road ecology informed by practice, and addresses how this research connects to furthering sustainability.  
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Chapter 2 

Literature Review 

2.1 Background 

We are at a pivotal point in human history where anthropogenic activity has reached a level where 

it dominates the landscape and is negatively impacting ecosystems at all scales. It is both human 

responsibility, and critical for our continued existence as a species, that research be conducted on 

environmental and ecological impacts of our actions, to both identify and evaluate solutions or sustainable 

alternatives. One key piece of infrastructure that exists in all forms of anthropogenic developments are 

roads: without which modern society could not be possible. Roads, and the vehicles that travel them, can 

fragment large landscapes into smaller patches, which separates and isolates populations, decreases both 

habitat quality and quantity, and has a direct impact on decreasing wildlife populations through wildlife-

vehicle collisions (WVC) (Colino-Rabanal & Lizana, 2012; Jaeger et al., 2005; Jones & Sievert, 2012). 

WVCs have been identified in various studies as a key threat to many wildlife populations, resulting in 

population declines and even extirpations (Chyn et al., 2021; Gibbs & Shriver, 2002; Glista et al., 2008). 

As the human population continues to increase, road development is expected to continue as well 

(Hawbaker et al., 2006). Therefore, quantifying the characteristics of road mortality and evaluating the 

effectiveness of mitigation efforts are important goals in advancing conservation biology. 

This chapter provides a review of the wide-ranging biological ramifications of roads, describes 

wildlife characteristics that increase animals’ risk of road mortality, and the importance of mitigating 

impacts of roads in areas of high road mortality in the Great Lakes region. I also review mitigation 

structures and designs which have been implemented elsewhere, as well as methods for recording and 

analyzing wildlife mortality and animal interactions with roads.  
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2.2 Road Ecology Overview 

2.2.1 Roads Alter the Abiotic Environment 

Roads can have a multitude of direct impacts on the physical environments that they pass through, 

affecting abiotic components of landscapes including hydrology, water and air chemistry, mechanics of 

sediment and debris transport, and levels of noise, wind, and light adjacent to roadways. Air and water 

pollution are one of the most often recognized environmental effects of roads within the literature (Coffin, 

2007). These types of pollution can result through a multitude of ways ranging from leaks or spills of 

materials from vehicles entering waterways through runoff, to the particulate from tires and brakes (Apte 

et al., 2017; Haastrup & Brackhoff, 1990; Napier et al., 2008). Not only does runoff of materials from the 

vehicles and particles from the road itself impact the local water environment, but in cold climates, such as 

Southern Ontario where this thesis’ research took place, another rapidly increasing concern is that of the 

de-icing methods (road salts) intended to keep roadways safe in the winters (Arnott et al., 2020).  

Another atmospheric effect of roads is how they introduce sound pollution into their environment 

(Coffin, 2007). The most significantly recorded taxonomic group impacted by this sound pollution are 

species which incorporate sound into their basic behaviour, such as birds. For example, Rheindt (2003) 

found that not only did bird species richness, abundance, and diversity decrease as they approached the 

motorway, but that the main population around the roadways were species which had a higher-pitched 

song, with frequencies well above the noise pollution frequency range.  

Lastly, roads can alter the abiotic environment by changing the way the landscape functions. 

Roadways have been known to alter the hydrology that surrounds them, however the extent of the change 

depends on aquatic systems location relative to the drainage network and the slope of the road shoulder 

(Foreman & Alexander, 1998). For example, Jones et al. (2000) found that roads can act as barriers to 

water flowing downhill, and also increase the speed of the removal of water. Roads can interact with 

stream networks by increasing the stream drainage density, and therefore risk an increase in both the 



 

 

 

 

8 

amount, and energy of water downstream (Abhijit & Jalindar, 2011; Jones et al., 2000). The changes in 

wind speed and temperature mentioned above can often facilitate erosion of the local landscape. However, 

erosion of the landscape also occurs as a result of deforestation, and the removal of vegetation and soil in 

order to develop the road (Swanson & Dyrness, 1975). All forms of life are impacted by roads due to 

changes in the abiotic environment; however roads also have substantial direct impacts on the biotic 

environment, specifically wildlife. 

2.2.2 Roads Directly Impact Wildlife 

Roadways can have many direct effects on both flora and fauna (Bennie et al., 2016; Coffin, 

2007), however, for the purpose of this thesis I will just focus on the direct impacts that roads have on 

wildlife. Trombulak and Frissell (2001) outlined 5 general ways in which wildlife behaviour is altered as a 

direct result of roads: (1) changes in home ranges of some species as a response to proximity to roadways 

and dense road networks (Shine et al., 2004; Yokochi et al., 2015), (2) changes to the way in which some 

species move through the landscape, isolating populations and decreasing gene transfer (Clark et al., 2010; 

Colino-Rabanal & Lizana, 2012), (3) decreased reproductive success of some species due to road 

avoidance (Hayward et al., 2011; Laporte et al., 2013), (4) inhibition of some species’ escape responses to 

naturally occurring predators (Barber et al., 2010), and lastly (5) changes in the physiology of some 

species as a result of consistently high stressed environments (Busch & Hayward, 2009; Millspaugh et al., 

2001). 

In addition to alteration of animal behaviours, roads also have a direct effect on wildlife as they 

can facilitate the spread of exotic species. One way in which this can occur is by ‘riding’ in or on vehicles, 

allowing for long-range dispersal of animals who otherwise would be unable to travel such distances 

(Yemshanov et al., 2011). Another manner in which non-native species may enter new regions can be the 

result of species themselves traveling along infrastructure corridors well past their home range (Keller et 

al., 2011). This type of dispersal does not require the vector of human transportation, occurring when a 
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non-native species avoids certain roads and becomes established in a neighbouring or nearby ecosystem. 

Lastly, roads can also spread exotic species though the alteration of the native environment so that habitats 

are changed, thereby attracting exotic species who previously did not reside there (Hulme, 2009). 

By far, the most studied direct effect of roads to wildlife is the death of animals resulting from 

being hit by oncoming traffic, often referred to as road mortality or wildlife-vehicle collisions (WVC). 

Forman and Alexander (1998) found that in the United States, road mortality surpassed hunting in its 

effect on vertebrate mortality. Moreover, in British Colombia, Canada, their Ministry of Transportation 

projected that within the ten year period from 1992 to 2002, as many as 200,508 wild animals could have 

died as a result of WVC – which amounts to over 20,000 suspected wildlife deaths each year (British 

Columbia Conservation Foundation, 2021). Another Canadian analysis conducted by L-P Tardif & 

Associates Inc. (2003) predicted that 4 to 8 large animal-vehicle collisions occur every hour. Due to the 

sheer mass of death occurring as a result of WVCs, road mortality has serious implications on stability and 

longevity of animal populations (Dodd et al., 2016; Gibbs & Steen, 2008). Due to their ability to result in 

human mortality as well, the majority of WVC research has been conducted on large mammals 

(Bertwistle, 1999; Laliberté & St-Laurent, 2020; McCollister & Van Manen, 2010). Nevertheless, road 

mortality can effect species of all sizes and taxonomic groups (Ha & Shilling, 2018; Langen et al., 2012; 

Loss et al., 2014; Smith & Dodd, 2003). 

Small mammal and non-mammalian species which are susceptible to WVC generally fall into 

three categories. Firstly, they are species which disperse long distances or travel overland frequently, often 

coming across roads as a result of covering much of the landscape (Gibbs & Shriver, 2002; Kang et al., 

2016). Secondly, animals which are slow moving or have typical ‘freeze’ responses to motorists can 

experience particularly high levels of WVC due to their reaction time simply not being fast enough to get 

out of the way of oncoming traffic (Litvaitis & Tash, 2008; Matich & Schalk, 2019). The last category is 

species that are attracted to roads due to the unique environment that they create. This is most often 
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observed in the herpetofaunal species, as roadways are used to fulfill a portion of their key biological 

requirements (Andrews et al., 2008; Gibbs & Shriver 2002; Langen et al., 2007). This is further reviewed 

below in section 2.3. 

2.2.3 Environmental and Seasonal Variation 

All impacts discussed above are susceptible to variation and change both annually and seasonally. 

These changes can occur due to anthropogenic factors such as traffic (Mazerolle, 2004), or environmental 

factors such as temperature and precipitation (Forman et al., 2003; Owen, 1989). The rational for 

clarification within the context of this study is for two reasons. Firstly, it is important to acknowledge how 

variation in annual and seasonal environmental conditions can influence ectotherms, such as herpetofauna, 

more than any other wildlife (Hoffmann et al., 2013; Hoffmann & Sgrò, 2017). This is especially the case 

in Southern Ontario, as environmental conditions within this region are subject to frequent change due to 

strong seasonality. Identifying and understanding how these patterns influence wildlife road mortality can 

help in the development of effective management strategies (Shepard et al., 2008). This is an important 

factor to consider when conducting a long-term study such as mine since there will be expected variation 

in results from year-to-year. 

The second rationale for this clarification is that variation in traffic along roadways can alter 

annual WVC totals (Cserkész & Farkas, 2015). Under normal circumstances, one would not deem it 

necessary to consider this a notable factor when conducting WVC surveys on a freeway as invariably 

active as Highway 401. However, COVID-19 drastically altered the normal human behaviour and driving 

patterns typically observed due to a stay at home order and limited government allowance of travel 

(evidence within this thesis, section 3.3.2). Studies have already begun to emerge on the effects lower 

traffic had on WVCs as a result of COVID-19 worldwide (Bíl et al., 2021), but none have addressed 

whether the change of traffic was significant enough to impact WVC on Highway 401, Canada’s busiest 

roadway. 
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2.3 Herpetofauna Susceptibility to Road Mortality and the Frontenac Arch 

2.3.1 Turtles 

Turtles are long-lived animals, with delayed sexual maturity, low reproductive rates and low adult 

mortality (Congdon et al., 1993; Gibbons, 1987), making their populations more vulnerable to 

demographic consequences of road mortality (Beaudry et al., 2008, 2010; Gibbs & Steen, 2008). Female 

turtles are more at risk than their male counterparts, as they are often spending more time traveling 

overland seeking nesting sites, putting them at higher risk of road mortality due to increased probability of 

road crossing (Beaudry et al., 2010; Bowne et al., 2006; Steen et al., 2006). In addition, females have 

higher susceptibility because gravel road shoulders make for suitable nesting sites (Aresco, 2004; Jones & 

Sievert, 2012); which places them at greater risk of road mortality and increases the likelihood of nest 

damage (Steen et al., 2006; Gibbs & Shriver, 2002). There is also a concern of nests near roads having a 

higher rate of hatchling mortalities as once hatched they may immediately attempt to cross the road, or be 

drawn to its warm surface for thermoregulation (Forman et al., 2003).  

2.3.2 Snakes 

Snakes are also highly susceptible to road mortality. However, in addition to having behaviours 

and life history traits that draw them to the roadways, they are also subject to intentional direct hits by 

drivers. One study conducted by Ashley et al. (2007) on a causeway constructed to provide road access 

from the north shore of Lake Erie, Ontario to the Long Point peninsula, found that 2.7% of motorists 

intentionally hit reptiles. This was observed through a comparison between four different types of 

responses by drivers to reptiles on roads. These groupings were to (1) avoid a collision, (2) intentionally 

strike an animal that would not be run over in the normal course of travel, (3) rescue the animal, or (4) no 

change in direction or behavior. To determine driver behavior toward an inanimate object on the road, 

Ashley et al. (2007) used a white disposable cup taped to the ground, and a biodegradable grease marker 

as a control. Plastic wildlife decoys of a turtle and snake were used to mimic similar species found in the 
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area. Additional results of this study found that drivers were 2.4 times more likely to hit the decoy snake 

than the biodegradable grease marker, whereas they were 1.7 times more likely to hit the decoy turtle.  

The findings of the Ashley et al. study (2007) are extremely concerning for conservation of snake 

species, as similar to turtles, snakes also have behaviours and life history traits that draw them to the 

roadways. Snakes have specific periods of migration that leave them at risk of crossing a road (Brehme et 

al., 2018), but they are also drawn to roads for thermoregulatory reasons (Shine, et al., 2004). Moreover, 

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

momentarily cease all movement until the vehicle has passed (Andrews et al., 2005). This puts them at a 

higher risk of being run over, particularly on a roads with high traffic. Bernardino and Dalrymple (1992) 

found that out of their total observations of snakes crossing roads (both alive and dead) in the Pa-hay-okee 

wetlands of Everglades National Park, 70% were fatally injured or dead. Thus suggesting that the majority 

of snakes which attempt to cross the roadways where traffic is constant, are unsuccessful and result in 

death.  

2.3.3 Frontenac Arch and the Biosphere Region 

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 & Robinson, 1996; Beaudry et al., 2008; Garrah et al. 2015; Gibbs & 

Shriver 2002; Haxton 2000; Jones, 2019). One key conservation area that has been identified within the 

Great Lakes region is the Frontenac Arch, also identified as the Frontenac Arch Biosphere, recognized by 

UNESCO as a World Biosphere Reserve in 2002 (UNESCO, 2015). The unique landscape is composed of 

exposed pre-Cambrian bedrock with a thin layer of soil, contains high amounts of forest and wetland 

habitat, and has been largely undeveloped as compared to its adjacent regions. Situated at the 

southernmost extension of the Canadian Shield, the Frontenac Arch is a pivotal component of the 

Algonquin to Adirondacks (A2A) corridor (Figure 2.1). The Arch has been described as a significant 



 

 

 

 

13 

natural landscape connection for the movement of wildlife between Algonquin Provincial Park to the 

north and the Adirondack State Park to the south (Brown & Harris, 2005; Miller & Bell, 2021). There is 

an extremely high level of species diversity where the A2A corridor coincides with the Frontenac Arch, as 

the landscape is used by both Carolinian and Boreal species which can be found on and around this area of 

the Canadian Shield (UNESCO, 2015). 

 

 
 

Figure 2.1 The Frontenac Arch and the Algonquin to Adirondacks (A2A) conservation corridor as its 

located in Eastern Ontario. The A2A region can be found on the eastern side of the great lakes, and 

crossing the St. Lawrence River, connecting two significant conservation areas on the landscape; 

Algonquin Park and Adirondack Park (Figure by Algonquin to Adirondacks Collaborative, 2016). 
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The Frontenac Arch is not only recognized for its high species diversity, but also for housing 

many flora and fauna species at risk, including multiple reptile and amphibian species. As of mid-May 

2021, all five turtles 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 Environment, Conservation and Parks (Ministry 

of the Environment Conservation and Parks, 2020) (Table 2.1).  

 

Table 2.1 The amphibian and reptile species that were positively identified in field, and their current 

Species at Risk Act (SARA) and the Committee on the Status of Endangered Wildlife in Canada 

(COSEWIC) listings. 

 

Common Name Scientific Name SARO Listing COSEWIC Listing 

Turtles       
Blanding’s turtle Emydoidea blandingii Threatened Endangered 
Snapping turtle Chelydra serpentina Special Concern Special Concern 
Northern map turtle Graptemys geographica Special Concern Special Concern 
Eastern musk turtle  Sternotherus odoratus Special Concern Special Concern 
Midland painted turtle Chrysemys picta marginata Special Concern Special Concern 
Snakes     
Gray ratsnake  Pantherophis spiloides Threatened Threatened 
Eastern ribbonsnake  Thamnophis sauritus Special Concern Special Concern 
Skink       
Common five-lined skink  Plestinodon faciatus Special Concern Special Concern 

 

 

2.4 Mitigation Structures and Designs 

Mitigation of wildlife road mortality is necessary to maintain biodiversity and ecological integrity. 

Identifying the most effective mitigation techniques to reduce wildlife road mortality is not 

straightforward, but rather an ongoing process within conservation and road ecology. This is because 

mitigation is an adaptive process, with research constantly working towards identifying ‘best practices’ 

(Lester, 2015). Testing and monitoring the effects of various road mortality mitigation programs is 

therefore necessary to improve these conservation initiatives (Garriga et al., 2017). Moreover, site specific 
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research for mitigation effectiveness will improve the probability of success, by tailoring management 

response to local conditions (Evans et al., 2013; Whittingham et al., 2007).  

Addressing wildlife road mortality in the road planning stage is preferable, as it both minimizes 

habitat fragmentation effects and has the greatest chance of success at minimizing impacts of road 

mortality on wildlife populations (Lesbarrères & Fahrig, 2012; van der Grift et al., 2013). In addition, it is 

also economically preferable in the long-term when compared with the cost associated with retrofitting 

roads with crossing structures (Forman et al., 2003). Cost associated with mitigation measures is often a 

driving factor of whether these types of projects are implemented, as they are expensive to both install and 

maintain (Baxter-Gilbert et al., 2015; van der Grift et al., 2013). For example, wildlife overpasses and 

underpasses have been shown to have a higher success at reducing WVCs than other non-structural 

measures, but they are also the most expensive type of road mitigation structure (Glista et al., 2009; 

Jackson & Griffin, 2000), and therefore they are often less used compared to fence-culvert structures. 

Mitigation not only protects the wildlife being directly impacted by the WVC, but also protects human 

life, as it reduces the likelihood of a fatal crash on impact, or a crash as a result of swerving to avoid an 

animal (Huijser et al., 2013). The following mitigation structure subsections are in increasing order of cost 

associated with installation. 

2.4.1 Warning Signage/Indicator and Reduced Speed Zones 

At its most simple and least expensive, road mortality mitigation structures can be in the form of 

signage posting on the side of the road in areas of high road mortality. These signs can come in varying 

forms; speed signs, high mortality area warnings, and/or flashing lights. In practice, reducing driver speed 

has been shown to be a successful method in reducing wildlife road mortality. For example, in Jasper 

National Park, Alberta, Bertwistle (2001) found that reducing speeds was successful in reducing mortality, 

however there was a varying success depending on the species. In this study, speed limits were reduced 
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from 90km/h to 70km/h, and while it did reduce mortality for elk, deer and moose, it had no effect on 

bighorn sheep.  

Although there is clear evidence that signage has some mitigation impact for reduction of wildlife 

mortality, it is only effective for small distances on roadways. Dart and Hunter (1976) found that the 

impact of warning signage starts to diminish 305m after the sign, and is completely gone by 3.2km. 

Another study found that the motorists’ speed and awareness can be influenced by the sign for a total of 

1km distance, starting 500m uproad of the sign, and ending 500m downroad of the sign (Al-Ghamdi & 

AlGadhi, 2004). Moreover, it has been found that these signs can lose efficacy over time due to driver 

habituation (Forman, 2012). The addition of lights with a warning sign is one way in which this mitigation 

has evolved over time. Sullivan et al. (2004) installed deer crossing signs with reflective flags and amber 

lights and found WVC were reduced by 50% within the first year. However, similar to the other findings, 

this study highlights that effect began to erode during the second year of the study due to habituation of 

the drivers.  

2.4.2 Fence-Culvert 

Fencing has long been used to reduce wildlife-vehicle collisions (Ascensão et al., 2013; Clevenger 

et al., 2001). However, the implementation of fencing without allowance for safe passage across a 

roadway can reduce population connectivity, and result in genetic isolation within populations of all 

species (Jackson & Griffin, 2000). Conversely, a reliance on culverts without fencing has shown to be 

ineffective in reducing collisions (Cunnington et al., 2014). As such, fence-culvert systems should 

simultaneously reduce wildlife mortality, while facilitating population connectivity. Implementation of 

these systems is still in its early stages and more data is required to evaluate their efficacy and inform on 

best practices for design and maintenance.  

Road crossing structures provide safe passage for animals, promote habitat connectivity, and 

make roads more permeable; these structures are sometimes referred to as ecopassages (Colley et al., 
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2017; Lesbarrères & Fahrig, 2012). The most preferable of ecopassage designs are large overpasses or 

underpasses. However, due to budget constraints and other planning factors, ecopassages often rely on 

pre-existing drainage culverts, for which there is currently little research on their effectiveness (Brunen et 

al., 2020; Read & Thompson, 2021). The use of fencing in conjunction with an ecopassage has been 

shown to increase the use of crossing structures (van der Ree et al., 2007), particularly for animals that 

typically avoid crossing structures (Glista et al., 2009). In fact, the installation of barrier fencing to funnel 

wildlife toward crossing structures is now considered an integral part of the success of most crossing 

structures (Boyle et al., 2021; Dillon et al., 2020; Karanasios et al., 2021; Read & Thompson, 2021). Still, 

there is a gap in the research as to what the best design of these fence-culvert structures should look like. 

