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ABSTRACT 
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TUNNELS: BEHAVIOUR, DESIGN, AND RECOMMENDATIONS 

 

 

 

Dorian Pomezanski       Advisor: 

University of Guelph, 2017      Professor Lorne Bennett 

 

 

 

Underpass crossing structures can reduce the threat of road mortality by facilitating safe 

passage during migration, dispersal, and movement. Monitoring these structures is important for 

determining effectiveness and informing design. I monitored two underpass structures in Guelph, 

Ontario, Canada, to understand the usage patterns of wildlife and the behavioural responses of 

anurans to tunnel substrate. Two trail cameras took photos at 10-15 second intervals from April 

to October 2016. We recorded 2,892 crossing events, of which 795 were by anurans. Anuran 

crossings were faster and more successful in the gravel-lined tunnel, suggesting it is a more 

appropriate substrate for facilitating anuran passage. To monitor all types of wildlife, I 

recommend a 30 second time lapse interval, 24/7 monitoring, and simultaneous motion-sensing 

monitoring. Ecological movement detection software can be used to reliably identify crossing 

events. Trail cameras are a low-cost, non-invasive, and informative tool for monitoring wildlife 

in underpass crossing structures. 
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1.0 Introduction 
 

 The first and most characteristic feature of urban sprawl is the expansion of road 

networks into previously intact landscapes. The introduction of these impermeable and 

oftentimes fatal surfaces has contributed in large part to the reduction and destabilization of 

adjacent wildlife populations (Forman & Alexander, 1998; Andrews et al., 2008; Holderegger & 

Di Giulio, 2010; Cosentino et al., 2014). It is not only the hostile terrain of the road surfaces 

themselves that threaten wildlife, but the dangers posed by collisions with passing vehicles. Road 

mortality has contributed to lower rates of dispersal and/or migration success, reduced 

population size, decreased genetic diversity, and effective habitat isolation (Lode, 2000; 

Holderegger & Di Giulio, 2010; Jackson & Fahrig, 2011). Many wildlife populations have 

already felt the consequences of these effects (Forman & Alexander, 1998; Gibbs & Shriver, 

2002; Glista et al., 2007). The emphasis on the threats of roads and road mortality on adjacent 

ecological stability has led to the development and refinement of various mitigation methods 

(Dodd et al., 2004; Aresco, 2005; Glista et al., 2009; Beebee, 2013) 

 Perhaps the most common road mortality mitigation measures are underpass crossing 

structures (Glista et al, 2007). They vary in size, shape, design, length, and composition, but their 

purposes are the same: to facilitate and promote the safe passage of wildlife under roads 

(Lesbarrères, 2004; Woltz et al., 2008; Patrick et al., 2010). By maintaining some level of 

connectivity and reducing the sheer number of individuals killed by passing vehicles, it is 

hypothesized that long-term population stability can be achieved. The effectiveness of these 

structures is dependent on the placement, design, and attractiveness of the tunnels (Patrick et al., 

2010).  
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Of all terrestrial species groups, anurans are typically the most heavily affected by road 

mortality adjacent to wetland areas (Glista et al., 2007; Elzanowski et al., 2009; Beebee, 2013). 

Due to their tendencies to migrate and disperse over short periods of time in large numbers, they 

are exceptionally vulnerable to road mortality (Lode, 2000; Glista et al., 2007). Additionally, 

they are slow-moving, slow to react, and show little avoidance of road surfaces (Hels & 

Buchwald, 2001; Bouchard et al., 2009). Underpass crossing structures that are designed to 

facilitate their movement must take into account not only their location, length, and diameter, but 

additional design features such as substrate and light permeability. Anurans, and likely most 

other herpetofaunal species, react negatively to artificial and barren tunnel linings, and prefer 

greater light permeability to allow air and moisture to penetrate the stagnant conditions of the 

tunnel’s depths (Lesbarrères, 2004; Woltz et al., 2008). 

 Though deployed often as a mitigation measure under the assumption that they will 

reduce road mortality, the effectiveness of these structures in maintaining functional connectivity 

is difficult to determine (Glista et al., 2009; Lesbarrères & Fahrig, 2012; Beebee, 2013; van der 

Grift et al., 2013). Perhaps the best place to focus monitoring efforts is in the tunnels themselves. 

Because of the importance of their success and the high cost of their installation, there must be 

sufficient evidence to prove that they are maintaining connectivity and being used in altered and 

fragmented human landscapes. Trail cameras can be an effective, informative, and low-cost tool 

for monitoring wildlife underpasses (Pagnucco et al., 2011, Malt, 2012; Crosby, 2014). By 

effectively deploying infrared motion sensors and time lapse, they can monitor for underpass use 

by both endothermic and ectothermic species. For anuran species, whose reactions to crossing 

structure design are vital to understand, trail cameras can be an invaluable asset by documenting 

fine scale movement patterns and behaviours (Pagnucco et al., 2012). Though promising, trail 
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camera monitoring systems to date have been inconsistent in effectively capturing ectothermic 

species (Pagnucco et al., 2011). Developing a set of recommendations and thresholds for trail 

camera monitoring is therefore essential towards establishing them as a consistently used 

monitoring tool for all types of crossing wildlife.  

 Recently installed small animal crossing structures in Guelph, Ontario provided an 

opportunity to monitor tunnel effectiveness in an urbanizing environment. Local species that 

were, prior to construction of a residential development, able to move freely between wetlands 

and habitats were abruptly limited to movement through a wildlife corridor equipped with 

guidance fencing and wildlife underpass tunnels to reduce road mortality. A long-term 

monitoring program in place at the development provided baseline and future post-construction 

population data to determine the effectiveness of these structures. Once the tunnels were opened, 

comprehensive tunnel monitoring efforts were initiated using a system of trail cameras.  