There is no ‘one size fits all’ fencing structure; in order to be effective, it must be designed for the target 

species (Macpherson et al., 2021). This is a concern as conservation issues within any given habitat are 

fluid and constantly changing, and creates a risk of a species trade-off in protection. Few studies examine 

fence-culvert effects on herpetofauna, and none have been conducted within the Frontenac Arch on such a 

large scale.  

2.4.3 Overpass/Underpass 

Wildlife overpasses are generally only installed for large mammals, due to the extremely high cost 

associated with construction and maintenance, and a lack of alternative options for large mammals (Glista 

et al., 2009). Overpasses are a commonly used mitigation technique in Europe, but are a relatively recent 

development in North America (Evink, 2002). Banff, Alberta was one of the first locations in Canada to 

build an ecological overpass. A study by Evink (2002) was conducted on the efficacy of these structures, 

and it was found that they were frequently used by ungulates, with deer and elk crossings being 3 to 12 

times higher for overpasses than underpasses. This study also found that top predators, such as wolves and 

bears, were observed using the crossing structures. Although it has been well documented that large 
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species and mammals utilize overpasses, there is limited evidence that smaller species such as 

herpetofauna cross them as well (Mata et al., 2003). 

Underpasses have been observed to be a preferable option for small to medium sized animals 

(Clevenger & Waltho, 2001; Dodd et al., 2004; Donaldson, 2007; Jumeau et al., 2017). Similar to the 

overpass, the underpass is not always economically or logistically feasible in all locations, and therefore 

mitigation structures are sometimes designed to include the drainage culverts as suitable crossing 

structures (Aresco, 2005; Baxter-Gilbert et al., 2015). The majority of animal road mortality research and 

underpass mitigation has focused on mammals (Clevenger & Waltho, 2005; Corlatti et al., 2009). 

However, due to the increased concerns with herpetofaunal species population declines, recent research 

has been directed at the effectiveness of these structures on herpetofaunal species in pre-identified areas of 

high mortality with much success (Aresco, 2005; Baxter-Gilbert et al., 2015). Previous studies have 

defined that ectotherms prefer underpasses of a specific temperature (Read & Thompson, 2021), lighting 

(Jackson & Griffin, 2000), substrate (Perrera, 2020), size and shape (McCann, 2017). Mitigation structures 

which account for all of these preferences within their wildlife underpasses can be quite costly, and 

therefore larger scale projects tend to have preference for designs that rely on pre-existing drainage 

culverts for connectivity across the roadway. That being said, recent studies which have observed the use 

of drainage culverts as a connectivity tool in mitigation structure design have shown little success in 

practice. For example, Brunen et al. (2020) found that ordinary drainage culverts are unsuitable as 

substitutes for designated wildlife passages for mammals, while Read and Thompson (2021) found that 

turtles would use drainage culverts to cross two-lane roads in southern Ontario, but only when fences were 

installed to direct the animals towards the culverts. Studies thus far regarding the efficacy of pre-existing 

drainage culverts have been conflicting and not enough has been collected to draw a conclusion of their 

efficacy. 
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2.5 Road Mortality Analysis and Assessment Overview 

The manner in which each species interacts with their environment and subsequently the roads 

that fragment them, as well as how likely they are to get hit by oncoming traffic, varies among taxonomic 

groups. As a result, there are multiple ways in which mortality can be measured in a research setting. A 

range of practices exist for collecting this data, from PIT-tagging (Baxter-Gilbert et al., 2015; Boyle et al., 

2021) to observing data from wildlife camera experiments (Crosby, 2014; Geller, 2012). All these studies 

are similar in their attempt to approximate a rate at which wildlife interacts with a road and relate it to 

mortality. The most commonly used method for observing wildlife mortality is through counting of 

carcasses along a given stretch of roadway. Although it is an intensive method of recording data, it is also 

the most likely to appropriately capture a representative sample of the existing road mortality. 

2.5.1 Metrics of Road Mortality 

Once road mortality data is collected, there are several techniques which can be employed during 

processing and analysis. Sometimes it can be left as raw data, whereby point observations of mortality are 

analyzed against point instances absent of mortality (D’Amico et al., 2015; Manel et al., 2002; Ramp et 

al., 2005). This is a relatively common approach in wildlife road mortality studies, and although suitable 

for monitoring populations’ at large spatial scales, it can be subject to a high level of error. The problem 

with assessing data within a presence/absence model is that a species may be declared ‘absent’ from a site 

simply as a result of not being detected, rather than actually being absent (MacKenzie, 2005). One way to 

address this concern is through the application of use-availability designs. Use-availability, also 

sometimes referred to as presence-only, designs compare characteristics of points where an organism was 

located, to those where the organism could have been located (McDonald, 2013). These designs can be 

generalized to estimate the relative probability that any event occurred at a set of locations. The analysis 

of use-availability data has become increasingly more common within road ecology studies (Clair, 2003; 

Mayer et al., 2021; Roy-McDougall, 2010; Steyaert et al., 2016). 
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Another manner in which road mortality data can be analyzed is through determining the level of 

clustering occurring along the roadway, often referred to as road morality ‘hot spots’. These types of 

spatial analyses are typically conducted in two parts. Firstly, an analysis which determines whether or not 

the road shows significant aggregation or dispersion of roadkill. Should this analysis determine significant 

variation from the expected even distribution, then a following hotspot analysis can be used to determine 

which sections are most vulnerable to roadkill.  

The approach in which significant aggregation or dispersion of roadkill is calculated can vary 

greatly. Often used within road mortality surveys, the Ripley’s K-statistic can be used to conduct this 

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

Moreover, should significant clustering arise, it defines the scale at which clustering within the data is 

occurring (Dixon, 2001). Another metric which can be used to identify clustering of mortality is the Getis-

Ord statistic, which measures clustering in data when compared to a random distribution (Getis & Ord, 

1992). In this approach, each road segment is assigned a z-score relative to their amount of roadkill and 

the amount of roadkill within adjacent road segments. Both the Ripley’s K-statistic (Langen et al., 2012, 

Beebee, 2013) and Getis-Ord statistic (Danby et al., 2016; Garrah et al., 2015; Iosif et al., 2013) have been 

used effectively within the literature in determining if significant clustering is occurring in road mortality 

data. 

 When significant clustering is found, one can apply a hotspot analysis on the data to identify 

which sections are most vulnerable to roadkill. This is extremely helpful in facilitating the process of 

determining areas of priority for mitigation structures. Moroney (2018) evaluated several of the most 

common techniques for identifying and assessing wildlife mortality hotspots: Malo’s method, Siriema 

Road Mortality Software, Spatial Analysis along Networks (SANET) Software, and Enhanced Kernel 

Density Estimation (KDE+). Using badger and fox road mortality survey data collected from the M3 

motorway in Ireland, the four different methods were applied and compared. The results demonstrated that 
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KDE+ was the best-performing software, and was likely to be more comprehensive in prioritizing and 

ranking sections than the other techniques. This is because when it comes to ranking the hot spots, the 

KDE+ method allows for both identifying the individual risk of a hot spot (hot spot strength) and the 

collective risk of a hot spot (Bíl et al., 2016). Wherein hot spot strength is determined by the degree of 

violation from a uniform distribution of road kills along a section, collective risk is determined by hot spot 

strength but also the density of points within a hot spot. Therefore, it is up to the user to decide what their 

priorities are when it comes to risk when using KDE+, a feature that is not applied in the other techniques. 

Moreover, the KDE+ method was unique in its ability to immediately eliminate sections of the road in 

which there were no significant hot spots; this is useful when translating results into a visual 

representation. Another benefit of the KDE+ software that Moroney (2018) found, was that the Ripley’s 

K-statistic analysis was not a necessary step. This is because KDE+ applies a clustering method and 

performs statistical significance testing in conjunction with kernel density estimation. The use of Ripley’s 

K-function was recommended in all three of the other assessment techniques. Moreover, where some of 

the techniques were found to be quite labour intensive, Moroney (2018) indicated that the KDE+ 

technique is quite user friendly. 

The KDE+ technique was developed in 2013 by Bíl et al., and released as a software tool in 2016. 

The KDE+ technique was created in order to improve upon the kernel density estimation (KDE): quite 

commonly used within literature to identify hot spots of mortality on roadways (Danby et al., 2016; 

Karanasios et al., 2021; Langen et al. 2012; Markle et al., 2017). The KDE method transforms point data 

into a continuous field of estimates based on the values of the point data. Closely related to a histogram, 

Silverman (1981) explains how kernel density searches for points within a circular area, defined by the 

search radius, and sums the total number of points tallied within the radius. The cells of the output raster 

are then populated with the calculated estimates yielded from the degree of overlap from the circular 

areas. The KDE method, although helpful, is extremely dependent on the bandwidth or radius chosen. To 
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account for this, the additional use of the ‘least squares cross-validation’ or ‘rule-of-thumb’ analysis is 

required to support the selection of the best choice of bandwidth for the given dataset; however both are 

subject to substandard practice. This step is not required when using the KDE+ technique, as the KDE+ 

software runs a statistical significance test and ranks the resulting significant clusters based on their 

strength (Bíl et al., 2013). Statistically significant clusters are identified using Monte Carlo simulations at 

a 95% confidence level. Therefore, unlike the standard kernel density estimation practice, KDE+ is an 

objective technique and does not rely on a user’s subjective opinion to evaluate significance. 

2.6 Summary 

The world is at a critical turning point wherein species populations and diversity are declining at 

accelerating rates. A key contributor to this loss is roadways, which fragment the landscape and have 

detrimental consequences to surrounding habitats. All species are impacted by road mortality, including 

humans, but a taxonomic group of specific concern are the herpetofauna. Ontario’s Frontenac Arch 

provides valuable habitat for herpetofaunal species at risk due to its largely underdeveloped landscape, but 

the increasing fragmentation and WVC as a product of roads is having detrimental effects on their 

populations. It is obvious that roads are not going to be eliminated any time soon, due to societal 

dependency on them, and therefore paramount that research look into mitigation structures and designs to 

remediate their negative effects. The implementation of mitigation structures and their success on 

herpetofauna is still fairly new within the literature, and more data is required to evaluate their efficacy 

and inform on best practices for design and maintenance. This thesis aims to address several gaps that 

currently exist within this context, namely: 1) by using an adaptive planning model to suggesting a ‘best 

practice’ mitigation structure within the Frontenac Arch; 2) by analyzing a practical example of a fence-

culvert design, and determining its efficacy for reducing mortality of all taxonomic groups observed; 3) by 

contributing to the minimal existing literature on long term studies (6 years or more) which observe 

herpetofauna mitigation structure success when applied to major roadways (4 or more lanes); 4) by 
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commenting on the practice of pre-existing drainage culverts as a connectivity technique, and lastly; 5) by 

contributing to the literature of the KDE+ technique in practice, a relatively new analysis tool used to 

identify road mortality hot spots. 
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Chapter 3 

Developing Effective Measures to Mitigate Reptile Road Mortality on Ontario 

Highways – Report to Ministry of Transportation 

3.1 Introduction 

3.1.1 Background 

In eastern Ontario Highway 401 bisects the Frontenac Arch ecoregion, a biologically diverse area 

with a high proportion of forest and wetland habitats that support several provincially and federally 

designated species-at-risk. Vehicular traffic along this stretch of Highway 401 exceeds 30,000 vehicles per 

day, resulting in high levels of wildlife road mortality and acting as a significant barrier to ecosystem 

connectivity. Field monitoring undertaken by the Algonquin-to-Adirondacks Collaborative in 2014 and 

2015 identified several segments of Highway 401 in this region that had particularly high levels of 

wildlife mortality (Danby et al., 2016). One segment, located between Exit 661 (Highway 137) and the 

Escott-Rockport Road, had especially high levels and included the threatened Blanding’s turtle. Based on 

these data, the Ontario Ministry of Transportation (MTO) installed 1km of fencing on both sides of the 

highway in 2017-18. The fencing was intended to prevent animals – specifically turtles – from entering 

the roadway, and to aid in funneling animals toward existing drainage culverts to allow for their safe 

passage under the highway. The Ministry also committed two years of funding for monitoring of the fence 

system to evaluate its effectiveness, and awarded a Highway Infrastructure Innovation Funding Program 

(HIIFP) grant to Dr. Ryan Danby at Queen’s University (Kingston, ON) to undertake the work. This 

report describes the methods used in collecting and analyzing the monitoring data, the results which were 

obtained, and provides an assessment of the fence system for the purpose of informing future work at this 

site and other similar sites in Ontario.  
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3.1.2 Conservation Context 

The impacts of roads and traffic on wildlife is of significant conservation concern. They reduce 

wildlife population connectivity by fragmenting natural habitats and acting as a barrier to movement 

(Clark et al., 2010; Holderegger & Di Giulio, 2010; Proulx et al., 2014), and they directly cause mortality 

of animals as a result of collisions with vehicles (Ashley et al., 2007; Forman & Alexander, 1998; Hill et 

al., 2019). A growing number of studies are being undertaken to better understand these impacts and to 

identify and evaluate appropriate approaches and techniques for mitigation. Mitigation strategies are often 

divided into two main categories: (1) those intended to influence motorist behavior, including signage, 

reductions in traffic volume or speed, and temporary road closures; and (2) those intended to influence 

animal behavior, including roadside fencing, animal crossing structures, and habitat enhancement to 

attract animals away from roadways (Rytwinski et al., 2016).  

Roadside fencing is intended to prevent animal entry onto roadways in order to reduce wildlife-

vehicle collisions (Huijser et al., 2016). It has longstanding use in applications related to large mammals 

(e.g. deer and moose) with the dual benefit of both wildlife and motorist protection. Increasingly the 

application of fencing is being expanded to include smaller animals, and is frequently installed in areas 

where mortality “hotspots” are found and where the collision rates are disproportionally high relative to 

adjacent areas (Beebee, 2013; Clevenger et al., 2001). This has been successful in reducing mortality of 

animals such as freshwater turtles, which are attracted to gravel roadside shoulders as nesting substrate 

(Langen, 2010; Read & Thompson, 2021).   

Wildlife crossing structures are intended to increase population connectivity by providing safe 

passage of animals from one side of a road to another. Like fencing, they vary in their size and 

implementation. Large overpasses and underpasses are typically installed purposefully for large mammals, 

and have proven successful in many locations (Clevenger & Waltho, 2005; Corlatti et al., 2009). Smaller 

underpasses designed purposely as wildlife passages have also shown success in many locations (Aresco, 

2005; Baxter-Gilbert et al., 2015). However, there has been less success in using pre-existing drainage 
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culverts as wildlife underpasses. In a study in southern Quebec, Brunen et al., (2020) found that ordinary 

drainage culverts are unsuitable as substitutes for designated wildlife passages for mammals. Read and 

Thompson (2021) found that turtles would use drainage culverts to cross two-lane roads in southern 

Ontario, but only when fences were installed to direct the animals towards the culverts, and Cunnington et 

al. (2014) found the same for frogs on the Thousand Islands Parkway. However, implementation of these 

fence-culvert systems is still in its early stages – especially on large 4-lane expressways – and more data is 

required to evaluate their efficacy and inform on best practices for design and maintenance. 

 

3.1.3 Significance to Ontarians 

In addition to the direct benefits to the target SAR reptiles, there are broader benefits of this 

project to the people of Ontario. It is well-documented that healthy, functioning natural ecosystems 

provide valuable ecosystem services (e.g. Molnar & Kubiszewski, 2012). Natural landscapes that have the 

most native species, and fewest invasive species, offer the highest value of ecosystem services (Charles & 

Dukes, 2008). As a result, ensuring that declining native species are not eliminated from an ecosystem can 

play a pivotal role in ecosystem stability. For example, snapping turtles, which represent a high proportion 

of reptile mortality at the hotspot studied for this project, have been shown to have up to 10 times as much 

biomass as beavers or mallards in healthy wetlands (Ontario Nature, 2012). Losing a species that 

represents such a major proportion of the ecosystem will disrupt the functioning of that ecosystem. 

In addition to ecosystem services, there are important traffic safety benefits associated with 

wildlife fencing. While smaller animals such as turtles may not cause much damage to a vehicle that hits 

it, many people will brake quickly or swerve to avoid hitting them. Unpredictable breaking and swerving 

can cause serious accidents and even fatalities on a major expressway like Highway 401.  
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3.2 Study Area and Design 

3.2.1 Regional Context 

The study area is located on the Frontenac Arch, a landscape recognized by UNESCO as a World 

Biosphere Reserve in 2002 (UNESCO, 2015). This region sits on a southern extension of the Precambrian 

Canadian Shield, and supports high proportions of forest and wetland habitat relative to its adjacent 

regions. The Frontenac Arch is a pivotal component of the Algonquin to Adirondacks (A2A) conservation 

corridor (Figure 3.1) and serves as an ecological connection between landscapes to the north, including 

Algonquin Provincial Park in Ontario, and landscapes to the south, including the Adirondack State Park in 

New York. It also supports several species near their northern or southern limits of distribution, resulting 

in regionally high species richness (UNESCO, 2015). 
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Figure 3.1 The location of the 401 highway and other significant local highways relative to each other 

within the context of the Frontenac Arch and the Algonquin to Adirondacks conservation corridor. The 

grey areas of the inset map denote the Canadian Shield and the high proportion of natural areas that exist 

on it (adapted from Garrah, 2015). 
 

 

The Frontenac Arch contains several provincially and federally designated species-at-risk 

(Government of Canada, 2021a; Ministry of the Environment Conservation and Parks, 2020). As of May 

2021, this includes five turtle species, two snake species and one lizard species listed on the Federal 

Species at Risk Act (SARA). These are: snapping turtle (Chelydra serpentina), Blanding’s turtle 

(Emydoidea blandingii), northern map turtle (Graptemys geographica), eastern musk turtle (Sternotherus 
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odoratus), midland painted turtle (Chrysemys picta), gray ratsnake (Pantherophis spiloides), eastern 

ribbonsnake (Thamnophis sauritus), and common five-lined skink (Plestiodon fasciatus). Provincially, the 

Species at Risk in Ontario (SARO) recognizes all of these species with the exception of the midland 

painted turtle (although this may change in the near future as the species was only recently added to the 

Federal listing as of May 12, 2021). 

The St. Lawrence River crosses the Frontenac Arch in a southwest to northeast direction. Parallel 

to the river are three major roadways. These include the Thousand Islands Parkway and Highway 2, both 

two-lane regional arteries: and Highway 401, a four-lane expressway. All three roadways present a 

significant obstacle to wildlife movement within the corridor as they each completely bisect the region and 

support high traffic volumes. This study focuses on a unique section of Highway 401 within the 

boundaries of the Frontenac Arch. However road mortality studies have previously been conducted on 

Highway 2 and the Thousand Islands Parkway (Garrah, 2015; Jones, 2019) and are important to consider 

in the context of the results presented here, as all three roadways are close in proximity. Furthermore, a 

collective understanding of all three roadways’ impacts will aid in contributing to a greater understanding 

of how best to protect this unique and important landscape. 

 

3.2.2 Site Context and Background 

Vehicular traffic along the stretch of Highway 401 that crosses the Frontenac Arch exceeds 

30,000 vehicles per day, resulting in high levels of wildlife road mortality and acting as a significant 

barrier to ecosystem connectivity (Danby et al., 2016). Within the field site, Highway 401 consists of 4 

lanes of traffic; 2 westbound lanes and 2 eastbound lanes. For the purpose of this report, 401 westbound 

lanes will be referred to as 401N and eastbound lanes will be referred to as 401S (in reference to their 

north-south positions relative to each other). When observing the localized land cover through the lens of 

the Southern Ontario Land Resource Information System (SOLRIS), the area is comprised predominately 

of various forest and wetland cover types, with some sporadic developed areas largely comprised of 
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agricultural and rural residential areas (Figure 3.2). Important to note is that the large marsh located 

adjacent of the southeast portion of Highway 401S is currently classified as protected land (Zone 2) under 

the management of the Thousand Islands National Park (TINP; Figure 3.3). Zone 2 areas, also called 

Wilderness Areas, are meant to protect representative natural landscapes where visitors can experience 

nature with minimal human intrusion or facilities, and often contain significant ecological and species-at-

risk habitats (Thousand Islands National Park, 2020). 

 

 
 

Figure 3.2 Landcover types in the study area as identified from the Southern Ontario Land Resource 

System (SOLRIS). The large marsh located adjacent to the 401S is classified as protected land (Zone 2) 

under the management of the Thousand Islands National Park (TINP). 
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Figure 3.3 Zoning for the Hill Group of the Thousands Islands National Park Draft Management Plan 

(Thousand Islands National Park, 2020). The circled area, Lee’s Property, is the marsh area referred to in 

the text adjacent to the field site (Figure 3.2). 
 

 

A study led by the Algonquin-to-Adirondacks Collaborative (A2A) was conducted in 2014 and 

2015 (funded by the Ontario Ministry of Natural Resources) to quantify the magnitude of wildlife-vehicle 

collisions on Highway 401 on the Frontenac Arch, and to identify possible mitigation measures that could 

be implemented to reduce this mortality (Danby et al., 2016). Field surveys of the entire 47 km stretch 

were conducted on foot from Gananoque (44.3342N, 76.2354W) to Butternut Bay (44.5208N, 75.7825W) 

from May to December 2014 and June to November 2015. The field team recorded evidence of all 

wildlife/road interactions, including remains/carcasses, prints, scat, nests, and live specimens. All 

locations were recorded with a WAAS-enabled GPS receiver and identified to the finest taxon possible. 

Other relevant information on the animal and its location were also recorded whenever possible (e.g. 
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dead/alive, state of decay, position on roadway, etc.). Repeated surveys in 2014 focused heavily on 

specific stretches of the 401 that were considered to be at heightened risk of wildlife mortality based on 

adjacent habitats, including the entirety of the study area for this thesis. In 2015, the team surveyed all 

stretches equally, walking both sides of the entire 47 km length a total of three times over the course of the 

monitoring season. 

The study identified three major wildlife road mortality hotspots for species at risk (SAR), and 

four additional areas of concern. A 3.9 km segment of the expressway, located between Exit 661 

(Highway 137) and the Escott-Rockport Road, contained two of these hotspots and one area of concern. It 

was identified as having especially high levels of road mortality for turtles, including the threatened 

Blanding’s turtle. Subsequent wildlife mortality surveys were voluntarily conducted by A2A in 2016 

(n=3) and 2017 (n=1) along this portion of the highway and data confirmed that it was an area of high 

turtle mortality. 

Based on these data, the Ontario Ministry of Transportation installed fencing along a 1 km stretch 

of the highway in 2017 and 2018 that coincided with the most significant hotspot. The fencing was 

intended to decrease road mortality of wildlife – particularly turtles – by providing a barrier to prevent 

them from entering the roadway. The fencing was also intended to facilitate safe passage of wildlife 

(again, particularly turtles) across the highway by funneling animals toward existing drainage culverts that 

pass beneath the highway. The Ministry committed two years of funding for monitoring of the fence 

system to evaluate its effectiveness, thereby providing the basis of this report.  

 

3.2.3 Site Description and Fence Design 

The complete 3.9 km section of Highway 401 between Highway 137 and Escott-Rockport Road 

was monitored for this study (Figure 3.4). For 3.1 km the eastbound and westbound lanes of this section 

are separated by a grassed median approximately 20m wide. For the remaining 0.8 km, the median 
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gradually widens to 90m at the Escott-Rockport Road underpass. This portion of the median is comprised 

of a combination of exposed bedrock, forest, and a small open wetland. 

 

 
 

Figure 3.4 The monitoring area on Highway 401 is located between Exit 661 at Highway 137 and the 

Escott-Rockport Road underpass. Fences extended for approximately 1000 m of the monitoring area. The 

outlets of culverts (red) and the ends of fences (green) were monitored with remote cameras, and were 

each given a unique ID code. Four “jump outs” (blue) were constructed in the fences as escapes if any 

animals were trapped on the highway. 
 

 

The fence system on both sides of the highway is similar in that 4”x4” wooden posts and 2”x4” 

wooden rails are used as framing to which fence material is attached. However, the fence material on the 

401S side is 3/8” galvanized chain link, while the material on the 401N side is 1/4” steel mesh (Figure 

3.5).  

The fence on the 401S side was installed in fall 2017 and was originally constructed from fine 

wire mesh. However, within weeks of completion there was a large snowfall and snowplowing activities 

on the highway resulted in extensive damage to the fence. The force of the snow being thrown from the 

snow plows caused the mesh to completely detach from the framing (Figure 3.6). The wire mesh material 

was completely removed and replaced with the 3/8” galvanized chain link material in spring of 2018. The 

fence on the 401N side was installed in 2018, and it was decided that 1/4” steel mesh would be used since 

the fence was set back slightly from the road, and would not experience the same force from snow-throw 
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as the fence on the other side of the highway. This provided an opportunity to study the potential 

differences between the two different materials, both in terms of the efficacy in reducing wildlife mortality 

and in terms of their maintenance.  

Two separate stretches of fencing were installed on the 401N side of the highway. The gap 

between the two stretches is approximately 68 metres and the total run of both fences is approximately 

790 metres. On the 401S side of the highway fencing is approximately 1160 metres long. A granite rock 

face approximately 5 m tall and 80 m long lies midway along this stretch and the fence is connected to 

both ends of the rock outcrop to create a single seamless boundary between the road and adjacent habitats 

(Figure 3.7). All fence ends (F1-F6), were constructed with inward curving ends in a U-shape design, with 

the intent of turning around any animal that may follow along the fence-line; thereby directing them away 

from the roadway (Figure 3.8). 

 

 
 

Figure 3.5 The 401N (A) and 401S (B) fences of the study area were constructed from two different 

materials. The 401N fencing was made of 1/4” mesh, while the 401S was made of 3/8” chain link.  
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Figure 3.6 Fencing along the eastbound lanes (401S side of road) in late 2017. The force of snow thrown 

from snow plows completely separated the fence material from the wooden frame. Photo courtesy MTO. 

 

 

 
 

Figure 3.7 The 401S fencing was considered to be one single fence since the fence tied into a rock face 

near its midway point. Both attachments to the rock face were similar in technique as shown above from a 

distance (A) and closer to the attachment (B). 
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Figure 3.8 Fences all ended in a curve as seen above. The U-shaped design was intended to turn around 

any turtles who may be walking along the fence line back into the natural habitat. Imagery is of F5 (A) 

and F6 (B). See Figure 3.4 for location reference. 
 

 

A concern of wildlife fencing is that an animal may find itself on the road-side of the structure, 

and be unable to find its way back to the habitat side of the fence. These animals are more likely to suffer 

mortality as a result. The fence design accounted for this possibility by incorporating “jump outs”. A jump 

out is designed so that animal passage is possible through the fence from the roadside, but is intended to 

prevent animal passage from the opposite direction (Figure 3.9). 
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Figure 3.9 Four jump outs were installed into the fencing; two in both the North and South side. Jump 

outs were intended to allow animals (particularly turtles) access through the fence from the roadside, 

while preventing animal passage from the opposite direction. Corrugated steel pipe was angled upwards 

on the habitat side of the fencing to achieve this. Example shown is both a side (A) and front (B) view of 

one jump out. 
 

 

Eight drainage culverts pass beneath both lanes of the 401 in the study area (Table 3.1). These 

were constructed of three different materials: corrugated steel, corrugated PVC, and cement of various 

dimensions (Figure 3.10). All of the culverts, with the exception of C1, make a full passage beneath the 

highway. In the case of C1, there is a gap in the culvert where it enters the median. Three of the culverts 

are located within the fenced portion of the highway, while the other five are located outside the fenced 

portion (2 to the west, 3 to the east). Culverts located within the fenced portion are connected to the 

framing of the fence at both ends. This serves to funnel animals towards the culvert openings in the hope 

that they will use them for the purpose of crossing the roadway.  

A total of four culverts were monitored with cameras (see Methods chapter), with two located 

within the fencing (C5 and C6), and two outside of the fenced area (C3 and C7). Culvert C4 is located 

within the fencing but was not monitored as it had a large beaver dam inside it, reducing or possibly even 

preventing its use as a passage. In addition, C4 was also quite large and deep with water, making the 

remote imagery that could have been captured there fallible as animals passing under deep water would 

not have triggered motion detectors. 
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Table 3.1 Summary of culverts within the given study area in reference to their unique ID code (Figure 

3.4). Four of the eight culverts were used in the remote imagery analysis, 2 of which were inside the 

fencing (C5, C6) and two outside the fencing (C3, C7). 

 

 

Monitored Fence 
Presence 

Avg Culvert 
Width 

(North and 
South sides, 

m) 

Avg Culvert 
Height 

(North and 
South sides, 

m) 

Full Passage 
(Both Traffic 
directions) 

Shape Composition Wet/Dry 

C1 No No 3.7 1.55 No Box Cement Wet 

C2 No No 0.7 0.63 Yes Circular Corrugated 
Steel Dry 

C3 Yes No 0.75 0.75 Yes Circular 
PVC 

Corrugated 
Plastic 

Dry 

C4 No Yes 3.7 0.8 Yes Box Cement Wet 

C5 Yes Yes 0.9 0.9 Yes Circular Corrugated 
Steel Wet 

C6 Yes Yes 1.25 0.65 Yes Box Cement Wet 

C7 Yes No 0.8 0.8 Yes Circular Corrugated 
Steel Dry 

C8 No No 0.75 0.75 Yes Circular Corrugated 
Steel Dry 
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Figure 3.10 Three distinct culvert types existed within the study area: corrugated steel (A), corrugated 

PVC pipe (B), and both large and small cement (C and D, respectively) culverts. All culverts which were 

monitored made full passage across the highway. 

 

3.3 Methods 

3.3.1 Study Design 

Before-After-Control-Impact. 

Before-after-control-impact/treatment (BACI) designs have been used in previous road mortality 

mitigation assessment research as an effective method to evaluate both natural and human-influenced 

disturbances on ecological variables (Burkholder et al., 2018; Rytwinski et al., 2015, 2016). The BACI 

design is often used to address the ecological conservation question – “How much impact did a 

management action have on a given affected area?” In the case of this particular project, the mitigation 
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technique being used is the fence-culvert system, and the area is a previously identified strip of Highway 

401 with particularly high turtle mortality. As the BACI design is an adaptive management strategy, it 

serves to contextualize results in a manner that allows the mitigation technique to be thoroughly analyzed 

and to assess its effectiveness in alleviating the problem, while highlighting concerns and improvements 

of design for the future. 

BACI designs are useful for evaluating a mitigation technique given that they are comprised of 

two separate data comparisons, which in combination serve to produce results which allow for a critical 

review of the mitigation technique’s effectiveness: before vs after, and control vs impact. Before vs after 

is the comparison of data collected in the treatment area from both before and after the mitigation 

installation. The control vs impact is a comparison of the mitigation area and non-mitigated area. BACI 

designs have been effective in evaluating other turtle mortality mitigation research conducted in the past 

(Baxter-Gilbert et al., 2015; Heaven et al., 2019; Langen, 2009), however a fence-culvert mitigation 

strategy designed to reduce turtle mortality has never been conducted on Highway 401, Canada’s busiest 

roadway, using the BACI design analysis model.  

  

3.3.2 Data Collection 

Wildlife Road Mortality. 

Monitoring of wildlife mortality after fence installation occurred regularly throughout 2019 and 

2020. Surveys for both years began in May and extended until November, with approximately 2-3 surveys 

per week from May to September, and 1 survey per week from September to November (Table 3.2). A 

total of 37 surveys were conducted in 2019, and 41 surveys in 2020. Surveys consisted of walking round 

trip along the shoulder of Highway 401 from Exit 661 (Highway 137) to Escott-Rockport Road (~8 

kilometres), collecting data on wildlife road mortality, maintaining remote field cameras, and inspecting 

the condition of fencing. The starting location, either Escott-Rockport Road or Highway 137, was 

randomized to minimize any observation bias associated with time of day. All field work was conducted 
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under Ontario Ministry of Transportation Highway Corridor Management Encroachment Permit #EC-

2019-42O-00000078 V1. 

 

Table 3.2. A complete list of the road mortality survey dates from both the 2019 and 2020 field 

monitoring seasons. 

 

Month 
Date 

2019 2020 
May 15, 16, 22, 30 14, 15, 20, 22, 25, 28 

June 6, 10, 12, 14, 19, 21, 25, 
28 

1, 4, 9, 11, 15, 17, 23, 25, 
29 

July  2, 5, 9, 15, 18, 23, 25, 30 2, 6, 14, 16, 21, 23, 27, 30 
August 1, 9, 13, 15, 19, 22, 26, 27 4, 6, 10, 13, 18, 20, 25, 26 
September 6, 11, 18, 25 1, 8, 16, 25 
October  2, 15, 23, 30 2, 8, 14, 20, 29 
November 20 9 
Total Surveys 37 41 

 

 

Prior to the first survey of both years (which occurred on 2019-05-22 and 2020-05-20), the field 

team spent two days recording and eliminating any road mortality that had occurred prior to the 

monitoring season. This served the purpose of creating a “zero base line” for all subsequent monitoring. 

We were then assured that any animals observed in subsequent surveys had indeed been killed during the 

monitoring period. 

A minimum of two observers participated in each mortality survey. The individuals walked in 

single file along the shoulder of the highway against the direction of traffic and scanned the paved 

highway lanes and road shoulders for dead animals. Each animal that was found was geotagged using a 

WAAS-enabled handheld GPS receiver (Garmin Oregon 600). All observations were recorded into a field 

book with additional information relevant to each animal (Table 3.3). Animals were identified to the 

species level in the field whenever possible. In cases when this was not possible, photographs of the 

animal were obtained and inspected at a later date in an attempt to identify the species.   
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Table 3.3 Information recorded for each animal observed during road mortality surveys. 

 

Data Field Explanation 

Species Common Name Common name associated with the animal, if known. 

Taxonomy General taxonomic identification of the animal (e.g. mammal, bird, snake, 
turtle, frog). 

Date Date the animal was found. 

Time The time stamp, from the handheld GPS, of when the animal was found. 

Coordinates Latitude, longitude and elevation of the observation. 

Life stage Life stage of the animal, generally classified as young, adult or unknown. 

Sex Sex of the animal when known (i.e. male or female). 

Alive or Dead Record of whether the animal was alive or deceased. Notes on injuries were 
also recorded. 

Road Location Location relative to the road (e.g. pavement, gravel shoulder, paved 
shoulder, median, etc.). 

State of Decomposition State of decay, generally divided into three categories: dry, rotting or fresh. 

Fence Location Location of the animal relative to the fence.   

Distance from Waypoint (m) 

Observers were not permitted to enter onto the paved roadway. If the 
animal was located on the highway out of reach, the distance and direction 
from the GPS point was recorded so that waypoints could be adjusted 
accordingly. 

Highway Direction Direction of traffic on the side of highway that the animal was found on. 

Number of Individuals  
Number of individual(s) at that specific location. This was used in instances 
where multiple individuals of the same taxon were observed at the same 
location.  

Photo Tags Corresponding photo identification number of the animal if a photo was 
taken. 

Additional Notes Any additional notes that did not fit under these categories. Often related to 
behaviour of animals or direction they appeared to be moving. 

 

Culvert Use. 

Remote cameras were used to observe whether animals were making use of culverts for safe 

passage under the highway, and to identify the characteristics of any culvert-animal interactions (e.g. 

species, time of day, etc.). Cameras (Reconyx Hyperfire, Holmen, WI) were placed at both ends of four 

culverts on both sides of the highway (Figure 3.11). Two of the culverts fell within the fenced section of 
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the highway (Figure 3.4; C5 and C6), and two were located outside of the fenced section (Figure 3.4; C3 

and C7).  Cameras were installed inside security boxes which were mounted inside the top surface of each 

culvert, facing downwards. (Figure 3.11). See Table 3.1 for a further detailed analysis of each of the 

culverts unique traits.  

Each camera recorded images onto an SD card which was collected and replaced with an empty 

card when almost full. Cameras were set on a time-lapse of 30 second intervals as well as motion capture 

(10 photos per trigger) throughout the predominately active season (May to September) of 2019, and were 

set only to motion capture after the active season. Similar settings were used in 2020, however the time-

lapse interval was increased to 60 second intervals in order to reduce battery drainage. Cameras were 

powered by 12 lithium AA batteries each, and in the 2019 field season required changing about every 4 

days, as opposed to the 2020 field season when batteries were changed every 7-10 days. 

Data was downloaded onto workstations in a lab at Queen’s University. Images were inspected 

using IrfanView software (irfanview.com). Animals detected in an image were identified as closely to 

species level as possible and the date and time of observation, as well as any animal-specific observations 

or behaviour, were also noted. Images of the same species obtained within a short duration (generally <60 

minutes) from both ends of the same culvert were analyzed with additional scrutiny for evidence of a 

complete passage. Individual characteristics such as size, coloration, and unique markings were compared 

to further assess the potential of a complete passage. 
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Figure 3.11 Remote cameras housed inside security boxes were installed at both ends of 4 select culverts. 

Cameras inside concrete box (A) and corrugated steel (B) culverts were installed in a similar manner, with 

the camera facing downwards from inside the top of the culvert. Installation inside a round corrugated 

plastic culvert (not shown) was similar to the corrugated steel culvert. 
 

 

Fence-Animal Interactions. 

Fences were constructed with inward curving ends for the purpose of turning around any animal 

that may follow along the fence-line; thereby directing them away from the roadway when they reached 

its end (Figure 3.12). Remote cameras were mounted on the inside of the fence curve at all fence endings 

(Figure 3.4; 401S fence endings F1 and F2, and 401N fence endings F3, F4, F5, and F6). Images from 

these cameras were inspected to observe animal behaviour and interactions with the fence and to help 

assess the efficacy of this curvature design. The same methodology was used for inspecting the fence 

imagery as the culvert imagery, wherein IrfanView software was used to identify animals as closely to 

species level as possible, and date and time of observation, as well as any animal specific observations or 

behavior, were noted. Fence cameras were set only to time lapse (60 seconds), as traffic movement was 

found to consistently trigger the cameras when active. Regular trimming of vegetation around the fence 

ends was necessary to maintain an unimpeded field of view. 
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Figure 3.12 Fences ended in a curvature design shaped in a U-formation (A). Intention of this design was 

to re-direct animals that may have followed along the fence line away from the road and back into the 

natural habitat. Cameras were placed in the innermost base of the U shape (B), facing in towards the fence 

line on the habitat side of the fencing. 
 

 

One concern with roadside fencing is that an animal may find itself trapped on the road shoulder, 

between the traffic lanes and the fence (Huijser et al., 2009). These animals may be more likely to suffer 

mortality as they may not be able to find safe passage off of the roadway. The fence design implemented 

“jump outs” (also known as escape ramps) as a remedial measure for this possibility. These jump outs 

were intended to allow animal passage through the fence from the roadside, while still prohibiting animal 

passage from the opposite direction (Figure 3.9). Two jump outs were built into fencing on the 401S side 

of the highway, and two were built on the 401N side. After analysis of road mortality monitoring data 

from the first year of the project, it was decided that information on the use of jump out features would be 

advantageous for evaluating fence design. In 2020, we installed sand traps (Fleming & Meek, 2014) inside 

the jump outs as a simple and budget-friendly technique for identifying animal movement (Lyra-Jorge et 

al., 2008). Three 18 kg bags of playground sand were used to line the bottom of the four jump outs. The 

sand traps were installed at the beginning of August 2020 and were examined by the field team during 

each subsequent road mortality survey. Monitoring consisted of inspecting the sand for animal tracks and 

identifying the species and direction of movement where possible. Photographs of tracks were also taken. 
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The field team smoothed the sand after each inspection to ensure subsequent observations were from new 

events. 

 In addition to the quantitative data collected as part of regular monitoring protocols, the field team 

made dozens of observations during the two years of surveys related to animal-fence interactions. 

Although this data is situational in its nature, the observations were critical for conveying how the fence-

culvert system affected animal behaviour: often capturing unique information that otherwise would not 

have been identified. Moreover, multiple observations of the same phenomenon indicate that it is not a 

one-time occurrence and are suggestive of a regular event. For example, during several surveys in both the 

2019 and 2020 year we observed various species of snakes traveling along the bottom of the 401S fencing 

on the road side of the fence. In all these occurrences, when the snakes approached by the researcher, they 

would become distressed and when encountering the mitigation structure in their path, attempted to go 

through the fencing rather than continue to travel along the side of the fencing or approach the roadway. A 

consequence of this action would be that the majority of these snakes would get stuck in the holes of the 

fencing (Figure 3.39), and this entrapment could result in fatalities should the field researchers not step in 

and provide assistance. Snakes were found stuck in the 401S fencing both in situational observations such 

as the one discussed here, as well as in some DOR instances; suggesting that this issue is not dependent on 

field researcher presence, but rather a mitigation structure effect to the snake population. All such 

anecdotal observations were recorded by the field team, including pertinent information such as the 

species involved, date and time of the occurrence, geographic coordinates, success of the fence design, 

fence presence/absence, as well as any other notes that may be relevant to the given event. These types of 

observations were then used to help inform on the efficacy of fence design and how fencing systems 

should be maintained in the future, or implemented elsewhere in similar conditions. 