 The aim of this research in particular was to use trail cameras to simultaneously explore 

anuran usage patterns and trail camera monitoring effectiveness. To address this aim, several 

objectives were outlined: 

1) Monitor two crossing structures using trail cameras and a combination of motion sensing 

and time lapse capture 

2) Analyze the usage patterns and behavioural responses of anurans to variations in timing, 

micro-climate, and substrate 

3) Explore the effectiveness of time lapse and infrared motion sensors at capturing wildlife 

crossing events 

4) Provide recommendations for tunnel design and trail camera monitoring protocols  
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Thesis Structure 

 Due to the nature of our research objectives, this thesis is divided into two manuscripts, 

with the first addressing anuran usage patterns and behaviours in response to tunnel substrate and 

micro-climatic conditions (Chapter 3), and the second exploring the development of a consistent 

and reliable trail camera monitoring protocol (Chapter 4). The manuscripts are preceded by a 

literature review in Chapter 2 that explores road ecology, mitigation measures, monitoring 

methods, and a detailed description of the area of study. Key findings and contributions are 

outlined in Chapter 5. The manuscripts will be sent for publication to Herpetological 

Conservation and Biology, and Biological Conservation.  
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2.0 Literature Review 

 

2.1 Ecological Impacts of Road Fragmentation 

Over the past century, vast swaths of vegetated landscapes have been lost through urban 

expansion and sprawl. Valuable natural habitat is being replaced by impervious concrete and 

hostile urban terrain at a rate which threatens many species on the margins of urban sprawl 

(Forman & Alexander 1998). Expansion into previously undeveloped areas has placed stress on 

species that depend on uninterrupted lengths of habitat to migrate, disperse, and forage (Funk et 

al., 2005). Beyond all else, fragmentation caused by ever expanding road networks is leading to 

the decline of species that cannot adapt to the challenges posed by these constructs (Lehtinen et 

al., 1999).  

 

2.1.1 Road Mortality 

The negative effects of roads on populations that come into contact with their surfaces are 

well noted in the scientific literature. Among the most visible of impacts is that of wildlife-

vehicle collision, which account for one of the largest sources of local population mortality 

(Lode, 2000). In these circumstances, local populations can only continue to survive in the long 

term if their reproductive rates remain higher than the rate of road mortality (Forman & 

Alexander, 1998). 

 Road mortality affects nearly all groups of terrestrial species, including mammals (Fahrig 

& Rytwinski, 2009), reptiles (Aresco, 2005; Gibbs & Shriver, 2005), and amphibians (Buchwald, 

2001; Glista et al., 2007; Bouchard et al., 2009). However, it is usually reptiles and amphibians 
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that are affected disproportionately by collisions with vehicles due to their innate tendencies to 

migrate and disperse in large numbers during certain times of the year (Glista et al., 2007). Some 

species of amphibians and reptiles also exhibit no behavioural avoidance of roads despite traffic 

density, resulting in kill rates approaching 100% (Bouchard et al., 2009). Garrah (2012) 

estimated that more than 12,000 frogs were killed annually on the 1000 Islands Parkway in 

south-eastern Ontario. Ashley and Robinson (1996) documented about 32,000 dead amphibians 

and 1,000 dead reptiles on the Long Point Causeway in Ontario over a four-year period. 

Similarly, Glista et al. (2007) found that more than 9,000 of the overall 10,500 road kill 

encounters across four sites in Indiana were amphibians. Elzanowski et al. (2009) recorded tens 

of thousands of dead amphibians on roads across Europe. Turtles crossing a road in North 

Florida had only a 2% chance of surviving a crossing which, without intervention efforts, would 

have contributed to significant declines in local turtle populations (Aresco, 2005). Gibbs and 

Shriver (2002) concluded that land-turtle populations in the eastern and central United States 

could face limitations as a result of increased road network densities in the area. Local 

populations of reptiles and amphibians affected by high rates of road mortality have exhibited 

concerning declines in numbers and extent (Hels & Buchwald, 2001; Gibbs & Shriver 2002; 

Gibbs & Shriver, 2005). 

Amphibians, in many cases, make up the majority of individuals killed by vehicles on 

roadways. This can be a consequence of their high fecundity and vagility, therefore the 

magnitude of killed individuals may not be the best measure of population impact (Beebee, 

2013). To combat this possible misrepresentation, some studies have examined the number of 

dead compared to actual local population sizes. Malt (2012) estimated that that about 16 – 28% 

of the local population of red-legged frogs (Rana aurora) next to the Sea to Sky Highway in 
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British Columbia was suffering from road mortality annually, and that if this mortality rate was 

maintained, the population would be extirpated in 20-40 years. Gibbs and Shriver (2005) 

predicted that between 22% and 73% of salamander populations in Massachusetts were at risk 

because their road mortality rates exceeded the 10% mortality threshold at which populations 

would be expected to face local extirpation. Although the number of dead reptiles is usually 

much lower, mortality rates can have significant impacts on species that do not reproduce 

quickly nor in large numbers.  

Some studies however, have found road mortality to have little to no overall impact on 

local populations. Mazerolle (2004), for instance, found no significant effects on amphibian 

abundance over an eight-year period despite documenting over 4000 dead amphibians on 

adjacent roads. This could be due to the resilience of the local population to road disturbance or 

the timing of traffic. Hels and Buchwald (2001) point out that despite an observed annual road 

mortality rate of 10% for frog populations in Northern Denmark, they were not negatively 

impacted because road mortality may have acted as a density dependant mechanism, and that in 

the absence of greater intraspecific competition, more young anurans survived to replace those 

that were killed on roads.  

 

2.1.2 Genetic Isolation 

Perhaps even more threatening for local populations are the indirect effects of road 

networks such as the mechanisms of genetic isolation. Roads networks have the tendency to 

create “barrier effects” by directly preventing movement over road surfaces through road 

mortality, or by discouraging movement through avoidance of road surfaces. The result of these 

barrier effects for urban and semi-urban associated species is lowered genetic diversity 
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(Holderegger & Di Giulio, 2010; Jackson & Fahrig, 2011). This pattern of reduced genetic 

diversity and greater genetic differentiation between isolated populations has been observed in 

several mammalian species such as coyotes (Canis latrans), red deer (Cervus elaphus), and 

bighorn sheep (Ovis canadensis) (Epps et al., 2005; Riley et al., 2006; Zachos et al., 2007; Perez-

Espona et al., 2008).  