Fence Integrity Surveys. 

Prior to the first monitoring season in 2019, the fences were thoroughly surveyed to record their 

measurements and coordinates and to identify any breeches or failures since their construction. The fences 
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continued to be inspected during each mortality survey (Table 3.2), and the entire fence system was again 

thoroughly surveyed at the end of the field season (Nov 20). A detailed report including descriptions and 

locations of concerns was submitted to the MTO so that any necessary major repairs could be made prior 

to the start of the second monitoring season. A thorough survey was again conducted prior to the start of 

the second monitoring season to assess changes and damages that may have occurred during the preceding 

winter. During the 2020 field season, fences continued to be evaluated similar to the 2019 year, and a final 

thorough survey – including minor repairs – was conducted on November 9 after completion of field 

monitoring. 

COVID-19 Considerations. 

In March of 2020 the Government of Ontario declared a state of emergency across the province 

due to COVID-19, a viral pandemic that swept the globe forcing several countries to go into states of 

emergency. Queen’s University responded to this by suspending most on-campus activities and moving to 

remote work wherever possible. In April 2020 the University decided that resumption of on-campus or 

field-based research activities could occur in exceptional cases. Application to, and approval from, the 

Vice Principal of Research (VPR) was required to resume these activities. 

It was at this time that a decision had to be made on whether fieldwork for this project should 

proceed in 2020 or not. The health and safety of individuals participating on the project was of primary 

importance. However, delays in fence construction had already pushed monitoring back by one year and 

waiting until later in the summer for conditions to improve would mean missing the peak of activity 

related to turtle nesting during late May and early June. 

Also considered was the reduced traffic associated with the state of emergency. Using traffic data 

provided by MTO (obtained with a low visibility warning system at Cobourg) it was determined that 

average daily traffic volume on Highway 401 in eastern Ontario had been reduced in all months with its 

maximum difference being up to 57% (April) compared to the volumes in the year 2019 (Table 3.4). 
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Therefore, there was a concern about whether wildlife road mortality data collected at the field site would 

be representative and, if not, how this could be addressed. However, this significant traffic reduction also 

presented a unique opportunity to observe road mortality in this area under novel circumstances that may 

never occur again on Canada’s busiest highway. 

 

Table 3.4 Changes in traffic volume on Highway 401, east of Cobourg, Ontario, as reported by the Low 

Visibility Warning System (adapted from MTO in-term reports to the researcher team). This location had 

similar traffic to the study site prior to COVID-19 shutdowns across the province, and therefore was used 

to infer expected relative changes in traffic at the study site location post March 2020. 

 

Month  2019 2020 % Difference 

March Average Daily Traffic Volume 24859 15565 -37% 

 Average Daily Number of Passenger Cars 20178 10815 -46% 

  Average Daily Number of Transport Trucks 6481 4750 -27% 

April Average Daily Traffic Volume 28174 11858 -58% 

 Average Daily Number of Passenger Cars 22811 7838 -66% 

  Average Daily Number of Transport Trucks 5363 4020 -25% 

May Average Daily Traffic Volume 29315 15453 -47% 

 Average Daily Number of Passenger Cars 23555 11171 -53% 

  Average Daily Number of Transport Trucks 5760 4282 -26% 

June Average Daily Traffic Volume 31702 19992 -37% 

 Average Daily Number of Passenger Cars 25894 15080 -42% 

  Average Daily Number of Transport Trucks 5808 4911 -15% 

July Average Daily Traffic Volume 31602 24554 -22% 

 Average Daily Number of Passenger Cars 25934 19324 -25% 

  Average Daily Number of Transport Trucks 5668 5230 -8% 

August Average Daily Traffic Volume 34939 28403 -19% 

 Average Daily Number of Passenger Cars 29591 23539 -20% 

  Average Daily Number of Transport Trucks 5348 4864 -9% 

Sept (1-6) Average Daily Traffic Volume 30364 29831 -2% 

 Average Daily Number of Passenger Cars 23863 24757 +4% 

  Average Daily Number of Transport Trucks 6502 5074 -22%  

 

 

Through communication between the research team and MTO project contacts, it was decided that 

the group would move forward with a formal application for permission from Queen’s VPR to continue 

with field monitoring in 2020. This was approved May 8th and field research began shortly thereafter 



 

 

 

 

49 

under Ontario Ministry of Transportation Highway Corridor Management Encroachment Permit #EC-

2019-42O-00000078 V1. 

Part of the application to the VPR to continue with field work required a detailed description of 

changes that would be made to regular field protocols in order to adhere to COVID-19 safety precautions. 

Additional requirements to regular field protocol were as follows: team members must be a minimum of 

2m away from each other at all times; one field researcher observing and the other recording data; no 

sharing of equipment in the field; arrive and depart from the field site in separate vehicles; have separate 

water containers and soap at each of the vehicles for washing at the end of each survey; and carry two-way 

radios to facilitate easier communication at a distance. 

In order to maintain health and safety of those involved throughout the season, it was established 

that if an individual on the project were to contract COVID-19, had an immediate contact contract 

COVID-19, or had any symptoms of COVID-19, then those working on the project would follow 

government guidelines and halt all activities for two weeks in order to isolate and conduct individual 

COVID-19 testing (Government of Ontario, 2021). Fortunately, none of the field researchers contracted 

COVID-19 (or exhibited any symptoms related to it) during in the 2020 field season. 

 

3.3.3 Data Processing and Analysis 

Wildlife Road Mortality. 

All data associated with road mortality observations (Table 3.3) were entered into a database, 

which was then imported into ArcMap GIS (v. 10.7.1) as a point-field, such that each observation was 

represented as a single point on a map of the study area. The points were projected into a UTM (zone 18) 

datum for analysis preparation. The data was then separated into two major groupings: alive on road 

(AOR), and dead on road (DOR). These were then divided into 4 taxonomic groups – turtles, anurans, 

snakes, and mammals – for the fine-scale analysis of road mortality distribution using the BACI design. 
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The rationalization for separating AOR and DOR observations was that the AOR animals did not 

necessarily die subsequent to the observation; they could have turned away from the roadway or made a 

successful crossing of the roadway. The four taxonomic groupings were chosen to reflect the target 

species of the mitigation design. The fence-culvert system was designed with the specific intention of 

mitigating turtle mortality, and so they warranted their own inspection. The two other abundantly 

observed herpetofaunal groups, anurans and snakes, were also grouped due to their abundance within the 

similar taxonomic grouping and comparable preference in habitat as the turtle species. Finally, mammals 

were an evident terrestrial fauna outside of the herpetofaunal grouping which was observed extremely 

frequently, and although the fence was designed for reduction of turtle mortality, an analysis was also run 

on the mammal species as a whole to infer the indirect mitigation effects that may have occurred on said 

species grouping.  Although we observed many birds (class Aves), they were not included in the report 

analysis due to their ability to fly over the fencing. Data from before (’14-’17) and after (’19-‘20) 

mitigation were kept separate throughout this entire process in order to compare results to visualize 

changes in mortality over time. 

The DOR data for both the before and after mitigation surveys was separated into two roadways; 

401 north (401N), and 401 south (401S). The rational for this was that both the directions of traffic on 

Highway 401 were significant in creating a barrier to wildlife, as well as they are naturally separated by a 

vegetated median. Both sides of Highway 401 in this region also have varying habitats along the 

roadways, and by separating the north and south traffic it allows for a more in-depth analysis of the road 

mortality hot spot changes over time. In addition to this rational, the north and south mitigation was also 

varying in fence material, and therefore by separating the two directions of traffic, results allow for better 

comparison of the two different materials effectiveness.  

Once separated into two roadways the data was then transformed from latitude-longitude format 

into UTM metres format. This was done in order to prepare data for analysis, and to determine where 
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along the roadway each point was found with the starting point being 0 m on the farthest most west 

location of the field site (Highway 137) of both roadways, to the farthest most east location (~3900 m, 

Escott-Rockport Road). The data was exported into a .cvs data sheet, and analyzed using enhanced kernel 

density estimation (Bíl et al., 2013) implemented within KDE+ software (Bíl et al., 2016). The KDE+ 

technique is a method which seeks to improve upon the standard kernel density estimation (KDE) by the 

addition of a statistical significance test and ranking of resulting significant clusters which is based on 

their strength. This means that this approach is objective and does not depend on the users’ subjective 

view as is required to complete the standard KDE analysis. The hot spots determined by the KDE+ 

analysis represent places where the kernel density function exceeds the significance level corresponding to 

the 95
th
 percentile level, estimated using the Monte Carlo simulations. Theoretical background on the 

KDE+ software has been conducted on various types of road mortality research (Andrášik, 2017; Bíl et 

al., 2013, 2019), with much success.  

The KDE+ software produced 2 outputs: a graph of the points and the resulting KDE+ hotspots in 

space, and a table with a statistical analysis of each significant hot spot identified. The before and after 

mitigation hot spots were then imported back into the GIS to produce a spatial-temporal map of the 

hotspots in space (along the road way) and time (before and after mitigation). These graphs therefore had 

3 types of hotspots: hotspot disappearance, hotspot emergence, and hotspot persistence (Figure 3.13) 

which allowed for both a visual and statistical observation of changes in the mortality hot spots as a result 

of the fence-culvert design. 
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Figure 3.13 Illustration of the three possible types of road mortality hotspots in relation to their temporal 

salience (adapted from Bíl et al., 2019). Hotspot type 1 existed prior to construction of the fencing, but 

was not present afterwards (“disappearance”). Hotspot type 2 existed prior to and persisted after fence 

construction (“persistence”). Hotspot type 3 was not present prior to, but emerged after fence construction 

(“emergence”). 

 

 

Similar to the before vs after analysis, the GPS and taxonomic data of the road mortality 

observations (Table 3.3) were entered into a database for the control vs impact comparison. Using the 

ratio of the control site and the impact site distance variation (1:2.9, fenced/mitigated:unfenced/non-

mitigated), it was estimated that if the fence had zero effect on road mortality we would expect 

approximately 26% of all roadkill to be found in front of the fence and 74% to be found in unfenced areas. 

Data was again separated into two major groupings (AOR and DOR), which were each subsequently 

broken down into 7 class types to observe different taxonomic responses; anurans, birds, mammals, 

salamanders, snakes, turtles and unidentifiable (UID). Each grouping was then broken down into total 
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number of mortality observations and number of mortality observations in front of the fencing. Using 

these two factors, the proportion of mortality of each of the taxonomic groups were derived and compared 

against the zero effect to determine if the fence mitigation structure had an effect on both, or one of, the 

AOR and DOR data. It is important to note that due to habitat not being uniform along the stretch of road 

surveyed in this study on the north or south side as well as in relation to fence placement, that the expected 

zero effect mortality may have been actually higher than the identified 26%. Thus, the proportions of 

mortality which were resulting in below the 26% are likely to have been successfully impacted by the 

fence mitigation technique. 

Culvert Use. 

As noted above, all images collected by the remote field cameras were inspected in the lab using 

IrfanView software (irfanview.com). A total of 8434 images were captured and saved by researchers from 

the cameras over the 343 days of operation over the two field seasons (2019-05-23 to 2019-11-20, and 

2020-05-20 to 2020-10-29); 1175 were taken using time-lapse function and an additional 7259 were 

motion triggered. As described above, these were further reduced to include only instances where there 

was evidence for a completed crossing through the culvert (i.e. entrance at one end and subsequent exit at 

the other). A total of 393 complete crossings were identified by the field researchers. Summary statistics 

were generated for the culvert crossing dataset, including the frequency of crossing for each major taxon, 

the timing of crossings during the day and over the course of the season, and by location of the culvert (i.e. 

inside or outside fence system).  

Fence-Animal Interactions. 

Remote imagery from fence-mounted cameras was collected and reviewed in the lab using the 

same process as described for images from the culvert-mounted cameras. Animals’ interactions with and 

behaviours along the fence were noted for the purpose of assessing how animals reacted to the barrier in 

the absence of field team members. When an interaction was captured, researchers took note of the 



 

 

 

 

54 

species, the time, the date, the fence camera that captured the event, and described the behavior and the 

conditions surrounding it. Fence imagery data was analyzed in a manner similar to the culvert crossings in 

that events were summarized by time of day (24 hour), time of season (by month), location, and 

taxonomic group (in this case, birds, mammals, snakes and turtles). 

Data collected from the jump out sand traps was divided into two taxonomic groups: mammals 

and unknown species. No amphibian or reptile movement was identified from the sand traps. In addition 

to the analysis of the movement recorded in the sand traps, jump out locations were compared to maps of 

road mortality hot spots (post fence installation) using ArcMap to determine if there was a relationship 

between mortality density and jump out locations. This was conducted for the four terrestrial taxa which 

were analyzed using KDE+.  

Lastly, all observations of animal-fence interactions made by the field team were entered into a 

spreadsheet that included species, date and time of occurrence, geospatial coordinates, activity or event 

taking place, details of animal behaviour, and other notes. The relative frequency of the species observed, 

their behaviours, as well as any similarities among the events were also noted. This information was then 

used to inform on how the fence system design may have influenced animal behavior and to help interpret 

results from the more systematic data collected from road mortality surveys and remote camera 

monitoring.  

Fence-Integrity Surveys. 

Data observed in the fence integrity surveys was qualitative and observational in nature, and 

therefore the results reflect such. The majority of the results from this section are photographs and 

highlights of unique localized damages, which can be categorized into five different categories. Each 

account of damage was further analyzed according to side of highway (401N or 401S), treated or 

untreated, photos associated with the damage, and any other unique notes that pertain to the particular area 

of the damage. These results are important in considerations of cost-benefit analyses for future mitigation 
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projects, and therefore even though they are not statistical in nature, play a large role in determining the 

efficacy of the fence design and future mitigation design and methodology.  

 

3.4 Results 

3.4.1 Wildlife Road Mortality 

Seasonal and Yearly Change. 

The survey team observed a wide variety of taxa on the road during the monitoring period, 

including anuran, bird, salamander, snake and turtle species. A total of 1162 road observations were made 

over the course of the two field seasons; 972 were identified as dead on road (DOR) animals, and 190 

were alive on road (AOR). In the 2019 field season there were a total of 701 road observations; 609 were 

DOR and 92 were AOR. In 2020 there were 461 road observations; 363 were DOR and 98 were AOR. 

Figures 3.14 and 3.15 present the number of observations made throughout each year (recorded as 

Day of Year (DOY)) for DOR and AOR animals. Figures 3.16-3.19 present these data for the four main 

taxa of turtles, snakes, anurans, and mammals. The rational for these groupings is primarily to direct 

attention towards the turtles as a target order, but also to give a general context for the temporal trends in 

both years. 

There was a total of 63 DOR turtles observed along the surveyed section of Highway 401 in the 

2019 field season, and 57 in the 2020 field season. Of these combined years of data, 16 DOR turtles were 

located on the road directly in front of the fencing. These included 3 snapping turtles (Chelydra 

serpentina), 10 midland painted turtles (Chrysemys picta) and 3 turtles of unidentified (UID) species. 

DOR turtles were predominately found on the 401N side of the highway in both years. When combining 

AOR and DOR turtle observations, 77% were recorded on the 401N side in 2019, and 74% in 2020. 

Ten Blanding’s turtles (Emydoidea blandingii), a species listed as threatened under the Federal 

Species-at-Risk Act (SARA) and Provincial Endangered Species Act (ESA), were observed over the two 
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years of surveys. All Blanding’s turtle observations were DOR, and all but one were recorded on the 401N 

side of the highway. Of these ten Blanding’s turtles, 8 were located along unfenced stretches of the 

highway; the other two were found within the gap between the two stretches of fencing on the 401N side. 

Only one Blanding’s turtle was observed in the 2020 field season, while the other 9 were observed in 

2019. Snapping turtles, listed as a species of special concern under the SARA and ESA, were also 

recorded both years, with 6 being found on the 401S side of the highway, and 17 found on the 401N side. 

Painted turtles (Chrysemys picta), which as of May 2021 were added to the SARA listing 

(Government of Canada, 2021b), made up the majority of turtle mortality findings in both years. A total of 

74 painted turtles were recorded; 6 AOR and 68 DOR. Of the combined AOR and DOR observations, 10 

were found on the road in front of the fencing, 4 were found in the gap between the two fence segments on 

the 401N side, 3 were found behind the fencing, and the remainder were located in unfenced areas. Of the 

DOR painted turtles, counts were similar between the two years, with 31 recorded in 2019 and 37 in 2020. 

The majority (72%) of DOR painted turtles were found on the 401N side of the highway. 

Four other species-at-risk were found over the course of the two field seasons: monarch butterfly 

(Danaus plexippus), gray rat snake (Pantherophis spiloides), Eastern ribbon snake (Thamnophis sauritus), 

and least bittern (Ixobrychus exilis). Monarch butterfly observations occurred mostly within a contracted 

period in September both years, likely related to the species’ migration season. 

There was one confirmed gray rat snake, listed as a threatened species under both the SARA and 

the ESA, found during a field survey in 2019. This was found DOR on the 401S side of the highway in an 

area without fencing. Four eastern ribbon snakes, currently listed as a species of special concern under 

SARA and ESA, were recorded in 2019 and 7 in 2020. All eastern ribbon snakes were AOR; 8 on the 

401N side of the highway and 3 on the 401S side. Of these 11, 3 were found behind the fence, 1 on the 

road-side of the fence, and 7 in unfenced areas. Lastly, there was one DOR least bittern, listed as a 



 

 

 

 

57 

threatened species by both the SARA and the ESA, found on the 401S side in an unfenced section of the 

highway. 

 

 
 

Figure 3.14 The number of dead on road (DOR) observations along the Highway 401 field site plotted 

against day of year (DOY). Two to three surveys per week were conducted from May to early September 

of both years, which was decreased to once per week afterwards; this separation is represented by the 

dotted line. Each date grouping on the x-axis represents a two-week period grouping of data which is 

labeled with the first DOY in the group (e.g. 140 represents all observations from day 140-153). 
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Figure 3.15 The number of alive on road (AOR) observations along the Highway 401 field site plotted 

against day of year (DOY). Two to three surveys per week were conducted from May to early September 

of both years, which was decreased to once per week afterwards; this separation is represented by the 

dotted line. Each date grouping on the x-axis represents a two-week period grouping of data which is 

labeled with the first DOY in the group (e.g. 140 represents all observations from day 140-153). 
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Figure 3.16 The number of turtle mortality observations along the Highway 401 field site plotted against 

day of year (DOY). Two to three surveys per week were conducted from May to early September of both 

years, which was decreased to once per week afterwards; this separation is represented by the dotted line. 

Each date grouping on the x-axis represents a two-week period grouping of data which is labeled with the 

first DOY in the group (e.g. 140 represents all observations from day 140-153). 
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Figure 3.17 The number of snake mortality observations along the Highway 401 field site plotted against 

day of year (DOY). Two to three surveys per week were conducted from May to early September of both 

years, which was decreased to once per week afterwards; this separation is represented by the dotted line. 

Each date grouping on the x-axis represents a two-week period grouping of data which is labeled with the 

first DOY in the group (e.g. 140 represents all observations from day 140-153). 
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Figure 3.18 The number of anuran mortality observations along the Highway 401 field site plotted against 

day of year (DOY). Two to three surveys per week were conducted from May to early September of both 

years, which was decreased to once per week afterwards; this separation is represented by the dotted line. 

Each date grouping on the x-axis represents a two-week period grouping of data which is labeled with the 

first DOY in the group (e.g. 140 represents all observations from day 140-153). 
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Figure 3.19 The number of mammal mortality observations along the Highway 401 field site plotted 

against day of year (DOY). Two to three surveys per week were conducted from May to early September 

of both years, which was decreased to once per week afterwards; this separation is represented by the 

dotted line. Each date grouping on the x-axis represents a two-week period grouping of data which is 

labeled with the first DOY in the group (e.g. 140 represents all observations from day 140-153). 
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east. The first section of fencing on the 401N side was located from 1757.4m to 1981.4m and the second 

section from 2044.4m to 2607.9m. Fencing on the 401S side was located from 1508.6m to 2679.6m. 