There have also been observed impacts on some reptile species. Timber rattlesnake 

populations, for example, experienced reductions in genetic diversity and increases in genetic 

differentiation in New York State as a direct result of road fragmentation and the resulting 

reductions in dispersal success (Clark et al., 2010). However, another study observed little to no 

effect of roads on genetic differentiation or diversity, again indicating that these impacts are 

strongly dependent on species and behaviour (Holderegger & Di Giulio, 2010). 

For many amphibian species, migration and dispersal are essential parts of their life cycle 

(Semlitsch, 2007). High rates of juvenile amphibian mortality when dispersing from their natal 

wetlands can greatly reduce the success of surrounding wetland colonization and decrease the 

spread of genetic information across regional metapopulations. The effects of road mortality and 

fragmentation on amphibian population diversity have been explored in some depth, showing 

clear patterns of reduced genetic diversity and greater genetic differentiation (Lesbarrères et al., 

2003; Crosby et al., 2008; Holderegger & Di Giulio 2010; Jackson & Fahrig, 2011; Garcia-

Gonzalez et al., 2012). Whether these effects will reduce long term stability of populations is yet 

to be seen, and the extent of these effects will vary according to the width of the roads and their 

traffic densities (Forman & Alexander, 1998).  
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2.2 Crossing Structures as Mitigation Measures 

Many who have studied road ecology have called for an immediate push to mitigate the 

effects of road mortality, and to some extent their calls have been answered. Mitigation 

techniques to reduce wildlife-vehicle collisions and promote movement of wildlife (and their 

associated genetic information) across fragmented landscapes have been widely implemented, 

and most often take the form of wildlife underpasses (Glista et al., 2009; van der Grift et al., 

2013).  

Depending on the location, funding, target species, and mitigation objectives, these 

wildlife underpasses can take a multitude of forms. Existing culverts, drainage pipes, and bridges 

are often retrofitted or enhanced to act as underpass crossing structures for large animals (Taylor 

& Goldingay, 2003; Ascensao & Mira, 2007; Glista et al., 2009; Sparks & Gates, 2012). In 

recent decades, amphibians and reptiles have become a more common target species for road 

mortality mitigation (Miklos, 2003; Lesbarrères et al., 2004; Patrick et al., 2010; Malt 2012; 

Beebee, 2013). This group of species is highly susceptible to the dangers of road mortality, 

desiccation, habitat fragmentation, and isolation. It is for this reason that there have been 

increased efforts to deploy crossing structures tailored specifically for smaller species whose 

behaviour and size warrant different design considerations (Woltz et al., 2008; Patrick et al., 

2010). Underpass tunnels designed with amphibian crossings in mind have been installed in 

Alberta (Pagnucco et al., 2011), British Columbia (Malt, 2012; Crosby, 2014), and many parts of 

Europe (Puky, 2003).  

These underpasses are perhaps the most promising option available for land planners 

when it comes to mitigating the effects of roads on adjacent wildlife, but their effectiveness in 

many ways is challenging to determine (Lesbarrères & Fahrig, 2012; Beebee, 2013). To best 
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answer this question, extensive monitoring of populations and movement is necessary, the tools 

for which require planning, commitment, and refinement.  

 

2.3 Crossing Structure Monitoring 

Understanding how, why, and when crossing structures are used by wildlife can provide 

useful insight into their success. Common methods of monitoring include using sand traps for 

track identification, and trail cameras (Ford et al., 2009). Trail cameras have been deployed for 

monitoring mammalian crossing structure usage in places like New York (Lapoint et al., 2003), 

Maryland (Sparks & Gates, 2012), Florida (Dodd et al., 2004), Wyoming (Young & Sawyer, 

2003), Alberta (Ford et al., 2009), and Ontario (Garrah, 2012). Trail cameras boast the ability to 

identify the timing of crossing structure use, as well as the sex, size, and behaviour of the 

individuals using the crossing structures (Olsson et al., 2008; Pagnucco et al., 2011). Trail 

cameras have also been used to capture amphibian crossings in underpass crossing structures. 

Pagnucco et al. (2011) were able to capture instances of amphibian tunnel usage by salamanders 

and toads in Alberta. Malt (2012) was also able to capture instances of anuran tunnel use along 

the Sea to Sky Highway. Crosby (2014) successfully captured more than 800 instances of anuran 

tunnel use in British Columbia.  

Previous camera trap studies that have focused on ectothermic species (reptiles and 

amphibians) have noted difficulties in using motion sensing capture techniques because they 

require a distinct thermal signature to trigger the camera’s passive infrared sensors (Pagnucco et 

al., 2011; Malt 2012). To address this challenge, some monitoring systems have used active 

infrared sensors, which trigger the cameras whenever a beam of light stretched across the width 

of the area of interest is broken (Dodd et al., 2004). These systems work well in larger crossing 
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structures, but are significantly more expensive and difficult to employ in small structures such 

as amphibian tunnels. Alternatively, time lapse can be used to capture crossing organisms if the 

intervals are frequent enough to catch all or most crossings. Pagnucco et al. (2011) adopted this 

approach for long toed salamanders in Alberta but they were only able to capture 50% of 

crossings using a 60 second time lapse interval. The difficulty in increasing the time lapse 

interval is the number of additional photos that need to be sorted through to identify movement. 

To combat this issue of labour intensity, software has been developed that can detect 

photos with candidate ecologically significant movement events (Weinstein, 2014). The 

application of such software to amphibians, or even more generally to detecting movement 

through underpass structures has not yet been explored, though it has great potential to 

compensate for the enormous amount of photo data created by high frequency time lapse 

photography monitoring systems.  

 

2.4 Crossing Structure Success  

Several monitoring studies looking at crossing rates have shown promising results, 

indicating that herpetofaunal road mortality is reduced post-mitigation to some degree (Dodd et 

al., 2004; Glista et al., 2009). With the installation of drift fences and tunnels in North Florida, 

turtle road mortality was reduced from 11.9/km/day to 0.9/km/day (Aresco, 2005). Road 

mortality rates were significantly reduced by a factor of 10 in the South Okanagan Valley, 

British Columbia with the installation of eight culverts and associated barrier fencing in 2011. 

(Crosby, 2014). High rates of usage by herptiles can also indicate crossing structure success. De 

Rivera & Bliss-Ketchum (2010) found four species of amphibians and reptiles using a variety of 

crossing structures while Sparks & Gates (2012) recorded a total of 14 different herpetofaunal 
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species using existing drainage culverts across Maryland. Pagnucco et al., (2011) were able to 

capture the passage of 58 target salamander species individuals crossing uniquely designed 

amphibian tunnels in Alberta, Canada. However, there have also been studies that have 

demonstrated ineffective usage by wildlife. Both Malt (2012) and Merrow (2007) observed low 

or no tunnel usage rates by amphibians and reptiles. In the long term, the lack of successful 

crossings and continued road mortality could lead to population extirpation.  

Assessing the effectiveness of underpass crossing structures has been a challenge for 

researchers, particularly when it involves the question of long term population stability. For the 

most part, there has been limited evidence to conclusively determine whether the installation of 

underpass mitigation structures will have an impact on long term population stability. Many 

studies have commented on the sheer lack of substantial evidence for underpass success and/or 

the poor quality of long term monitoring studies (Glista et al., 2009; Lesbarrères & Fahrig, 2012; 

Beebee, 2013; van der Grift et al., 2013). The challenge is committing resources to long term 

monitoring efforts that consider population fluctuations, crossing structure design and placement, 

and other ecosystem disturbances. 

 

2.5 Crossing Structure Design 

The effectiveness of crossing structures for herpetofaunal species is influenced by 

location, dimensions, tunnel micro-climate, choice of tunnel lining, and the presence of exclusion 

fencing (Woltz et al., 2008; Glista et al., 2009). Amphibians, in particular, respond strongly to 

variations in tunnel design, permeability, length, and fence height (Woltz et al., 2008).  

Underpasses with increased light permeability are frequently preferred by amphibians 

over dark tunnels (Jackson, 1996; Woltz et al., 2008). A brighter tunnel can be achieved by 
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including slotted ceilings that allow ambient light to penetrate the tunnel depths. These slots can 

also allow air and moisture to flow through the tunnel and more closely resemble ambient micro-

climatic conditions, particularly in longer tunnels, where steep changes in micro-climate may 

contribute to “tunnel hesitance” (Jackson, 1996; Pagnucco et al., 2011; Malt, 2012; Hamer et al, 

2014). Some controlled studies have observed a significant preference by anurans for natural 

substrates like soil and gravel over bare concrete (Lesbarrères et al., 2004; Glista et al., 2009; 

Patrick et al., 2010). The ability of these substrates to retain moisture and more closely resemble 

natural conditions may help to promote underpass use.  

There is a consensus that tunnels are ineffective for small, less agile animals such as 

amphibians and reptiles without the proper exclusion fencing installed alongside them. Malt 

(2012) and Cunnington et al. (2014) emphasize that exclusion fencing is necessary to block 

amphibians and reptiles from entering the road surface and to guide them along the road towards 

tunnel entrances. Woltz et al. (2008) recommend that fencing be taller than 0.4 metres to be 

effective at excluding amphibian species which would otherwise be able to jump or climb over. 

Taylor and Goldingay (2003) observed in their study of wildlife tunnels in Australia that wildlife 

crossing structures are effective for facilitating mammal and reptile crossings, but are ineffective 

for amphibian crossings because of the ability of some hylid species to climb over fencing. Many 

hylid frog species are able to climb vertical exclusion fencing structures, therefore care needs to 

be taken to ensure that fencing designs are as difficult to bypass by these animals as possible 

(Taylor & Goldingay, 2003; Dodd et al., 2004). 
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2.6 The Dallan Lands Development 

 In the fall of 2015, two small animal crossing structures were installed under Poppy 

Drive East in the City of Guelph. These structures were installed in order to maintain 

connectivity between a provincially significant wetland complex and an isolated wetland area. 

As a stipulation to the development of this property, extensive monitoring of water quality and 

local wildlife populations prior to, during, and post construction took place. Of particular interest 

was the health and stability of herpetofaunal species on the Dallan Lands property (the site of the 

development) which require avenues for migration and dispersal to maintain genetic diversity 

and population stability. 

 

2.6.1 Geology and Geography 

 The Dallan Lands is a 23.1 ha area located in the southern end of the City of Guelph 

(about 43° N, 80° W) (Figure 1). The Dallan Lands fall partly within the Halls Pond Provincially 

Significant Wetland Complex (HWC), a 35 ha wetland complex boasting 22 wetlands. Four 

small bodies of standing water also fall within the Dallan Lands boundaries (Figure 2). Wetland 

1 consists of two wetlands (Wetlands 1A and 1B) that are hydrologically linked by a drainage 

culvert and are classified as a reed-canary-grass-meadow marsh and cattail marsh respectively 

(Parent et al., 2014). Wetland 2 is located partly within the boundaries of the property and is 

classified as a reed-canary-grass-meadow marsh. Three ponds are associated with the Dallan 

Lands, although Pond 1 was removed prior to construction. Both Pond 2 and Pond 3 are located 

on the eastern portions of the property and are associated with surrounding deciduous forest. 

Bordering the property to the south and east are blocks of mixed and deciduous forest, as well as 

coniferous plantations that are identified as significant woodlands (Parent et al., 2014). The area 
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within the Dallan Lands itself was composed largely of old-field cultural meadow with remnant 

deciduous forest patches and wetlands prior to development (Parent et al., 2014). 