Figures 3.20-3.23 present KDE estimates for each taxon and hotspot metrics are presented in Table 3.5. 

Hotspots were mapped using ArcGIS with the three types of hotspots (disappearance, persistence, 

emergence) identified in Figure 3.13. 

Using the outputs from the KDE+ analysis (Figures 3.20-3.23), the data was imported into 

ArcGIS to produce a spatial-temporal representation of the data in the field area on Highway 401 (Figure 

4.24). This served as a visual representation of the data to aid in identifying the efficacy of the fence 

design. An analysis of the stable hot spots for each of the four taxonomic groupings (turtles, snakes, 

anurans, and mammals) is presented in Table 3.5.  

In addition to the KDE+ analysis, the data from the road mortality observations from the post-

fence installation were also used to inform the control vs impact comparison (Table 3.6). In the 2019 field 

season, a total of 101 animals were found in front of the fencing; 30 of which were AOR, and 71 of which 

were DOR. Similarly, the 2020 field season had a total of 91 animals found in front of the fencing; 30 of 

which were AOR, and 61 of which were DOR. Taxonomic groupings which resulted in higher total 

findings in front of the fence than the expected zero effect proportion of roadkill (26%) were salamanders 

and snakes in 2019, and birds and snakes in 2020 (Table 3.6). It is worth noting that the total count of 

salamander observations was quite low (n=3), with only one salamander being found in front of the 

fencing. Anurans, mammals, and turtles total road observations in front of the fencing remained below the 

expected 26% for both field seasons. Further scrutiny of the AOR data from the 2019 field season 

highlighted that both the anuran and mammal taxonomic groupings experienced higher than the expected 

(26%) observations in front of the fencing (57.1%, and 33.3% respectively). The results of the control vs 

impact analysis were used to further inform and expand upon the findings derived from the KDE+ 

analysis reported on below. 
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Turtles. 

Significant turtle mortality hot spots varied in location from before to after fence installation on 

both the 401N and 401S (Figure 3.20) side of the highway. On the 401N side of the highway the number 

of significant hotspots increased from 3 before fence installation to 4 after fence installation. One 

significant hot spot occurred in front of the fencing in both the before and after analysis, increasing in 

strength in the post-fence analysis. Analysis of data from the 401S side of the highway indicated both sets 

of data had 3 significant hot spots. However, none of the hot spots noted in the post fence analysis on the 

401S side of the highway were found in front of the fencing structure. 

Three stable hot spots were identified for turtles (Figure 3.24A), one of which was located on the 

401N side of the highway between the two fences. These hot spots varied in side of highway with 2 

occurring on the 401N side and the other on the 401S. The disappearance and emergence hot spots varied 

spatially, however most were relatively close to each other with the exception of one emergence hot spot 

on the 401N side of the highway, about 300m easterly from the most western stable hot spot. Both the 

stable hot spots in the unfenced area were adjacent to large wetlands that are within 1 metres or less of the 

shoulder of the road. 
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Figure 3.20 Kernel density estimates (KDE+, blue line) of turtle road mortality extending from the west 

(0m) to east ends of the study area. Estimates from the north side of the highway are illustrated in (A) and 

(B), with (A) illustrating estimates from data collected before fence construction (2014-17) and (B) 

illustrating estimates after fence construction (2019-20). Estimates for the south lanes of the highway are 

presented in (C) and (D). Events (triangles) indicate the location of each mortality observation. Regions 

with density estimates exceeding the threshold (horizontal red line) are considered statistically significant 

hotspots. The two 401N fences are located from 1757.4m to 1981.4m and 2044.4m to 2607.9m (A/B), and 

the 401S fence is located from 1508.6m to 2679.6m (C/D). 
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 Snakes. 

Pre-existing significant snake mortality hot spots from before fence installation held relatively 

similar locations in the after fence installation analysis on both the 401N and 401S side of the highway 

(Figure 3.21). In addition to these stable hot spots, the after fence installation analysis determined that 

there were also emergent hot spots occurring in relatively the same area to each other on both sides of the 

highway as well. On the 401N side of the highway significant hotspots increased from 1 before fence 

installation, to 3 locations post fence installation. Two of these 3 significant hot spots occurred in front of 

the fencing, where no prior hot spots existed before fence installation. Both the pre and post fence 

installation data sets for the 401S analysis had 2 significant hot spots identified. However, only the post 

fence installation analysis identified a significant hot spot in front of the fencing. Similar to the 401N 

analysis, there was no prior existing hot spot in the area pre- fence installation. 

There was only one continuous hot spot identified for snakes (Figure 3.24B), which was located 

on the 401N side of the far eastern side of the field site. There was a large clump of all three types of hot 

spots occurring in this similar location of the field site, which is where the habitat is adjacent to a large 

wetland protected by the Thousand Islands National Park that is within 1 metres or less of the shoulder of 

the road. Three large emergence hot spots are located in front of the fenced area on both sides of the 

highway; one in front of each fence on the 401N side and 1 on the 401S side across from the 401N side 

fence gap. 
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Figure 3.21 Kernel density estimates (KDE+, blue line) of snake road mortality extending from the west 

(0m) to east ends of the study area. Estimates from the north side of the highway are illustrated in (A) and 

(B), with (A) illustrating estimates from data collected before fence construction (2014-17) and (B) 

illustrating estimates after fence construction (2019-20). Estimates for the south lanes of the highway are 

presented in (C) and (D). Events (triangles) indicate the location of each mortality observation. Regions 

with density estimates exceeding the threshold (horizontal red line) are considered statistically significant 

hotspots. The two 401N fences are located from 1757.4m to 1981.4m and 2044.4m to 2607.9m (A/B), and 

the 401S fence is located from 1508.6m to 2679.6m (C/D). 
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 Anurans. 

Significant anuran mortality hot spots had very different spatial orientation from before and after 

fence installation on both the 401N and 401S (Figure 3.22) side of the highway. On the 401N side of the 

highway significant hotspots increased from 2 from before fence installation to 3 post fence installation. 

Both the pre- and post-fence installation data exhibited significant hot spots in the fenced location area, 

with the pre-fence installation hotspot having a much higher strength than the post-fence installation. The 

401S side of the highway analysis from pre-fence installation data had 3 significant hot spots, while the 

post-fence installation had 2 identified. However, only one of the pre-fence installation hot spots was in 

the fenced area, while all of the post-fence installation hotspots were found in the unfenced area. 

Three stable hot spots were identified for anurans (Figure 3.24C), all of these hot spots occurred 

on the 401N side of the highway. None of the stable hot spots were located in front of the fencing, 

however one was located right on the most western side of the fenced area for both sides of the highway. 

The disappearance and emergence hot spots varied quite a lot spatially. One of the emergence hot spots 

occurred on the 401N side of the highway, just inside the most western part of the fenced area, where 

there is no fence present on the 401N side of the roadway, but there is fencing adjacent to the area on the 

401S side. 
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Figure 3.22 Kernel density estimates (KDE+, blue line) of anuran road mortality extending from the west 

(0m) to east ends of the study area. Estimates from the north side of the highway are illustrated in (A) and 

(B), with (A) illustrating estimates from data collected before fence construction (2014-17) and (B) 

illustrating estimates after fence construction (2019-20). Estimates for the south lanes of the highway are 

presented in (C) and (D). Events (triangles) indicate the location of each mortality observation. Regions 

with density estimates exceeding the threshold (horizontal red line) are considered statistically significant 

hotspots. The two 401N fences are located from 1757.4m to 1981.4m and 2044.4m to 2607.9m (A/B), and 

the 401S fence is located from 1508.6m to 2679.6m (C/D). 
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 Mammals. 

Significant mammal mortality hot spots did somewhat vary spatially from before and after fence 

installation on both the 401N and 401S (Figure 3.23) side of the highway. On the 401N side of the 

highway significant hotspots increased from 2 from before fence installation to 3 post fence installation. 

Only one significant hot spot occurred in front of the fenced area out of both analyses for 401N data, 

occurring in the pre-fence installation analysis. The 401S side of the highway analysis decreased 

significant identified hot spots from 4 in the pre-fence installation data, to 2 in the post-fence installation 

data. Similar to the 401N analysis, only one hot spot was identified in front of the fencing and it was from 

the pre-fence installation analysis. 

There was only one continuous hot spot identified for mammals (Figure 3.24D), which was 

located on the 401N side of the eastern side of the field site. This area is a highly forested part of the field 

site were the tree line is approximately 1m or less from the shoulder of the road. The disappearance and 

emergence hotspots varied greatly in their spatial orientation, however none of the emergence hot spots 

were located in front of the fencing. 

 



 

 

 

 

71 

 
 

Figure 3.23 Kernel density estimates (KDE+, blue line) of mammal road mortality extending from the 

west (0m) to east ends of the study area. Estimates from the north side of the highway are illustrated in (A) 

and (B), with (A) illustrating estimates from data collected before fence construction (2014-17) and (B) 

illustrating estimates after fence construction (2019-20). Estimates for the south lanes of the highway are 

presented in (C) and (D). Events (triangles) indicate the location of each mortality observation. Regions 

with density estimates exceeding the threshold (horizontal red line) are considered statistically significant 

hotspots. The two 401N fences are located from 1757.4m to 1981.4m and 2044.4m to 2607.9m (A/B), and 

the 401S fence is located from 1508.6m to 2679.6m (C/D). 
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Figure 3.24 A map of the Highway 401 field site depicting the three possible forms of road mortality 

hotspots in relation to their temporal behavior as a result of the fence installation: before fence 

(disappearance), continuous (stable) and after fence (appearance). This is conducted four different 

taxonomic ways; turtles (A), snakes (B), anurans (C), and mammals (D). Each stable hot spot is labelled 

and can be referenced in Table 3.5 for a deeper analysis of the area. 
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Table 3.5 Statistical output for the stable hot spots as seen in Figure 3.24. Each of the unique numbers 

referenced for each taxonomic grouping is paired with the same number from Figure 3.24. This table 

identifies the ID of the hot spot, the total length in metres, how many mortality points were within that 

area from 2014-2020, how many species at risk were within that area from 2014-2020, the before, after 

and difference in strength of hotspot and whether the fence was present. Unique areas which had both a 

positive strength difference and the fence was present were indicated with an asterisk (*). 

 

 Hot 
Spot 

Length 
(m) 

Mortalities SARA 
Before 

Strength 
After 

Strength 
Strength 

Difference 
Fence 

Presence 

A. Turtle 1 47.3 3 3 0.55 0.12 -0.43 No 

 2* 127.3 11 11 0.17 0.40 0.23 Yes 

 3 131.4 10 10 0.23 0.36 0.13 No 

B. Snake 1 97.7 9 0 0.76 0.25 -0.51 No 

C. Anuran 1 8.3 3 0 0.69 0.45 -0.24 No 

 2 216.6 35 0 0.69 0.19 -0.49 No 

 3 100.0 17 0 0.32 0.11 -0.21 No 

D. Mammal 1 115.7 18 0 0.39 0.19 -0.20 No 
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Table 3.6 A table representing the comparison of the Highway 401 field site’s control and impact areas 

from the post-fence installation data. This was done by separating the alive on road (AOR) and dead on 

road (DOR) data, and breaking down their data into total number observed, the amount of observations 

that occurred in front of the fencing, and then producing a proportional number of road morality for each 

of the taxonomic groupings (anurans, birds, mammals, salamanders, snakes, turtles, and unidentifiable 

(UID)). Proportional numbers that were below the expected zero effect (26%) are denoted with a 1, and 

numbers that are above are denoted with a 2. 

 

2019 

 
Total Number Observed 

Number in Front of 
Fence 

Proportion Fount in Front of Fence 
(%) 

Taxon AOR DOR AOR DOR AOR DOR Total 

Anurans 7 302 4 21 57.1 2 7.0 1 8.1 1 

Birds 0 84 0 20 0.0 1 23.8 1 23.8 1 

Mammals 3 90 1 8 33.3 2 8.9 1 9.7 1 

Salamanders 0 3 0 1 0.0 1 33.3 2 33.3 2 

Snakes 79 28 25 13 31.6 2 46.4 2 35.5 2 

Turtles 3 63 0 8 0.0 1 12.7 1 12.1 1 

Unidentifiable 

(UID) 
0 2 0 0 0.0 1 0.0 1 0.0 1 

Total 92 572 30 71 32.6 2 12.4 1 15.2 1 

2020 

 Total Number Observed 
Number in Front of 

Fence 
Proportion Fount in Front of Fence 

(%) 
Taxon AOR DOR AOR DOR AOR DOR Total 

Anurans 18 116 4 6 22.2 1 5.2 1 7.5 1 

Birds 8 72 0 23 0.0 1 31.9 2 28.8 2 

Mammals 19 79 1 7 5.3 1  8.9 1 8.2 1 

Salamanders 0 0 0 0 0.0 1 0.0 1 0.0 1 

Snakes 49 32 25 17 51.0 2 53.1 2 51.9 2 

Turtles 4 49 0 8 0.0 1 16.3 1 15.1 1 

Unidentifiable 

(UID) 
0 1 0 0 0.0 1 0.0 1 0.0 1 

Total 98 349 30 61 30.6 2 17.5 1  20.4 1 
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3.4.2 Culvert Use 

There were 8434 distinct animal observations saved from the culvert camera imagery over the two 

seasons of monitoring (2019-20), but less than 5% of these images indicated the use of culverts for 

crossing the road. Three confirmed at-risk species were recorded at the culverts over the two years of 

observation: Blanding’s turtles, snapping turtles and a single monarch butterfly. Blanding’s turtles were 

observed a total of 19 times: all observations taking place at culverts which were within the fencing 

boundary (Figure 3.25). All of them were at the same culvert (C6E/C6W, Figure 3.26), with the exception 

of one observation at C5E (Figure 3.27).  

The second species-at-risk observed in the camera imagery was the snapping turtle, which was 

observed 35 times over the two-year period, at culverts both outside and within the fencing system (Figure 

3.28). However, the majority of the activity was observed at the same culvert as the Blanding’s turtle (C6). 

Snapping turtles are suspected to be susceptible to similar detection issues as the Blanding’s turtle. It is 

worth noting that in addition to the three identified species-at-risk, many unidentified (UID) snakes were 

observed. Many of these were either garter snake or ribbon snake, which have very similar appearances 

and are hard to differentiate from the camera imagery. Therefore, there is a great possibility that ribbon 

snakes are also approaching the culverts. 
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Figure 3.25 One of the 19 observations of Blanding’s turtle using a culvert (C6E). 
 

 

 
 

Figure 3.26 The culvert (C6E) which was observed to have the most species-at-risk activity in the 

combined 2019-20 field years, including (but not limited to) Blanding’s turtle. 
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Figure 3.27 A Blanding’s turtle observed at the entrance of C5E and headed into the culvert in the 2020 

field season. This was the only Blanding’s turtle observed in a culvert other than C6 over the two 

monitoring years. 
 
 

 
 

Figure 3.28 Examples of snapping turtles using culverts both outside (A, C3W) and inside (B, C6W) of 

the fencing system.  
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We inferred 393 complete culvert crossing events from the captured images over both years of 

monitoring. Mammals had the highest proportion of complete crossing events in both 2019 and 2020 

(93% and 99%, respectively), while reptiles and amphibians had the lowest frequency both years. Only 

four taxonomic groupings ended up using the culverts significantly (birds, mammals, snakes, and turtles); 

however only data for mammals, snakes and turtles were analyzed (Figure 3.29), as birds were never seen 

crossing through any culverts, only present at either end. The most active culvert was C5 with both 

mammals and snakes using the culvert to cross under the highway. However turtles showed preference for 

C6. There were four painted turtles for which images provided strong evidence of complete highway 

crossing over the two years of observations. All suspected turtle crossings took place at C6, and entered 

from C6E and exited from C6W.  

 Use of culverts for complete crossings of the highway was most common in July and August (181 

and 140 observations, respectively) (Figure 3.30). Few crossings were recorded in May and September, 

and none in October. Turtles were only identified making complete crossings in June and August, while 

snake crossings were only recorded in July and August (Figure 3.30). Mammals appeared to use the 

culverts throughout the entire day, but their crossings were most commonly observed from 1600h to 

1700h, and from 2200h to 2400h (Figure 3.31). Reptiles were only observed making full crossings 

between 1100h and 1700h, when mammals were near their lowest level of activity. 
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Figure 3.29 Total crossings (2019-20 combined) inferred for mammals, snakes and turtles for each culvert 

that had cameras at both ends. C3 and C7 were located in the unfenced extent of the highway, while C5 

and C6 were within the fencing. 
 

 

 
 

Figure 3.30 Seasonal frequency of observations of complete culvert crossings inferred from remote 

camera imagery plotted by month of year for mammals, snakes and turtles. 
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Figure 3.31 Frequency of observations of complete culvert crossings inferred from remote camera 

imagery plotted by time of day (24 hours) for mammals, snakes and turtles. 

 

 

3.4.3 Fence-Animal Interactions 

Remote Fence-end Cameras. 

There were 177 distinct animal observations saved from the remote cameras installed at fence 

ends over the two seasons of monitoring (Figure 3.32). Seventy one observations were from 2019 and 106 

observations were from 2020. Birds accounted for 41% of all observations, but most instances were of 

birds in flight and these animals were not directly interacting with the fence.  

The most active fence-mounted camera varied with year of observation. In 2019 the most 

observations were captured at F3 (n=22), the western fence end on the 401N side of the highway. In 2020 

the most observations were from F6 (n=56) which was mounted at the gap in fencing located on the 401N 
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side of the highway. Apart from birds, the most frequently observed animals at this location over the two 

years of observation were reptiles (44.3% snakes and 18.6% turtles). Moreover, due to a combination of 

the settings for fence-mounted cameras being adjusted to only time lapse imagery (as vehicular motion 

triggered shutters) and roadside foliage making observations difficult, it is possible that the number of 

reptiles identified at this location is underreported. Due to these factors, it was also difficult to observe if 

the animals were successfully being turned around by the fence design.  

 

 
 

Figure 3.32 Total number of observations of birds, mammals, snakes, and turtles from cameras placed at 

fence ends.    
 

 

The frequency of animal-fence end observations captured by the remote cameras was bimodal, 

with peaks occurring in early morning and evening (Figure 3.33). Snakes appeared in 15 of the 24 hours 

(0700h to 2100), and turtles in 6 of the 24 hours (0800h to 0900h, and 1700 to 2000). Mammal 
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observations were made throughout most hours of the day. Moreover, although birds were also observed 

throughout the day, they had peak hours of 0500-0900h and 1900h. 

 

 
 

Figure 3.33 Frequency of bird, mammal, snake, and turtle observations captured by remote cameras at 

fence ends plotted by time of day (24 hrs). 
 

 

The most active month for fence-end observations was May (n=52), followed by July (n=47) and 

June (n=43) (Figure 3.34). Turtles were detected at fence ends within the months of May and June. This 

was within a similar time frame to the DOR counts during the road surveys, which had a total of 88% of 

turtle deaths occurring within the months of May to July (n=18, n=56, and n=31, respectively). Snakes 

were recorded in fence end imagery in each month of analysis with their highest observation month being 

in June (n=20). This is dissimilar to the snake DOR counts, which had the highest proportion in the 

months of May and July (n=90 and, n=98, respectively), rather than in June (n=54). Birds were also seen 

in all four months of observation, while mammal occurrences only were observed from June to August. 
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Figure 3.34 Frequency of remote camera bird, mammal, snake, and turtle observations at fence ends, 

plotted by month of year. 
 

 

Turtle activity was captured on the fence-mounted cameras F4 and F6 (Figure 3.32). Photos from 

the fence cameras can be used to indicate behavioural interactions with the end of the fence. In one 

particular case at F4 in 2019, it appears that a snapping turtle is effectively kept off the road by the fence 

(Figure 3.35). This particular turtle was observed in a set of photos where it approaches the fence, and 

once it reached the fence, it tried to climb up the side. After approximately 1 hour the turtle was still in the 

same spot trying to climb the fence. It then nested against the fence (confirmed during a remote survey 

analysis) before turning around and retreating back into the woods. 

Many turtle hatchlings were captured at F6, the eastern side of the 401N fence gap camera (Figure 

3.36). Most of these hatchling observations occurred in the month of June (n=12), with the exception of 

one observation in July. None of the hatchling observations showed the turtles successfully being turned 
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back around to the habitat or going around the edge of the fencing. However 5 DOR turtles were found in 

the 401N side gap during the road mortality surveys, 3 of which matched the species identification of the 

same turtle found in the F6 fence imagery seen in Figure 3.36 - midland painted turtle (Chrysemys picta 

marginata). 