 

Figure 1: 23.1-Hectare property known as the Dallan Lands located in the southern portion of the City of Guelph, 

Ontario. 
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Figure 2: Wetland features located within or partly within the Dallan Lands Property (bounded by the black 

boundary). Highlighted in yellow is the stormwater management facility built several years earlier. 

 

2.6.2 Faunal Community  

 

 Surveys of the faunal communities were completed in 2006. A total of 61 wildlife species 

were found, including 13 herpetofauna (Parent et al., 2014). Audio and visual surveys recorded 

seven species of anurans: green frogs (Lithobates clamitans), northern leopard frogs (Lithobates 

pipiens), American bullfrogs (Lithobates catesbeianus), wood frogs (Lithobates sylvaticus), gray 

treefrogs (Hyla versicolor), spring peepers (Pseudacris crucifer), and American toads (Anaxyrus 

americanus) (Parent et al., 2014). Pitfall trapping, visual implant elastomer (VIE) tagging, and 

visual encounter surveying found that amphibian individuals in the Dallan Lands moved between 
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wetland bodies frequently, indicating that this landscape was important in facilitating migration 

and dispersal (Parent et al., 2014).  

 

2.6.3 Development and Construction 

 Development on the Dallan Lands began in late 2014 with surface grading. The 

development plan included 409 residential units consisting of single detached homes, semi-

detached homes, townhouses, and apartments units (Figure I-1 in Appendix I) (Parent et al., 

2014). A neighbourhood park will be located south east of wetland 1 and two stormwater 

management facilities will be located on the eastern edge of the property. Construction continued 

into 2017. Two trail segments will be constructed with one connecting Clair Road East to Poppy 

Drive running west of wetland 1, and another skirting the eastern edge of the property (Figure I-1 

in Appendix I).  

 

2.6.4 Mitigation Measures 

 Thirty-metre wide vegetated buffers were implemented around wetlands 1 and 2. Their 

purpose was to maintain a more diverse habitat structure, mitigate erosion and sedimentation, 

and protect habitat adjacent to wetlands. The buffers included existing vegetation as well as 

additional plantings to enhance the areas (Parent et al., 2014). To maintain connectivity between 

wetland 1 and the rest of the Hall’s Pond Provincially Significant Wetland Complex to the south, 

a wildlife corridor was designated on the western boundary of the Dallan Property. The corridor 

is 75 metres wide south of Poppy Drive (Parent et al., 2014). To the north of the road, the width 

of the corridor is augmented by the presence of a stormwater management facility’s naturalized 

area. The corridor contains pre-existing vegetation such as cultural meadow and patches of 
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forest, but it will also contain enhancements such as native shrub and sapling plantings and 

pockets of standing water to act as stepping stones for migrating and dispersing herpetofauna 

(Parent et al., 2014)  

 The wildlife corridor itself is bisected by Poppy Drive East. To reduce the potential of 

road mortality, two ACO polymer Products Incorporated AT500 wildlife tunnels were installed 

in the fall of 2015. The internal tunnel openings measure 50 cm wide and 32 cm high, and are 

designed with slotted ceilings to allow light, moisture, and air to penetrate the inner lengths of 

the tunnels (Figure 3). The two tunnels run under the length of Poppy Drive East extending 25 

metres north-south. They are spaced about 20 metres apart from one another and lined with 

different substrates. The western-most tunnel is lined with a pea gravel substrate, while the 

eastern tunnel is lined with a sod substrate (Figure I-2 in Appendix I). The two tunnels are 

installed under adjacent road sidewalks, therefore the first 7.5 metres of ceiling on either end of 

the tunnels are sealed and overlain with soil and vegetation, preventing the ceiling slots from 

facilitating the penetration of moisture, air, and light (Figure 4). Lastly, the tunnels are installed 

at two degree angles on either side of the centre of the road allowing runoff to drain from the 

centre of the tunnels and into the wildlife corridors (see Figure 4). This design also prevents 

water from pooling in the crossing structures. 

About 250 metres of accompanying ACO Polymer Products Incorporated amphibian 

guidance system fencing is installed parallel to the road on either side and in between the 

underpasses to exclude wildlife from the road surface. To do so, they are designed with curved 

tops, preventing small wildlife from entering the road surface and allowing wildlife that did 

make it to the road surface to easily make it back into the wildlife corridor (Figure 3). Figure 5 

illustrates the location of the underpasses and exclusion fencing.  
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Figure 3: Schematics for: (A) ACO Polymer Products AT500 wildlife tunnel (top view on top, side view on bottom, 

view into the tunnel on the side), and (B) wildlife guidance fencing. Modified from Wildlife Tunnel (2013). 
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Figure 4: Orientation of ACO AT500 tunnels across Poppy Drive East. The tunnels were set at 2 degree angles 

from the centre of the road (exaggerated in the figure) and overlain with soil and sidewalk on 7 metres of tunnel 

length on either side of the tunnel entrances. 
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Figure 5: Location of wildlife underpasses and exclusion fencing in relation to Poppy Drive East and the wildlife 

corridor. The exclusion fencing is outlined in red. The black line shows the location of the gravel lined tunnel, while 

the green line shows the location of the sod lined tunnel. 
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3.0 Manuscript 1:  

Anuran Responses to Wildlife Underpass Structures of Differing Substrate 

Linings 

 

 

 

3.1 Introduction 

 Roads networks have undergone remarkable expansion in the last century, increasing 

both in density and extent. These road networks put enormous pressure on adjacent wildlife 

populations which often end up as the victims of wildlife-vehicle collisions (Forman & 

Alexander, 1998). Road mortality has had significant impacts on certain mammalian species 

(Fahrig & Rytwinski, 2009), reptilian species (Ashley & Robinson, 1996; Aresco, 2005), and 

amphibian species (Ashley & Robinson, 1996; Glista et al., 2007; Bouchard et al., 2009; Garrah, 

2012). Long term negative impacts on these populations may be incurred if the mortality rates 

exceed the species’ reproductive rates (Forman & Alexander, 1998). In some cases, levels of 

road mortality are high enough to result in near-future extirpation (Gibbs & Shriver 2005; Malt, 

2012). For particularly vulnerable species, even low traffic densities can result in high numbers 

of dead individuals, especially if the roads are located next to wetlands (Aresco, 2005). 

Amphibians tend to be one of the most heavily impacted by road mortality because they are 

slow-moving, slow to respond, and migrate/disperse in large numbers over short periods of time 

(Glista et al., 2007). In addition, juveniles tend to be the most vagile, and high mortality rates can 

limit the dispersal of genetic information (Lode, 2000).  
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 Efforts to reduce amphibian road mortality have been occurring for decades, and have 

frequently taken the form of wildlife underpasses. Ranging in size, shape, and porousness, these 

structures have seen use by a variety of species (Dodd et al., 2004; De Rivera & Bliss-Ketchum, 

2010; Sparks & Gates, 2012). Exclusion fences are commonly implemented alongside 

underpasses in order to guide amphibians to the entrances and prevent them from crossing onto 

road surfaces (Dodd et al., 2004; Aresco 2005; Malt 2012; Pagnucco et al., 2011; Baxter-Gilbert 

et al., 2015). Some researchers have noted that without this fencing in place, underpasses are far 

less effective at reducing road mortality (Cunnington et al., 2014; Baxter-Gilbert et al., 2015).  

 As expected, physiological and behavioural differences between species lead to markedly 

different underpass usage patterns (Taylor & Goldingay, 2003; Woltz et al., 2008). As a result, 

underpasses must be designed with the target species in mind. Some underpass systems have 

been designed specifically for amphibians by decreasing the diameter of the tunnels and 

including slotted ceilings to allow light, air, and moisture to infiltrate the tunnel depths, allowing 

the tunnel’s micro-climate to better resemble the ambient environment (Pagnucco et al., 2011). 

These design elements should in theory reduce instances of amphibian “tunnel hesitance”, 

wherein individuals that approach or enter the tunnels pause before continuing forwards or 

turning back. This behaviour has been observed in several case studies featuring wildlife 

underpass systems (Pagnucco et al., 2011; Malt, 2012; Hamer et al., 2014). There have also been 

documented discrepancies in how amphibians respond to different underpass substrate material, 

showing for the most part a preference for natural substrates such as mud, sand, or gravel over 

bare concrete (Lesbarrères et al., 2004; Woltz et al., 2008; Patrick et al., 2010). Bare surfaces 

such as concrete have been hypothesized to dissuade usage due to their alkalinity (Mougey, 

1996), thus amphibian tunnels are often lined to some degree with more favourable material. 



24 

 

 The usage patterns and behaviours of individuals using underpass structures are integral 

to understanding how we can design structures that are effective at facilitating passage. Trail 

cameras are one type of monitoring tool that have previously been deployed in the monitoring of 

various underpass systems, recording use by mammals, birds, reptiles, and amphibians (Lapoint 

et al., 2003; Young & Sawyer, 2003; Dodd et al., 2004; Ford et al., 2009; Pagnucco et al., 2011; 

Garrah, 2012; Malt 2012; Sparks & Gates, 2012; Crosby, 2014). They have become a useful tool 

in the monitoring of wildlife underpasses due to their ability to record the behaviours and 

identities of individuals crossing through them (Olsson et al., 2008; Ford et al., 2009; Pagnucco 

et al., 2011).  

 Two amphibian tunnels were installed in an urbanizing environment in Guelph, Ontario 

in the fall of 2015. The tunnels were put into place to facilitate passage through a bisected 

wildlife corridor and maintain connectivity between a wetland complex and a wetland isolated 

by a residential development. To the best of our knowledge, this was the first instance of 

specially designed small animal tunnels being installed in a suburban or urban area. To test the 

effectiveness of differing tunnel substrates, one tunnel was lined with sod, and the other with 

gravel. Due to the wealth of knowledge about species’ behaviour that can be garnered from 

capturing photos of their crossings, trail cameras were used to monitor the tunnels and explore 

anuran usage patterns.  

 The goal of this study was to use trail cameras to monitor amphibian underpasses in the 

City of Guelph, exploring variations in amphibian behaviour, substrate choice, and movement 

patterns. The first objective was to analyze time lapse photo data to determine daily and seasonal 

patterns in usage by amphibians from April to October of 2016. The second was to explore 

variations in behavioural patterns of amphibians using tunnels of different substrate lining. The 
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third and final objective was to examine the differences in micro-climate between and within 

tunnels to determine whether they affect amphibian usage patterns. 

 

3.2 Study Area  

 This study was conducted from April 24th to October 29th 2016 at the Dallan Lands, in 

Guelph, Ontario, Canada (about 43° N, 80° W). The 23.1 ha area is the site of a 409-unit 

residential development that is located on the margins of a provincially significant wetland 

complex (Figure 1). The development led to the isolation of a large wetland and necessitated 

mitigation efforts to avoid the decline of local wildlife populations. A 75-metre-wide wildlife 

corridor was set aside on the western boundary of the property to ensure some level of 

maintained connectivity between the isolated wetland and the rest of the complex to the south. A 

residential road was built that bisected this corridor, prompting concerns of high rates of road 

mortality. Of particular concern were local anuran populations which, prior to development, had 

been able to frequently migrate and disperse between the wetlands to the south and those situated 

in and/or around the Dallan Lands (Hughes et al., 2016).  