Snakes were often observed traveling along the fences in the majority of the cameras (F1, F3, F4, 

and F6). An example of this can be observed in Figure 3.37 wherein a watersnake (Nerodia sipedon) can 

be seen traveling east on the 401N side fencing at camera F6. This unique snake fence interaction also 

occurred in the field observations as AOR road mortality counts (Table 3.7). 

 

 
 

Figure 3.35 Snapping turtle observed interacting with the fence (inside red circle) as captured by a fence-

mounted camera (F4). The turtle appears to approach the fence, possibly nest, and then walk away towards 

an adjacent forested area. 
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Figure 3.36 Painted turtle observed interacting with the fence (inside red circle) as captured by a fence-

mounted camera (F6). The turtle appears to approach the fence and then is observed non-moving for 

several photos, until it disappears in the next set of images. There was no indication of fence success or 

failure in this set of behavioural responses. 
 

 

 
 

Figure 3.37 A watersnake observed interacting with the fence (inside red circle) as captured by a fence-

mounted camera (F6). The snake appears to travel along the fence towards the bottom of the U-shaped 

design. The imagery then loses sight of the snake once it is too close to the camera, and it is not captured 

again in this set of behavioural photos. 
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Jump outs. 

Over 90% of the tracks observed in the jump out sand traps were identified as mammals varying 

from small to medium in size (Figure 3.38). Movement was predominantly in both directions, indicating 

that mammals may have been using the jump outs to pass through the fence in the intended direction, but 

also to move towards the road from behind the fence. No amphibian or reptile movement was identified 

from the sand traps. One emergent hotspot for turtles (Figure 3.24A) occurred in front of the most western 

jump out on the 401N side of the highway, as did 2 separate emergent snake hotspots, one in front of each 

jump out (Figure 3.24B). An additional emergent snake hotspot was located in front of the most western 

jump out on the 401S side of the highway (Figure 3.24B). Although all four of these emergent hotspots 

occurred in front of the jump outs, all of them extended well beyond the jump outs. 
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Figure 3.38 An example of a print from a canid observed in a jump out on the 401S side of the highway. 

The track appeared as if the mammal was moving from the road side to the habitat side of the fence. 
 

 

Field Observations. 

We identified 13 different categories of animal-fence interactions and animal-roadside 

interactions made by the survey team in the field. Each category of event is summarized in Table 3.7. In 

all instances where there was a live animal that could be aided to safety due to a fence impairment, the 

survey team would do so after obtaining details on the interaction. 
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Table 3.7 The twelve different types of animal-fence and animal-roadside observations made over the course of the 2019-20 field seasons, and the 
predominant characteristics associated with each. Frequency is related to the number of times an event was observed during the two field seasons: 
low 1-5 times, moderate 5-10 times, and high 11+ times. 
 

Event Species Name Frequency of 
Observation Type 

Highway 
Direction 

Fence 
Presence/Absence Additional Notes 

Snakes  

1. Live snakes go along the 
backside of the fencing, 
ostensibly preventing it from 
entering the roadway  

Watersnake (Nerodia sipedon), 
Gartersnake (Thamnophis sirtalis) Moderate 401S Present 

Snakes goes directly along 
the side of the fencing, 
hugging close to the 
material. 

2. Live snakes traveling along 
the road-side of the fence 

Watersnake (Nerodia sipedon), 
Gartersnake (Thamnophis sirtalis) High 401N/401S Present/Absent 

Snakes goes directly along 
the side of the fencing, 
hugging close to the 
material. 

3. Live snakes get stuck in the 
fencing while trying to 
squeeze through 

Watersnake (Nerodia sipedon), 
Gartersnake (Thamnophis sirtalis) High 401S Present 

Live snakes were aided by 
field researchers, but some 
were already dead upon 
observation. 

4. Snake passes under fence Watersnake (Nerodia sipedon), 
Gartersnake (Thamnophis sirtalis) Moderate 401N Present  

5. Snake basking in shoulder 
gravel All local snake types observed High 401N/401S Absent 

Actively occurring on both 
control sides of the field 
site. 

6. Snake trying to chase frog 
along fence 

Watersnake (Nerodia sipedon), 
Eastern Milksnake (Lampropeltis 
triangulm) 

Moderate 401S Present  
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7. Suspected hibernaculums 
along roadway All local snake types observed Low 401N/401S Absent  

Turtles  

8. Turtle nesting along 
highway 

Snapping turtle (Chelydra 
serpentina) High 401N Absent 

This occurred on the 
Eastern side of the fencing 
habitat. 

Anuran  

9. Frog 'event' All local frog types observed High 401N/401S Present 
Day after rainfall overcast 
weather, large numbers of 
frog observations occurred. 

Mammals  

10. Road removal employees 
moved dead carcass off road 
and in front of fence 

White tailed deer (Odocoileus 
virginianus)  Low 401S Present Education is required for 

full fence effectiveness.  

11. A mother raccoon was in 
distress when her babies 
could not climb from the 
road-side the fencing to 
safety 

Raccoon (Procyon lotor) Low 401N Present  

12. Ground hogs building 
tunnels right up to the road Ground hog (Marmota monax) High 401N Absent 

This occurred on the 
Western side of the fencing 
habitat. 

13. Deer hopping the fence White tailed deer (Odocoileus 
virginianus)  Low 401N/401S Present Deer would hop both 

directions over the fences. 
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One-half of the observational categories are related to snakes (Event Types 1-7); four of these are 

interactions with the fencing. One of these four interactions is of snakes found moving along the backside 

of the fencing (Table 3.7; Event 1). This was observed a total of 8 times and was only ever observed on 

the 401S side of the highway by water snakes and garter snakes. These instances ostensibly are indicative 

of the fence preventing the snakes from accessing the roadway. Similar to this event was that of snakes 

being observed traveling along the road-side of the fence (Table 3.7; Event 2). This was the most frequent 

snake field observation, occurring a total of 62 times.  

Another type of snake-fence interaction which was observed in high numbers throughout the two 

field seasons was various water snakes and garter snakes becoming lodged in the fencing while trying to 

squeeze through (Table 3.7; Event 3, Figure 3.39). This type of event only occurred with the chain-link 

fencing on the 401S side but had a particularly high frequency of incidents (n=42). The majority of these 

observations were of living snakes (n=37). However five dead snakes were found lodged in the fencing. 

The third type of snake-fence interaction observed was of snakes on the road-side of the fence hunting 

frogs who also frequented the road-side of the fence (Table 3.7; Event 6). This type of event was only 

observed with water snakes and Eastern milk snakes, and only on the 401S side of the highway. The last 

type of snake-fence interaction observed consisted of garter snakes and water snakes passing under the 

fencing from the road-side to the back-side (Table 3.7; Event 4). This only occurred on the 401N side of 

the highway, in areas where the fencing was subject to ground subsidence that had pushed the bottom of 

the fence above ground surface (Table 3.8).  
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Figure 3.39 An example of a dead snake that had become lodged in the chain link fencing. In this case, 
the snake had hooked itself twice through the fencing and was dead on arrival. This figure is composed of 
images taken from both sides of the fence.  
 
 
 The two other types of notable snake observations were from unfenced areas. These are helpful in 

understanding snake behavior and their interactions with roadways. There were two locations were 

suspected hibernacula were located (Table 3.7; Event 7). One was located on the eastern side of the 401N 

fencing, and the other on the western side of the 401S fencing.  Lastly, there were 51 observations of 

snakes observed basking on the roadside gravel on both the 401N and 401S sides of the highway (Table 

3.7; Event 5). These basking events were only observed in control areas where there was no fencing.  

 There were two other categories of herpetofaunal observations. The first of these was 7 ‘frog 

events’ (Table 3.7; Event 9). These were events that affected the entirety of the field site and were 

observed during surveys conducted on overcast summer days that followed a period of heavy rainfall. 

These conditions tended to result in large numbers of anurans to appear on the roadway, elevating the 

mortality observed on these surveys. The second other category was turtle nesting. Nesting of a snapping 

turtle was observed on the far eastern end of the 401N side of the highway (Table 3.7; Event 8). In this 

event a snapping turtle was observed walking up the slope to within 2 feet of the highway, laying her eggs, 

and then proceeding to continue to walk towards traffic. Once the nesting was completed, the field team 
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aided the turtle back towards the wetland in an attempt to get it to safety. Although this was the only time 

nesting was actively observed, the survey team found abundant evidence of nesting along many stretches 

of gravel shoulder along the study area on both the 401N and 401S side of the highway; the majority 

taking place on the most eastern side of the field site relatively close to C1. These were in the form of 

turtle diggings, predator nest excavations, and broken egg shells.  

 The last 4 categories of observations are related to mammals, two of which were related to white 

tail deer-fence interactions. One of these was a result of MTO maintenance crews clearing a deer carcass 

from the roadway, but placing it on the shoulder in front of the fence (Table 3.7; Event 10). Over the 

course of the following weeks, the field team noticed that pieces of the carcass were suddenly 

disappearing rather than decomposing. This suggests that the carcass may have been attracting other 

animals to the road-side of the fence for scavenging consumption. The second category of deer-related 

event was of deer jumping back and forth over the fence (Table 3.7; Event 13). All three of said 

observations were located on the 401S fence line. 

 In another mammalian event, a nursery of raccoons (1 adult, 4 kits) was observed on the road-side 

of the 401N fence (Table 3.7; Event 11). In this event, the nursery was frightened due to the appearance of 

the field team. The adult raccoon climbed the fence to “safety”, but the kits could not and therefore 

separated the nursery of raccoons. The last category of observation was of groundhogs excavating burrows 

right along the shoulder of the 401N side of the roadway (Table 3.7; Event 12). These burrows were 

actively being used by groundhogs and observed in unfenced areas. However, active burrows were 

observed to change location frequently, and it is possible that there were also burrows beneath the fencing 

at some point during the two survey years that went undetected. 

3.4.4 Fence Integrity Surveys 

Although fence surveys were conducted regularly during the monitoring period in both survey 

years, there were occasions where the field team could not access some fence segments due to extremely 
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high densities of wild parsnip (Pastinaca sativa). The stem, leaves and flowers of this invasive plant 

species contain chemicals that increase skin sensitivity to sunlight and can cause severe dermatitis and 

scarring. As such, the field team avoided these sections of fencing for health and safety reasons. 

 There was a total of 11 types of fence damage/failure that we grouped into 5 different causal 

categories: snow removal, ground subsidence, road shoulder erosion, installation complications, and 

unknown cause. Each fence damage or failure type was summarized in a table identifying the side of 

highway of the occurrence, the field season the occurrence happened, whether the occurrence was 

resolved (and if so who was responsible), the associated figure number in this report, and any additional 

notes (Table 3.8). A Ministry contractor implemented repairs to the fence in March or April 2020 based on 

the results of the 2019 monitoring and there were three repairs completed (Figure 3.40, 3.42, and 3.45).  
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Table 3.8 Eleven types of fence damage/failure observed over both field seasons. Each type was then further grouped into 1 of 5 different 
categories.  Those damages/failures are summarized here including the side of highway it occurred on, year it was identified in, whether it was 
addressed with maintenance, who handled the maintenance, the corresponding figure number in this report, and additional concerns. 
 

 
Side of 

Highway 
Field 

Season 
Treated or 

Maintenance Needed Maintenance Handlers Figure 
Image Additional Notes 

Snow Removal             

Snow plow run-off 401N 2020 Treated MTO team (March 2020) 3.40 Suspected as a result of being 
too close to the roadway. 

Ground Subsidence          

Fence pushed out of 
ground towards surface 401N 2019-20 Requires Maintenance N/A 3.41  

Height loss due to settling 401N 2020 Treated MTO team (March 2020) 3.42 

Required attention because 
turtles can climb fences at a 
certain height (Gunson et al., 
2016). 

Road Shoulder Erosion          

Erosion pressure on fence 401N 2019-20 Requires Ongoing 
Monitoring N/A 3.43 

Pressure caused by weight of 
increasing erosion at the base 
may cause detrimental damage 
in the future. 

Gaps under fencing 401S 2020 Requires Maintenance N/A 3.44  
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Installation Complications          

Fence tilting/leaning  401S 2019-20 Treated MTO team (March 2020) 3.45 
Could also be accelerated by a 
natural rate of erosion from the 
shoulder. 

Connections to structure; 
fence to culverts and jump 
outs 

401N 2019-20 Requires Maintenance N/A 3.46 

Short term solution: field 
researchers used materials 
used to correct the minor tears 
to correct some areas. 

Connections to the natural 
rockface 401S 2020 Requires Maintenance N/A 3.47 

Short term solution: field 
researchers covered base holes 
with rocks and dirt. 

Holes at material 
intersections 401N/401S 2020 Requires Maintenance N/A 3.48  

Unknown Cause          

Minor tears 401N 2019-20 Requires Ongoing 
Monitoring 

Field Researchers 
(October 
2019/November 2020)  

3.49  

Tunnels/holes under fence 401N/401S 2019-20 Requires Maintenance N/A 3.50 
Short term solution: field 
researchers filled holes with 
rocks and dirt. 
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Snow Removal. 

Snow removal is an important maintenance factor, as the fencing on the 401S side of the highway 

had been severely damaged by snow removal activities after the first snowfall in autumn of 2017, shortly 

after completion. The damage was repaired with complete replacement of fence materials.  

The first survey in 2019 indicated that the fencing on both sides of the highway lasted the 2018-19 

winter without any damage related to highway snow removal activities. The final survey in 2019 revealed 

localized damage from snow removal activities on the 401N side of the highway, presumably following 

the first major snowfall of the season in November. This damage was localized at the end of the fence, and 

it was clearly a result of snow thrown from a plow traveling the 401N side of the highway which struck 

the fence at such force that it caused the fence material to separate from the wooden frame (Figure 3.40). 

 

 
 
Figure 3.40 End of the 401N side of the highway (F4) is pushed in from the force of snow being thrown 
from a plow in early November 2019. 
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Ground Heaving and Subsidence. 

There were several locations on the 401N side of the highway where the bottom of the fencing 

was exposed; either from buried portions of the fence material being heaved above ground or improper 

burial during installation. This resulted in gaps through which animals could easily fit (Figure 3.41). The 

field team observed animals go under the fence in these locations several times during the 2019 and 2020 

field seasons. 

 

 
 
Figure 3.41 Portions of the fence on the 401N side of the highway were pushed above ground in some 
locations in 2019. This allowed for animals to pass underneath, negating the purpose of the fence. Some 
areas were suspected to be too wet to be fixed for the 2020 field season. Images are examples of this 
occurring at F5, and just to the west of C5 on the 401N side of the highway. 
 
 

Another 401N fence issue was the fence sinking into the ground and, with it, the fence height was 

reduced below the recommended minimum height of 60cm above ground (Gunson et al., 2016).  This was 

most likely due to ground settlement after installation as well as the saturated nature of the soils in these 

areas. To adjust this, Ministry contractors installed 2”x 6” planks vertically to the top of the existing fence 

rail to increase fence height (Figure 3.42). 
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Figure 3.42 One section of the fencing (F5) that was sinking into the soil due to ground settlement. The 
before (A), and after (B) maintenance photos are seen above. 
 
 

Road Shoulder Erosion. 

There were a few locations on the 401N side of the highway where erosion was causing gravel to 

accumulate on the uphill side of the fences (Figure 3.43). In some areas where this was occurring, the 

height difference was more than 30cm. The fence in these areas is currently withstanding the additional 

weight of soil against it. However, as erosion continues in these areas, the added pressure could result in a 

significant fence failure over time. 

 



 

 

 

 

 

99 

 
 
Figure 3.43 Over 30cm of gravel on the upslope side pushing against the fence material on the 401N side 
of the highway. 
 
 
 The bottom portion of the 401S fencing was embedded into the ground during installation to 

create a complete barrier to the turtles attempting to get to the roadway. However, over the course of the 

two years of observation (2019-20), natural ground erosion caused portions of the 401S fence to lose the 

soil which retained the base (Figure 3.44). This only occurred in places where the fence was installed into 

naturally steep and rocky shoulders of the road. This created large gaps under the fencing that could allow 

for any reptile or small animal to crawl under the fencing, effectively negating the fence’s presence in 

those areas. These gaps extend too far for field researchers to simply fill in the gaps with rocks and will 

require more effective maintenance in the future to ensure efficacy of the mitigation design. 
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Figure 3.44 Large gaps began to appear on the 401S fencing where it was located along particularly steep 
road shoulder banks. Seen in the figure is a picture of a field researcher holding a shovel through the gap 
to illustrate its size. 
 
 

Installation Complication. 

A portion of the fencing on the 401S side was leaning severely (Figure 3.45A). It appeared to be 

caused by gradual erosion of the roadside as a result of the steep slope at this location. However, there is 

also a prevailing concern with this fence failure that the frame posts of the fencing required to be further 

driven into the ground during installation, as other locations on similar road shoulder angles did not suffer 

similar issues. To resolve this failure, the MTO installed several 4”x4” and 2”x4” planks as braces on the 

downhill side of the fence along a section of the area of concern (Figure 3.45B). The intent of this 

reinforcement was to straighten the fence and prevent further leaning.  
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Figure 3.45 The fence on the 401S side of the highway was leaning away from the road in some areas and 
became quite loose in the 2019 field season (A), and in the beginning of the year in 2020 prior to the 
active field season contractors repaired it with 2”x4” and 4”x4” posting wedges (B). 
 
 

Additionally, there were locations where ground movement had pulled apart or changed the 

original shape of the fencing on the 401N side of the highway, possibly reducing fence effectiveness 

(Figure 3.46). Both areas were attempted to be resolved prior to the 2020 field season by covering the 

holes with wooden planks fastened to the planks of the wooden frame. However, due to a lack of 

connectedness of materials to the frame or fence structure this was not sufficient in preventing the holes 

from increasing or being created elsewhere along the highway 401N fencing. 
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Figure 3.46 Detachment of the fence to jump outs (A) or culverts (B) on the 401N side fencing is causing 
large gaps to appear which may allow for animal passage through the fence at these locations, and 
increases the chance of these increasing in size over time. 
 
 
 One other concern was of the connections of the 401S fencing system to the rock face. The fence 

in these areas was connected to the rock face through 3 small pieces of 2”x4”, which was then used to pin 

the fence to the rock. This left the bottom of the fence without any solid connection to the rock face 

(Figure 3.47A). The field team temporarily blocked the hole at the base with rocks and dirt (Figure 

3.47B), but this is a short term solution and will require some longer-term maintenance in the future. 
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Figure 3.47 The area where the 401S fence was connected to the rock face was insufficiently attached to 
the rock, leaving the base available for reptile movement (A). Field researchers filled the gap in with rocks 
and dirt from around the area to attempt a short term solution (B) until a more concrete plan in enacted. 
 
 
 On both the 401N and 401S side of the highway fencing there were some issues of the fence 

material lacking appropriate attachment to the wooden frame (Figure 3.48). Most pieces of fencing had a 

minimum 15cm (6”) of overlap where they were connected, however there were some areas were this was 

little to no overlap. Over the course of the two field seasons the structure moved quite a bit due to ground 

settlement, and this caused the fencing to slightly pull. Gaps in the fencing then resulted where there was 

little or no overlap. These require attention and maintenance, as over time they will likely increase in size 

and affect the fence’s effectiveness. 

 



 

 

 

 

 

104 

 
 
Figure 3.48 In areas were fence material was not overlapped, but rather aligned at their base, fencing is 
beginning to separate. This is occurring on both the 401N (A) and 401S (B) side of the highway and gaps 
increased in size as field season continued. 
 
 

Unknown Cause. 

Several small holes developed in the mesh fencing along the 401N side of the highway during the 

2020 field season (Figure 3.49A). Most of these developed at weak spots in the fencing that seem to have 

originated at creases and folds in the material that likely arose during transport or installation. These holes 

were repaired by the monitoring team by using stainless steel galvanized wire to stitch the fence together 

at these locations (Figure 3.49B). This should suffice as a short-term remedy, but may not be an adequate 

long-term repair. 
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Figure 3.49 Small tears developed in the mesh fencing along the 401N side of the highway (A). These 
tears were repaired by stitching the area together at the end of the 2020 field season (B), but may require 
additional attention in the future. 
 
 
 Lastly, there were multiple tunnels under both the 401N and 401S fences (Figure 3.50). These 

tunnels were not observed to have any activity, and therefore it is unknown what animal caused them. 