Two ACO Polymer Products wildlife underpass tunnels were installed under the 

bisecting road to mitigate road mortality and habitat isolation (Figure 5). The structures are 

approximately 25 metres in length, and have slotted ceilings to allow air, moisture, and light to 

penetrate the tunnel’s depths. One of the tunnels was lined with gravel, the other with sod. Both 

substrates were noted in previous literature to be more effective than bare concrete at facilitating 

amphibian movement through crossing structures (Lesbarrères et al., 2004; Woltz et al., 2008; 

Patrick et al., 2010). The tunnels were installed in the fall of 2015 and opened in April of 2016. 
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Two hundred and fifty metres of exclusions fencing were also installed parallel to the roads 

within the wildlife corridors to ensure that wildlife did not cross onto the road surface. 

 

3.3 Methods 

3.3.1 Trail Cameras 

Tunnel monitoring was conducted using two Reconyx PC900 trail cameras. Cameras 

were located on the north ends of both tunnels. The PC900 was chosen because it was able to 

take time lapse photos in low light conditions using a covert infrared flash, and because of its 

ability to take time lapse photos at intervals of the user’s choice. The cameras were also able to 

use both motion sensing capture and time lapse simultaneously.  

 The cameras were placed within steel enclosures and bolted to the underside of the ACO 

entrance structures so that they pointed towards the inside of the tunnels, covering about 2 metres 

of tunnel length and the entire tunnel width (about 50 cm) (Figure 6). Throughout the course of 

the monitoring season, nearly 2.3 million photos were collected and analyzed. Photos were 

collected every fourth day and batteries were replaced daily. Monitoring took place continuously 

between April 24 and October 30 according to the following schedule: 

 April 24 – June 3: 

o 15 second time lapse intervals between 7 pm and 10 am daily 

o Motion capture set to take 3 photos per trigger in 1 second intervals 

 June 3 – July 1: 

o 10 second time lapse intervals between 9:30 pm and 7:30 am daily 

o Motion capture set to take 3 photos per trigger in 1 second intervals 

 July 1 – October 30: 
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o 15 second time lapse intervals throughout the entire day 

o Motion capture set to take 3 photos per trigger in 1 second intervals 

 

 

Figure 6: Positioning of the Reconyx PC900 camera within the ACO polymer Products entrance structure. The field 

of view in this orientation was about 2 metres of tunnel length and 50 cm of tunnel width. 

 

3.3.2 Photo analysis 

 Photos were analyzed manually throughout the course of the summer and fall 2016 

season. Nearly 2.3 million photos were taken by the two cameras, constituting 511 GB worth of 

memory. The photos, once downloaded onto a portable drive, were sorted through individually, 

looking for any instance of moving amphibians. Nearly all the photos were taken using the 

infrared no-glow flash due to the low light conditions, therefore nearly all were captured in black 

and white.  

 The photo capture of an amphibian was recorded and referred to as a “crossing event”. 

The direction of the individual’s movement was recorded as either coming in from the north 

(exiting) or the south (entering). Crossing events were classified as successful, unsuccessful, or 

uncertain. Since there was no way to monitor the depths of the tunnels to track each individual 

amphibian, successful crossings were assumed to be those in which the individual crossed 
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through the length of the tunnel covered by the camera’s breadth of view. Unsuccessful crossings 

were considered those in which the individual turned around and did not cross, or merely passed 

by the entrance. In cases where it was difficult to determine whether a crossing event was 

successful or unsuccessful, the crossing event was classified as uncertain. This occurred when 

there was no conclusive photographic evidence to suggest that the individual moved north or 

south from its previously recorded position. 

 For each crossing event, the species or species group was identified and recorded to the 

best of the researcher’s ability. In cases where it was difficult to determine the exact species, 

particularly when it came to distinguishing between species of ranid amphibians, identification 

was limited to family group (Ranidae or Hylidae).  

 The total time of the crossing event was defined as the time the individual stayed within 

the camera’s field of view or as the time it took to cross through the length of the tunnel. 

Included in the total time was any time spent pausing, resting, exploring, or turning around. 

Because some researchers had documented cases of amphibian “tunnel hesitance” (Malt, 2012; 

Pagnucco et al., 2011; Hamer et al., 2014), the “pause times” and “rest times” exhibited by any 

crossing amphibians were recorded in addition to the total crossing times. Pause times were 

defined as any instance in which the amphibian did not move between time lapse frames. Within 

the course of one crossing event, an individual amphibian may have paused several times. These 

pause times were summed and recorded. Rest times were defined as those times in which the 

amphibian exhibited a clear behavioural effort to stop moving and rest within or on top of the 

tunnel substrate. These behaviours most often took the form of lowering itself into a depression 

in the substrate. Rest times were also summed and recorded.  
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 Amphibian crossings were characterized as either meandering, straight, or passing 

through. The type of crossing was determined by tracing the amphibian’s path through the 

camera’s field of view. Any path that had more than one “node” was classified as a meandering 

crossing. An individual who passed through the camera’s view or turned around shortly after 

entering the tunnel was classified as a “pass-through”. Figure 7 illustrates the different crossing 

types and their variations.  

 

Figure 7: The three classifications of crossing type used in this study: A) Straight crossings, with one or fewer 

"nodes", B) Meandering crossings with two or more "nodes", and C) Pass through. 

 

3.3.3 Climate Sensors 

 Two HOBO U23 Pro temperature/relative humidity sensors were used within the tunnels 

to monitor the differences in microclimate conditions. Between April and August, one sensor 

was placed 2 metres inside each tunnel, attached onto a steel angle bar. The sensors recorded 

temperature and relative humidity every five minutes. Beyond August, the sensors were used to 
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record temperature and humidity differences within each tunnel by placing them 0 and 2 metres 

inside each tunnel. About 10 days’ worth of measurements were taken in each crossing structure.  