However, some holes became large enough for reptiles, amphibians, and even medium sized mammals to 

pass through. When identified, field researchers filled the tunnels with rocks and dirt from the surrounding 

area. This is not a long-term solution, as it is likely that animals are continuing to build new tunnels 

consistently, and will be for the foreseeable future. 
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Figure 3.50 An example of a tunnel from the road-side of the fence on the 401S side of the highway. 
These tunnels occurred often on both sides of the road ways fencing. 
 
 

3.5 Discussion and Recommendations 

3.5.1 Was the mitigation structure effective in reducing road mortality? 

Turtles. 

The results indicate that the fencing was effective in reducing road mortality of turtles, which was 

the target taxon. This was evidenced by the complete elimination of mortality in front of the fencing on 

the 401S side, and the reduction in turtle mortality on the 401N in front of the fencing (Figure 3.20; Figure 

3.24A). Elevated mortality continued in the unfenced areas at the eastern and western ends of the study 

area although the specific boundaries of hotspots in these unfenced areas did shift.  
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Despite the apparent success of the fencing for turtles, there was a significant hot spot that 

occurred between the two sections of fencing on the 401N side of the highway (Figure 3.24A; stable hot 

spot 2). Road mortality of all three species of turtles was observed here, including two Blanding’s turtles 

(threatened). Ironically, this further supports the efficacy of fencing in preventing turtles from entering the 

roadway. The hotspot occurred in an unfenced area along a stretch of road which had high mortality prior 

to fence construction. The relative magnitude of mortality was reduced in fenced areas east and west of 

the gap, but increased at the specific location of the gap. This suggests that turtles were using this 68 m 

gap as a “gateway” to access the roadway from the wetland habitats located behind the fence. This 

corresponds with a study of the Long Point Causeway in southwestern Ontario which found that partial 

fencing had no significant effect on reducing the abundance of road mortality and was no better than road 

sections without fencing (Markle et al., 2017). The results further demonstrate the criticality of having 

fencing span the complete length of a turtle mortality hotspot in order to be effective.  

It is difficult to partition the extent to which the elevated mortality in the fence gap was due to the 

gap per se versus the presence of two nearby fence-ends (and therefore possible failure of the U-shaped 

fence-end design). Elevated mortality at fence-ends has been reported in other studies (Clevenger et al., 

2001; Huijser et al., 2016; Lafrance & Alain, 2019). However, elevated mortality of turtles was not 

observed at any of the other fence ends (F1-F4) in the study area, thus suggesting that the persistence of 

the hotspot in front of the gap was less a consequence of failure of the fence-end design and more a 

consequence of lack of fencing in the original hot spot. 

It is unclear why the gap in the fencing existed.  It is the understanding of both the researchers and 

environmental consultants hired for this project that the original design called for a continuous fence. It is 

possible the gap was left due to a challenge experienced by the construction team during installation. 
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Shallow depth to bedrock might have prevented installation of fence posts at this location, but there is no 

evidence to suggest this, and there are certainly straightforward ways of addressing this. 

There were two other stable hot spots identified for turtles; both were outside of the fenced area 

and located in front of large wetlands (Figure 3.24A; stable hot spot 1 and 3). Road mortality hot spots for 

herpetofauna are known to be linked to suitable wildlife habitat (Cureton & Deaton, 2012; Jones, 2019; 

Langen et al., 2009), and therefore it was not unexpected for these wetland areas without fencing to 

contain persistent hotspots. Eberhardt (2009) found that turtle road mortality on the nearby 1000 Islands 

Parkway (see Figure 3.1 for location) was positively correlated with wetlands. Similarly, Jones (2019) 

found that hotspots for turtles on the nearby Highway 2 were also closely linked to the presence of 

wetlands. Thus, we recommend that areas around all three of the stable hotspots – but most especially the 

gap in the 401N fencing – be targeted for the installation of additional fencing. However, although 

effective in reducing road mortality on its own, fencing has the potential to increase wildlife population 

isolation (Jaeger & Fahrig, 2004), and must therefore be paired with appropriate wildlife crossing 

structures to promote connectivity (see below). 

Snakes. 

Snake mortality hotspots were not associated with the fenced portion of the highway prior to 

construction of the fencing. However, several snake mortality hotspots emerged in front of the fencing on 

both the 401N and 401S side of the highway after its installation (Figure 3.21; Figure 3.24B). This 

suggests that the fencing was responsible for an increase in snake mortality. Given the presence of two at-

risk species in the area (gray ratsnake and eastern ribbonsnake), this is particularly concerning and 

presents a “conservation conundrum” whereby a positive solution for one group of species (in this case, 

turtles) is detrimental for another.  
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 The mechanisms for this elevated mortality in front of the fencing are informed by the 

observations during field surveys and from images captured by the remote cameras. Additional evidence 

suggests that snakes inadvertently became trapped on the road-side of the fence as they travelled parallel 

to the roadway. Snakes are attracted to roadsides for thermoregulatory requirements (Ashley & Robinson, 

1996), and roadside environments can be attractive for hunting (Smith & Dodd, 2003). Indeed, we 

frequently observed live frogs (an important food source for snakes) along the roadside vegetation 

adjacent to the gravel shoulder. Additionally, we often observed snakes moving alongside the base of the 

fencing, suggesting that the fencing was a frequently used travel path. The observations also suggest that 

the U-shaped fence ends were not always completely effective for snakes. Instead of redirecting them, 

snakes were occasionally observed moving along the base of the fence until they found themselves on the 

road side of the fencing. Once on the road-side of the fence they eventually need to return to a natural 

habitat, and due to their inability to pass through the fence they may have chosen instead to attempt to 

cross the highway.  

Five of the 401S snake mortalities included in the hot spot analysis were of snakes found stuck in 

the 3/8” chain link fence. This phenomenon of snakes passing or attempting to pass through the chain link 

was observed 37 times during surveys, although these instances of live snakes were not included in the 

mortality analysis. We assisted these 37 snakes through the fence so it is likely that some of them would 

have died had we not been conducting this regular monitoring. The direction of snakes observed passing 

or attempting to pass through the 401S chain link fence was entirely from the road side to the habitat side. 

This is important because it supports the hypothesis that the snakes were inadvertently trapped on the road 

side of the fencing. It also illustrates that the 401S fencing was physically responsible for the mortality of 

some snakes. Snakes were not observed stuck in or passing through the finer steel mesh fencing on the 

401N side of the road, despite that side also having elevated levels of mortality. 
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 There is a possibility that the emergent snake hot spots existed prior to fence installation but were 

simply not detected. Fewer dead snakes were observed on the surveys conducted prior to fence installation 

compared to surveys afterwards. This is attributable to the higher number of surveys conducted in 2019 

and 2020. This difference was not problematic for turtles or mammals whose remnants can persist for 

several weeks and would therefore still be detected when surveys are conducted at a lower frequency. But 

snake and amphibian carcasses are known to degrade much faster (Cabrera-Casas et al., 2020; Degregorio 

et al., 2011; Langen et al., 2010), meaning that analysis of data obtained from low-frequency surveys may 

not be entirely representative. Despite this possibility of unidentified hot spots from before fence 

installation, the magnitude of snake mortality outside the fenced areas (i.e. in the “control” areas) was 

similar before and after fence installation, especially at the east end of the study area. This supports the 

legitimacy of a before-after comparison and the subsequent interpretation that the fencing contributed to 

snake mortality. 

Anurans. 

Interpretation of the anuran results requires special consideration of the nature of the mortality 

data. Despite the high number of observations from 2019-20, many of them are from a relatively few 

number of surveys. These and other similar surveys occurred during or after rain (hereafter called “rain 

events”). Rainfall and high humidity are known to trigger anuran movement (Pitt et al., 2017). Jones 

(2019) conducted wildlife road mortality surveys on a parallel roadway to the study site (Figure 3.1; 

Highway 2) and observed similar rain events, but with even larger extremes (n=1500). Even after 

adjusting for the differences in length of the two survey areas, the totals after rain events were less than 

half of those reported by Jones (2019). This is undoubtedly related to frog carcasses being decimated due 

to both the volume and speed of traffic on Highway 401. We therefore believe that survey numbers 

presented within this thesis are a large underrepresentation of the actual numbers of anuran mortalities on 

Highway 401. 
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The small number of frog observations prior to 2019 suggests that rain events were not recorded 

in the pre-fence surveys. For instance, the maximum number of DOR anurans found in a single survey in 

2019 was 56 animals and in 2020 it was 32, which are both greater than the total number of pre-fence 

observations. Consequently, there is no evidence from the before-after comparison of the BACI design to 

suggest that the fence reduced anuran road mortality on either side of the roadway. However, there is 

some evidence from the control-impact comparison to suggest that fencing helped reduce anuran mortality 

(Table 3.6). In the two years of monitoring with adequate data, no hotspots were detected within the 

fencing. All of the emergent hotspots were located beyond the fenced sections of 401N and 401S, 

including two very long hotspots at the east and west ends of the study area (Figure 3.22; Figure 3.24C). 

There is no reason to suspect that these hotspots would not have been continuous across both the fenced 

and unfenced portions of the study area, had the fencing not been installed. 

Mammals. 

The results suggest that fences helped reduce road morality of mammals. Three discrete hotspots 

evident in the data collected prior to fence installation had disappeared in 2019-20. These were located on 

both 401S and 401N sides of the roadway. All of the emergent hotspots that were detected in the 2019-20 

data were located outside of the fenced areas. Only one stable hot spot was detected in the data, and it too 

was located outside of the fenced area in a wooded habitat (Figure 3.23; Figure 3.24D).  

Despite the elimination of hotspots in the fenced area, it is worth noting that the results were not 

consistent for all species of mammals. As part of a follow-up analysis, we differentiated between small 

and large mammals and determined that mortality of the larger mammals was not affected by the fencing. 

Larger mammals are typically classified as species which are considered a threat to human safety by the 

Traffic Injury Research Foundation (Vanlaar et al., 2012). The majority of their classifications are over 45 

kg (100 pounds), but with increased vehicular speed, the size and weight of an animal that can be 
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considered dangerous in a collision drastically decreases. Given the context of the field site on Highway 

401, Canada’s busiest roadway, and the high vehicular speeds which are known, we included the three 

largest animals which were observed: fox, coyote and white-tailed deer. The results of the follow-up 

analysis for these three species indicated that while a small hotspot in the fenced area on 401N did 

disappear, another emerged within the fencing on the 401S, and several others also disappeared well 

beyond the extent of the fencing (Figure 3.51). This lack of effect of the fence on large mammals is 

supported by observations in the field, which indicated that large mammals were simply finding their way 

around the fence, either through the jump outs or by jumping/climbing over the fence. So, while the 

fencing reduced mortality of smaller mammals, it had little effect on the larger mammals that pose a more 

significant risk to human safety. 

 

 
 
Figure 3.51 A map of the Highway 401 field site depicting the three possible forms of hotspots in relation 
to their temporal behavior as a result of the fence installation: before fence (disappearance), continuous 
(stable) and after fence (appearance). This is conducted on both AOR and DOR large mammals’ only 
(fox, coyote and white-tailed deer).  
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3.5.2 Were the Culverts Effective as Crossing Structures? 

Despite their potential for reducing wildlife road mortality, fences can reinforce the fragmentation 

of wildlife into smaller populations that is initiated by roads. This is problematic because each of these 

smaller populations have a higher risk of extinction due to random or stochastic environmental events 

(Jaeger & Fahrig, 2004). Further, without exchange of individuals there is a risk that these populations can 

become genetically isolated and suffer from the effects of inbreeding depression (Jackson & Fahrig, 

2011). Connecting wildlife populations on either side of a roadway with crossing structures allows 

animals to safely access resources and mates without the threat of vehicle collision, thereby improving 

population viability (Smith et al., 2015). 

There is an emerging consensus in the scientific literature that wildlife fencing and crossing 

structures are most effective when used together (Rytwinski et al., 2016), and there is a growing number 

of successful examples of purposely-built crossing structures or “ecopassages” worldwide (see Smith et al. 

2015, for examples). However, the efficacy of pre-existing drainage culverts in this role is far from clear. 

In a study in southern Quebec, Brunen et al. (2020) found that ordinary drainage culverts were unsuitable 

as substitutes for designated wildlife passages for mammals. In contrast, Read and Thompson (2021) 

found that turtles would use large diameter drainage culverts to cross two-lane roads in southern Ontario if 

they were paired with fencing, and Cunnington et al. (2014) found the same for the use of large box 

culverts by frogs on the Thousand Islands Parkway. Results show that while some animals did use culverts 

to make a complete passage under Highway 401, this was limited to very few species and most instances 

were of mammals. Muskrats and raccoons accounted for 331 of the 393 crossings (84%). Only 4 complete 

crossings of turtles were indicated from the remote imagery, and only 7 complete crossing for snakes. 

These low numbers suggest that drainage culverts are ill-suited as ecopassages across 4-lane expressways 

for both turtles and snakes.  
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We captured many instances of turtles and snakes investigating culvert openings, but these did not 

translate into highway crossings. For example, the C6E camera captured a set of photos under time-lapse 

of a snapping turtle with a unique marking on its shell. This particular turtle entered the culvert, only to be 

observed a short time later exiting the culvert from the same opening. During the 2 years of monitoring, 

there were 119 different observations of turtles investigating the entrance of this culvert, but only 4 

complete crossings (3.4%). This suggests that turtles may be enticed to use culverts as passages if they are 

adequately sized and configured. Ectotherms prefer to use ecopassages of specific temperature (Read & 

Thompson, 2021), lighting (Jackson & Griffin, 2000), substrate (Perrera, 2020), size and shape (Mccann, 

2017). But none of the existing culverts in the study area (with the possible exception of C1, which was 

not monitored) fulfill these requirements. The “openness ratio” (the ratio of length to diameter or width of 

a crossing structure) is one metric used to assess the potential for culvert use by wildlife (Read & 

Thompson, 2021). The recommended ratio for turtles is ideally ≥0.25, but no less than 0.1 (Credit Valley 

Conservation, 2017). The ratios for culverts we monitored ranged from 0.008 to 0.012, roughly 10 times 

less than the recommended minimum.   

Motion sensor digital cameras have some limitations in capturing herpetofauna in applications 

related to road crossing structures (e.g. Pomezanski & Bennett, 2018). Lower lighting, slow movement, 

aquatic environments, and the ectothermic properties of herpetofauna often result in capture rates that are 

less than 100%, meaning that data need to be considered as minimums rather than absolute counts. 

However, we do not believe these limitations have any significant effect on the results. The high 

frequency of time lapse (30 and 60 sec.) we used helped overcome motion detection challenges in this 

application. Moreover, we captured thousands of images of animals at the entrances of all monitored 

culverts, including snakes and turtles, which means that the capacity to detect animals was not a 

significant issue. 



 

 

 

 

 

115 

We conclude that the current drainage culverts are ineffective for turtle passage. This is perhaps 

not surprising since they were not originally intended for this purpose. However, to be effective, wildlife 

fencing must be complemented by the instalment of dedicated ecopassages designed to ensure regular and 

safe passage of the target animal and as many other species as possible (Brunen et al., 2020). Maintenance 

or retrofitting the current culverts would not likely improve their usability, as they are too small to be 

effective. If possible, these culverts should be replaced with adequately sized and designed ecopassages. 

We understand that this will be challenging on Highway 401, but replacement of even one culvert could 

prove beneficial since habitat connectivity is an important factor in the health of turtle populations 

(Bishop-Taylor et al., 2018; Mui et al., 2017; Serrano et al., 2019).  

Adequately sized culverts would also help avoid the potential for their openings to become 

predator traps. We observed river otter and mink preying on frogs in imagery from one of the smaller 

culverts (C5). These species, especially otters, are predators of turtles and the risk of predation is one 

reason why turtles might be reluctant to use small culverts. Large passages would facilitate their use by 

turtles, reduce the potential for predators to ambush turtles, and improve population connectivity in the 

process. 

3.5.3 Relative Effectiveness of Fence Designs 

MTO deliberately installed fencing with two different mesh sizes to compare their effectiveness. 

It is known that larger mesh sizes are more durable, but other studies have shown that some SAR are able 

to pass through and/or become stuck in larger mesh sizes (reviewed in Gunson et al. 2016). We found the 

two mesh sizes were equally effective in preventing turtles and small mammals from getting onto the road. 

Neither mesh size prevented large mammals from entering the roadway as they were able to bypass the 

fence system completely. A comparison of the of the two mesh sizes in preventing frogs from entering the 

roadway was limited to data collected in 2019-20, but there is no evidence from those data to suggest a 
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difference. Finally, high levels of snake mortality were detected in front of both fence types. Ostensibly 

this result would indicate that neither fence material prevented snakes from entering the roadway, but 

comparison with mortality patterns in the unfenced “control” portions of the roadway combined does not 

support this. Instead, field observations suggest that many snakes are entering the roadway from beyond 

the ends of the fencing. However, the observation that snakes get trapped in the 3/8” chain link fence as 

they attempt to pass from the road side to the habitat side is of serious concern. Continued use of this 

fence material at this site and others should be altered to prevent further mortalities (see 

Recommendations, below). 

As expected, another significant difference in performance of the two fence materials was related 

to durability and resilience. Snow removal considerations are foremost among these and important to 

consider for ongoing fence maintenance. Both the 401N and 401S fencing were subjected to snow 

removal complications during this study. Snow removal was responsible for the complete detachment of 

fencing from the wood frame on the 401S side, which resulted in the fence material being replaced with 

the newer 3/8” chain link so that it could better withstand the force of snow being thrown from plows. We 

found that the chain link performed very well in this regard, as no further snow damage was observed on 

the 401S side of the highway. However, the finer-mesh fencing on the 401N side also experienced damage 

from snow throw in a location where it was in close proximity to the road (Figure 3.40). In instances 

where setback from the road is not possible, the higher cost of the chain link material is warranted 

provided that some adjustments are made to prevent passage of snakes onto the roadway (see 

Recommendations, below). It may also be useful to consider attaching fencing to the road side of the 

frame so that snow pushes the fence onto the framing, not away from it. 

Increasing fence setback would also be useful in avoiding the steep slopes associated with the 

road bed. In some instances at the study site these slopes were measured to be as great as 70%. This steep 
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angle was responsible for significant soil creep and subsequent significant leaning of the fence on the 

401S side (Figure 3.45). This was addressed by reinforcing the wooden framing, but this may not be a 

long-term solution. Increasing fence setback or driving posts deeper into the ground could help in future 

similar situations. 

Both the 401N and 401S had locations where the fencing was pulling away from the frame 

(Figure 3.46 and 3.48), and the 401N had several sizable holes that were detected during monitoring 

(Figure 3.49). These were likely caused by a combination of installation complications and natural ground 

settlement following installation (Pelletier et al., 2005). The chain link material seemed to perform better 

in this regard, as it was a more flexible material capable of shifting slightly with ground and post 

movement. Some of the holes in the 401N fencing appeared to be initiated by creases in the rigid mesh 

material which we suspect originated with improper handling during fence installation.  

An unexpected and significant design flaw was the gap in the 401N fencing which the data 

suggests resulted in elevated turtle road mortality. Paradoxically, the presence of this gap helped us assess 

the effectiveness of fencing for reducing turtle mortality, but this must be prioritized for remediation by 

installing additional fencing to bridge the ~70m gap. The gap on the 401S did not seem to be as significant 

a problem as it was bridged by a rock outcrop and did not occur near a wetland.  

Overall, many of the ongoing maintenance concerns associated with the fencing were related to 

issues that could have been prevented or alleviated during initial design and installation. Inadequate care 

during installation can result in damages and maintenance concerns before the mitigation structure is even 

in use, reducing the efficacy of the fence and its ability to keep turtles and other taxa off of the roadway. 

Attention to detail is essential during installation; many seemingly small features and considerations that 

are not at all important in other fence applications (e.g. property delineation, livestock enclosures) become 

critical to consider in roadside wildlife fencing.  Several of the fence issues we identified can be avoided if 
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communication is fostered between all stakeholders during every step of the project. Many studies have 

found that when communication is constant between all stakeholders that project designs are most likely 

to succeed or contain best practices and regulations (Cramer & Bissonette, 2005; Jacobson & Tonjes, 

2015; Rytwinski et al., 2015).  This highlights the need for wildlife biologists, transportation planners, and 

engineers to be in communication at the earliest stages of a mitigation design, and to communicate their 

plans clearly during installation in order to avoid unnecessary costs of additional maintenance concerns 

and predictable fallibilities within the design. 

3.5.4 Recommendations 

This study has illustrated the significant threat imposed by roads on wildlife, especially for 

herpetofauna species. But it has also illustrated that these concerns can be partly addressed through 

appropriate mitigation strategies. The fence system installed on Highway 401 helped reduce road 

mortality of turtles – the target taxon – but improvements and maintenance will be required to ensure its 

success. Furthermore, other species can also benefit from an appropriately designed fence-underpass 

system, which is especially important given the number of species-at-risk on the Frontenac Arch. The 

following recommendations are provided based on the results of this study. Some are specific to the 

Highway 401 study site, and most are intended to be applicable to other fence installations in Ontario as 

well.  

• Fencing must span the entirety of wildlife mortality hotspots, and this should extend well past 

their margins in both directions to be fully effective. Bridging the gap in the 401N side of the 

fence is of highest priority at this study site, but other hotspots at the west and east ends of the 

study area should also be considered for fencing as wildlife mortality was high in these areas. 

• Small drainage culverts do not facilitate connectivity across roadways. Construction of a fence 

system should be complemented by the installation of dedicated ecopassages which are designed 
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with wildlife movement in mind. We recommend replacement of culverts at the study site with 

adequately sized and designed ecopassages to promote population connectivity. Without this step, 

fence structures could reinforce population isolation. Adequately sized passages would also help 

avoid the potential for their openings to become predator traps.  

• The 1/4” steel mesh and the 3/8” galvanized chain link were both effective for turtles, but the 

chain link had considerable maintenance and durability advantages over the mesh. However, due 

to it being associated with instances of snake mortality, it is suggested that future installations and 

retrofits of similar chain link include a 30 cm above ground level “screen” constructed from a 

much finer mesh or smooth plastic to eliminate this effect (see Huijser et al. (2017) Figure 23 for 

example). 

• Monitoring of fences should be a routine component of their implementation. The process should 

be considered part of an adaptive environmental management loop, wherein fences and other 

mitigation techniques are continuously improved in response to monitoring results that measure 

their effectiveness over time (Lester, 2015).    

• Yearly maintenance checks immediately after snow melt are required to ensure continued 

effectiveness of fencing, and it is important that recommended maintenance be implemented 

before snake and turtle movement begins in late-April-early May. A second maintenance check in 

the fall is encouraged to ensure the fencing is in good shape to resist the impacts of snow clearing. 

• To minimize follow-up maintenance events, we suggest the following design considerations: 

o Set fencing back from the roadway to avoid damage caused by snow throw from snow 

plows whenever possible.   

o Avoid installation of fences on steep inclines so as to minimize fence leaning and 

unnecessary uphill pressure on the fence due to soil erosion (see examples at Figure 3.43 

and 3.45, respectively). 
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o Attach fencing to all parts of the frame structure, and ensure it is well-connected to 

culverts and jump outs to eliminate holes and gaps (see Figure 3.9B for example of how 

this was effectively achieved on a jump out on the 401S side of the highway). 

o Overlap fence material at all seams, rather than joining them at their edges. This is 

necessary to avoid gaps and holes that develop due to ground settlement and freeze-thaw 

cycling (see example at Figure 3.48). 

o Ensure that a sufficient height of the fencing material is buried underground along the 

entire length of the fence. This will aid in minimizing the development of gaps at the base 

of the fencing (see example at Figure 3.44). It should also aid in maintaining fence contact 

with the ground in areas of accelerated erosion such as when fencing cannot be installed 

on level terrain. 

o Install fencing higher than the recommended minimum of 60cm (Gunson et al., 2016) so 

as to account for post-installation settlement of the ground (see example in Figure 3.42). 

• Regular communication among road ecologists, transportation planners, and maintenance teams 

should occur across all stages of mitigation design and installation. Fence installation teams 

should include an ecologist with expertise in the needs of the target species. This ecologist must 

be able to assist the installation team when inevitable challenges arise that require modifications 

from the original design. 

• Additional study should be conducted to evaluate designs of, as well the as efficacy of, jump outs 

for turtles and snakes. The evidence indicated that mammals were the only taxon using them, 

despite evidence to suggest that snakes become trapped on the road side of fencing. Furthermore, 

mammals were using them to travel in both directions, meaning that their current design could be 

detrimental to these species.  
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• There are high levels of turtle road mortality on Highway 401 where it passes over the Frontenac 

Arch, and all species of turtles in the region are considered at-risk of extinction. Data presented 

within this thesis supports the myriad of other studies indicating that the threat of road mortality is 

highest from May to early July. Road maintenance and construction activities should be planned 

accordingly so as to minimize losses to the population.  

• We recommend continued research to inform on best practices for design and implementation of 

fence-ecopassage systems and other approaches for reducing wildlife road mortality and 

facilitating safe movement of animals across transportation corridors in Ontario. Some examples 

of such research that emerge from the results of this study are: 

o Evaluate population-level effects of major ecopassage infrastructure over a long time 

period. This includes changes in population size and structure over time and genetic 

diversity and gene flow. Ecosystem-level effects including species diversity and trophic 

interactions could also be evaluated. 

o Monitor the effectiveness of solutions to reduce snake road mortality with a fence-

ecopassage design that is resilient to the force of snow removal on a major 4-lane 

highway. This should be implemented as an experiment that evaluates several possible 

designs. 

o Use controlled field arena trials to study the response of snakes, turtles, and/or other taxa 

to different fence and ecopassage designs. A recent study (Macpherson et al., 2021) used 

this approach to evaluate fence designs for gray ratsnakes, one of the SAR species found 

at the study site. 

o Identify all areas of high reptile mortality along roadways across Ontario, with a view to 

installing mitigation structures that account for the above recommendations wherever 

possible. 
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In addition to this study, our team has partnered with the Algonquin-to-Adirondacks Collaborative 

to study the landscape level impacts of Highway 401, Highway 2, and the Thousand Islands Parkway on 

the biodiversity of the Frontenac Arch, including SAR reptiles. That work has identified the focus area of 

this report as an important zone to target in efforts for improving regional landscape connectivity, 

especially given the adjacency of Thousand Islands National Park. We encourage the MTO to engage in a 

more detailed discussion with this group prior to making the site improvements recommended above. We 

are planning for a final report on this initiative, with detailed recommendations, to be available by the end 

of this year. 

  



 

 

 

 

 

123 

Chapter 4 

Conclusions 

4.1 Summary 

Roads are a significant contributor to the ongoing problem of biodiversity loss; directly by way of 

wildlife-vehicle collisions as well as indirectly through habitat fragmentation. With global length and area 

of roads projected to continue increasing, there is an urgent need to reduce these negative impacts. There 

is growing experience with mitigation structures for reducing wildlife-vehicle collisions and promoting 

safe passage across roadways to reduce animal mortality and promote habitat connectivity. These 

structures are often placed in areas containing important habitat and/or in areas determined to have 

disproportionately high rates of mortality (i.e. ‘hot spots’). In southern Ontario there has been particular 

attention placed on herpetofauna that are at particularly high risk of WVCs. However, use of these 

structures is still in its infancy, and more monitoring is required to assess their effectiveness and inform 

future implementations. Moreover, few studies have evaluated the efficacy of these turtle mitigation 

structures on major freeways, or through the use of a BACI study design. This research contributed to 

filling this gap in the literature by way of three main objectives, the results of which are briefly 

summarized as follows: 

 
1) Determine if the fences were successful in reducing wildlife road mortality. 

 
The spatio-temporal mapping derived from the KDE+ analysis clearly illustrated that the 

mitigation structure was effective in reducing turtle and small mammal mortality, but also suggests that 

the fencing may have contributed to an increased mortality of snakes. The fencing was unable to prevent 

large mammals from entering the roadway, as they were able to bypass the fence system completely. 
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There was no evidence from the before-after component of the BACI design to suggest that the fence 

reduced anuran road mortality, but there was some evidence from the control-impact comparison that the 

fences had some influence. It is encouraging that the fence had the desired effect of reducing mortality of 

the target species (turtles), however the results indicate that the fencing must span the full extent of the 

pre-defined hot spot of mortality in order to be effective. Moreover, the results point to a “conservation 

conundrum”, whereby a particular success related to one taxa (in this case, turtles) was detrimental for 

another (snakes).  

 
2) Identify if the pre-existing drainage culverts were effective as crossing structures. 

 
The results of monitoring showed that while some animals did use culverts to make a complete 

passage under Highway 401, this was limited to very few species and most instances were mammals. The 

majority of crossings were muskrats (Ondatra zibethicus) and raccoons (Procyon lotor), which accounted 

for 331 of the 393 crossings (84%). Only four complete crossings of turtles and seven complete crossings 

for snakes were detected. These low numbers suggest that the drainage culverts are ill-suited for the target 

taxa. Nonetheless, the recorded presence of turtles at culvert openings suggests that turtles may be enticed 

to use culverts as passages if they are adequately sized and configured. 

 
3) Assess the relative effectiveness of fence designs and materials, and 4) identify site improvements 

and inform on best practices for other projects. 

 
The experience identified several pre-emptive options for avoiding unnecessary damage to 

fencing, with the main suggestion being to build on flat terrain, and far enough away from the road to 

avoid snow-plow run-off. Although 3/8” galvanized chain link fencing showed higher durability and 

resilience than 1/4” steel mesh, it was also directly responsible for snake mortality. Therefore, the results 
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suggest that the ‘best practice’ for road mortality mitigation of turtles and general conservation in the 

Frontenac Arch and other similar areas may be the installation of 3/8” galvanized chain link with a 

ground-level screen of fine mesh or smooth plastic (~30cm), adequately sized and configured 

ecopassages, and full coverage fencing of pre-defined hot spot locations of mortality. 

4.2 Comments on Road Ecology Methodologies 

There are a multitude of ways in which wildlife road mortality can be measured in a research 

setting, and therefore there are a range of practices that exist for collecting this data. All these studies are 

similar in their attempt to determine a rate at which wildlife interact with a road and relate it to mortality. 

This thesis used a combination of quantitative and qualitative methods to determine the efficacy of the 

fence-culvert mitigation structure, however there were some methodological limitations that merit 

mention. Issues related to the use of remote cameras to capture cold-blooded species, and the capacity of 

sand traps to maintain footprints mean that data yielded from these techniques should be considered as 

minimums rather than absolute counts. Past studies have observed that lower lighting, slow movement, 

aquatic environments, and the ectothermic properties of herpetofauna often result in image capture rates 

that are less than 100% (Pomezanski & Bennett, 2018). But, due to frequent imagery time lapse (30 and 

60 sec.), and regular raking of sand traps, I do not believe these limitations had any significant effect on 

the interpretation of the results. Nonetheless, they should be considered when being implemented in future 

studies. As such, I subsequently provide some comments on areas where future research and design could 

look towards improving upon these commonly used methods and technologies. 

Remote imagery is obtained from cameras that are triggered by movement or by an automated 

timer to document passing wildlife. This method has increasingly become more popular in conservation 

research and monitoring to reduce field effort. They are also non-invasive and remove ethical issues of 

animal handling and potential trapping mortality (De Bondi et al., 2010; Edwards & Jones, 2014). 
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Previous studies have used remote imagery as a method to determine the efficacy of a mitigation 

structure’s ecopassages or pre-existing drainage culverts (Crosby, 2014; Geller, 2012), however this 

method is subject to many flaws when it comes to identifying herpetofauna. Herpetofauna are cold 

blooded species, and as such the traditional motion sensory remote imagery, even when on the most 

sensitive infrared setting, is unlikely to capture all instances of movement for these species (Baxter-Gilbert 

et al., 2015; Malt, 2012; Pagnucco et al., 2011). Often this results in the requirement of pairing remote 

imagery with techniques such as PIT-tagging (Baxter-Gilbert et al., 2015; Boyle et al., 2021), or to be 

paired with additional arena studies (Paulson, 2010; Woltz et al., 2008) where budget allows. However, 

these types of methods are more intensive and costly, and therefore remote imagery is often used alone as 

a low-cost alternative in an already costly project (Pagnucco et al., 2011). Due to the increasing amount of 

research being conducted on herpetofauna, some recent studies have looked towards developing new 

imaging technologies which attempt to meet this challenge. The COAT camera developed by Welbourne 

(2013) increased passive infrared sensitivity when compared with previous cameras. However, it was 

considered to still be limited in its abilities to observe herpetofaunal species, as it only operated better than 

the pre-existing technology during certain hours (Welbourne, 2013; Welbourne et al., 2016). Another 

method called the Hunt trap attempted to solve this issue by attracting the target species using bait, forcing 

them into a thermally homogeneous trap which also decreased the detection zone (McCleery et al., 2014). 

This method was successful in capturing the target species, but was limited by omitting species not 

attracted to the bait. Moreover, this technique was susceptible to capturing many images of one individual. 

Within the last year, the AHDriFT technique developed by Amber et al (2021) looked to combine to the 

strengths of the COAT and Hunt trap methods. While AHDriFT showed promising results, it needs more 

extensive review to determine its full effectiveness. Finally, another technology called the HALT system, 

attempted to avoid the limitations of remote imagery on herpetofauna by using a combination of infrared 

technology, and a break in an active infrared beam to trigger, not unlike a garage door safety mechanism, 
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to take its images (Hobbs & Brehme, 2017). Although both are promising advancements in remote 

imagery technology and methods, both the AHDriFT and HALT system are limited to dry environments. 

As this thesis showed, there was a clear preference for herpetofaunal species, particularly turtles, to use 

wet culverts. As such, neither of these methods would be employable within the context of this study. 

Therefore, there is still a need for road ecology technology to be developed and tested on herpetofaunal 

identification, in particular in mitigation structures where wet passages are being assessed. 

Sand trapping, sometimes referred to as track plates, is a cost-effective method for observing the 

movement of animals in a given area (Pagnucco et al., 2011). The decision to use sand traps in this thesis 

was made based on the limited budget, and little additional field effort required to add them to the pre-

existing monitoring protocol. Sand trapping has been shown to be effective at documenting crossing 

structure use by mammals, but has seldom been applied to observing herpetofaunal use (Pagnucco et al., 

2011). Some studies have shown that it is difficult to identify amphibian tracks using sand trapping but 

have had success with identifying reptile tracks (Yanes et al., 1995; Taylor & Goldingay, 2003; Ascensão 

& Mira, 2007). In contrast, this thesis’ sand trapping results indicated that there was no herpetofaunal use 

of the jump outs. As there were emergent hot spots of mortality in front of the jump outs for both turtles 

and snakes, it is likely that either the jump outs were simply not being used, or their passage was going 

undetected. There is little known about the effectiveness of jump outs intended for herpetofauna use 

(Boyle et al., 2019), and it is possible that the design simply was not effective. However, I also observed 

that the sand used within this study did not hold shape very well. There is no literature which points to the 

best product for analyzing track plates with herpetofauna species, and therefore more research must be 

conducted to aid in low-cost methodologies, such as sand trapping, which identify herpetofauna 

movement to determine if jump outs are a hindrance or an advantage to the mitigation system as a whole. 
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4.3 Relationship to Sustainability 

Given that the world has entered its ‘6th major extinction event’ (McCallum, 2015; Novacek & 

Cleland, 2001; Rampino & Shen, 2019), it is clear that there must be a global shift towards sustainability. 

Therefore, it is necessary to address the explicit links that this research has to sustainability, and provide 

evidence how it furthers global sustainability. I conclude the thesis here by providing the context and 

practical evidence of how the thesis connects to sustainability. 

To understand the connection of this thesis to sustainability, I will address how the research 

presented here can be linked to the classic three pillars model of sustainability: the environmental, 

economic, and social dimensions. In order for sustainability to be achieved, all three of these dimensions 

must address any trade-offs or compromises that may arise. The environmental dimension of this thesis is 

clear, as the mitigation structure was designed as an adaptive conservation effort which worked towards 

helping alleviate the worldwide problem of decreasing species abundance and diversity. In practice, this 

thesis can be directly linked to The United Nations (2015) 17 sustainable development goals (SDGs). 

These SDGs were meant to provide a shared blueprint for peace and prosperity for people and the planet, 

now and into the future. The research is tied directly to two of the 17 goals: clean water and sanitation (6), 

and life on land (15). It is worth noting that SDG 14, life below water, has a specific focus on conservation 

and sustainability of oceans, seas and marine resources, and therefore wetland and freshwater conservation 

are not addressed within that SDG. Firstly, target 6.6 of the clean water and sanitation goal is to protect 

and restore wetlands (United Nations, 2021). This thesis is working to increase the health of the Frontenac 

Arch wetlands by studying a mitigation structure that will allow for habitat connectivity and reduce 

species loss. Having successful mitigation structures along roadways adjacent to wetlands will directly 

influence wetland health, because wetlands require a rich biodiversity to thrive (Denny, 1994).  

Secondly, the most correlated SDG to this thesis was SDG 15, life on land. The overall goal of 

this SDG is to protect, restore, and promote sustainable use of terrestrial ecosystems and to halt 
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biodiversity loss (United Nations, 2021) - which is also the goal of roadway mitigation structures. 

Therefore many of the SDG 15 targets align with this thesis; none more so than target 15.9, which states 

that developed countries, such as Canada, should integrate ecosystem and biodiversity values into national 

and local planning, and development process by 2020. This relates to this thesis, as the fence-culvert 

structure design serves to protect many herpetofaunal species at risk within the Frontenac Arch. The 

fences for this thesis were developed prior to 2020, and the results of this research aim to contribute to 

adaptive mitigation structure design, working towards a ‘best fit’ model that will be the most effective at 

progressing towards global targets of biodiversity. 

The connection to the economic dimension of sustainability may seem less direct. However, this 

can be explored by examining the connection between this research and human travel, as well as jobs 

produced as a result of mitigation structure application. Travel contributes to the economy indirectly 

through commuting (Schäfer, 2012; Warren, 2004), and therefore 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. There is an opportunity for mitigation structure design and 

maintenance to connect to the economic dimension through the production of jobs and development. The 

G7 Summit of 2021 pledged to play their part in the restoration and conservation of the environment, by 

having developed countries contribute to mobilizing $100 billion per year from public and private sources. 

This was determined to continue through to 2025 in the context of meaningful mitigation actions and 

transparency on implementation (G7 Climate and Environment, 2021). This directly links with this thesis 

as this research was conducted within Canada, a developed country, and was funded by the Ontario 

Ministry of Transportation. Ergo, although to meet the economic dimension we must not eliminate roads, 

there is an opportunity to create economic benefits through the application of mitigation structures which 

work to reduce wildlife mortality on roads and connect the habitats they fragment. 
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Lastly with regards to the social dimensions of sustainability, I believe that there are a number of 

connections that can be drawn to the topic of this thesis. Firstly, the Brundtland Commission defined 

sustainable development in Our Common Future (1987) as development that must meet the needs of the 

present without compromising the ability of future generations to meet their own needs. As road 

developments are projected to increase, continued research and monitoring is necessary to mitigate the 

biodiversity losses these roads will be directly responsible for. Hopefully by furthering the conservation of 

these ecosystems, roadway mitigation structures will help sustain the needs of our future generations. 

Secondly, research has identified that it is critical that the sustainability assessment processes include all 

stakeholders while informing on decision criteria (Gibson, 2006). This thesis worked with a combination 

of stake holders (government, private, public and academic), each playing a role during its development, 

including design, installation, data collection, or analysis. Although there were multiple stakeholders 

involved throughout the project, there was uneven participation during portions of project development, 

which lead to unnecessary costs and design flaws. Therefore, this experience highlights the importance of 

communication throughout the whole process amongst all stakeholders (Gibson, 2006). There is also an 

inherent social connection to this thesis through the lens of human safety. Humans have been known to 

swerve and avoid wildlife on roads, and this can sometimes result in their death by direct impact of the 

animal or a secondary object, like a tree (Huijser et al, 2009; Rowden et al, 2008; Smith et al, 2015). By 

decreasing the amount of wildlife accessible to the roadway, there is an intrinsic increase in human safety 

and protection of human life. Lastly, it is important that the biodiversity and health of the environment be 

maintained in order to fulfill both cultural and human health social dimensions. These dimensions do not 

consider the utilitarian value of conserving these ecosystems, but rather their intrinsic value. There is an 

ever-growing support within the literature that there is a fundamental and genetically based human need 

and propensity to affiliate with other living organisms, often referred to as biophilia (Chang et al, 2020; 
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Gullone, 2000; Kahn, 1997; Wilson, 1984). This thesis contributes to biodiversity conservation, which 

allows for humans to continue their deep connection with it now, and into the future. 
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