 

3.3.4 Statistical Analysis 

 Statistical analysis was performed using the statistical software program SPSS as well as 

Microsoft Excel (2016). A two sample Kolmogorov-Smirnoff Goodness of Fit Test was used to 

test whether the observed distributions of amphibian passage throughout the day in gravel and 

sod lined tunnels differed significantly. This test was also used to explore whether the 

distributions of total crossing event times and pause times were significantly different between 

tunnels. Paired t-tests were used to test for differences between temperature and humidity 

between and within tunnels. Chi-square tests of independence were used to determine whether 

the proportion of crossing success rates differed depending on the direction of the crossings or 

the composition of the tunnel substrate. They were also used to explore whether crossing types 

differed between tunnels.  
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3.4 Results 

3.4.1 Anuran Usage Patterns 

 There were a total of 2,892 crossing events in the northern end of the tunnels between 

April 24 and October 30 2016, made up of at least 25 mammalian, avian, reptilian, and 

amphibian species. Of these, 795 were identified as anuran crossing events. 42.4% of these 

anuran crossings took place in the gravel-lined tunnel while 57.6% took place in the sod-lined 

tunnel. Figure 8 shows the seasonal timing of the crossings. The first captured crossings took 

place in both tunnels on May 13 and the last crossing took place on October 24 in the gravel-

lined tunnel. July and August yielded the highest number of crossing events for both tunnels, 

while April, May and June yielded the lowest numbers.  

 

Figure 8: Daily number of amphibian crossing events in the sod and gravel lined wildlife underpasses from April 24 

to October 30, 2016. 

 

Of the 795 crossings, 650 of them were by individuals of the family Ranidae, which 

included green frogs (Lithobates clamitans), northern leopard frogs (Lithobates pipiens), 

American bullfrogs (Lithobates catesbeianus), and wood frogs (Lithobates sylvaticus). One 
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hundred and nineteen of the crossings were by individuals of the family Hylidae, which included 

gray treefrogs (Hyla versicolor) and spring peepers (Pseudacris crucifer). Another 17 were by 

American toads (Anaxyrus americanus), and a further 9 were unidentified to species group. 712 

of the total 795 crossing events (90%) were by juvenile anurans.  

Anuran crossing events took place throughout the day but were highest during periods of 

late evening to early morning (Figure 9). The distributions of crossing event timings between the 

two tunnels were significantly different (α = 0.05, p < 0.001). This difference was most 

pronounced from 4 to 10 pm during which time there was a notably higher number of crossings 

in the sod lined tunnel than in the gravel lined tunnel. From 10 pm to 1 pm the number of 

crossing events per hour were relatively similar between the two tunnels.  

 

Figure 9: Daily timings of amphibian crossing events in the sod and gravel lined tunnels from April 24 to October 

30, 2016. 
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Very few crossing events took place when air temperature was below 15 degrees Celsius 

or higher than 34 degrees Celsius (Figure 10). Most crossings events occurred when 

temperatures were in the range of 19 to 28 degrees Celsius. The distributions of temperatures at 

the time of crossing were significantly different between the two tunnels (α = 0.05, p = 0.001), 

with higher numbers of crossings at higher temperatures in the sod tunnel. 

 

 

Figure 10:  Air temperature at the time of amphibian crossing in the sod and gravel lined tunnels from April 24 to 

October 30, 2016. 

3.4.2 Anuran Behavioural Patterns 

One hundred and seventeen (34.7%) of the 337 crossing events captured in the gravel 

tunnel, and 257 (56.1%) of the 458 crossing events captured in the sod tunnel were south-bound. 

There were nearly an equal number of north-bound crossing events in both tunnels, with 200 in 

the sod tunnel and 221 in the gravel tunnel. 

Crossing success rates differed significantly between tunnels (Table 1). The crossing 

success rate for north-bound crossing events was significantly higher in the gravel (91%) than in 

the sod (84%) (α = 0.05, p = 0.006). However, there was a significant decrease in crossing 
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success between individuals moving south (i.e. entering the tunnel) in the sod lined tunnel at 

53% compared to both the sod northbound success rate at 84% (α = 0.05, p < 0.001) and the 

gravel south bound success rate at 82% (α = 0.05, p < 0.001). The crossing success rate in the 

gravel tunnel for southbound crossings was also significantly lower at 82% compared to the 

northbound success rate, but the difference was far less pronounced (α = 0.05, p = 0.009).   

 

Table 1: The number of successful and unsuccessful crossings by amphibians for the sod and gravel lined tunnels 

between April 24 and October 30, 2016. 

 

 

 Total crossing times varied from as short as 15 seconds (a crossing event captured with 

only a single photo), to upwards of 45,000 seconds (12.5 hours). These longer crossings were 

generally characterized by long periods of resting. There were 99 resting events identified in the 

sod-lined tunnel, but only 14 resting events identified in the gravel-lined tunnel. The distribution 

of total crossing times differed significantly between the tunnels (α = 0.05, p < 0.001), favouring 

a higher number of longer crossings in the sod tunnel. 

Pauses in movement were common in both tunnels but averaged higher in the sod (212 

seconds) than in the gravel (115 seconds) (Figure 11). The distributions of pause times were 

likewise significantly different (α = 0.05, p < 0.001), with higher numbers of longer pause times 

in the sod lined tunnel. There was also a significantly higher proportion of meandering crossings 

in the sod tunnel (36%) compared to the gravel tunnel (14%) (α = 0.05, p < 0.001). An additional 
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51% of crossings in the sod tunnel and 80% of crossings in the gravel tunnel were classified as 

straight crossings.  

 

 

 

Figure 11: Frequency of amphibian pause times in the sod and gravel lined tunnels from April 24 to October 30, 

2016. 

 

3.4.3 Micro-climatic Characteristics 

Measurements of relative humidity and temperature 2 metres inside of both tunnels 

indicated significant differences in micro-climate. Both fluctuated daily in response to diurnal 

changes in ambient temperature, sunlight, and atmospheric moisture levels. The sod tunnel was 

significantly more humid (t = -174.6, p < 0.001, N = 18,681) and cooler (t = 251.7, p < 0.001, N 

= 18,681) than the gravel tunnel over the course of the monitoring period. The magnitude of this 

difference was consistently 0-20% for relative humidity (Figure 12) and 0-2.5 degrees Celsius 

for temperature (Figure 13).  
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Figure 12: Relative humidity differences from June 21 to August 23 between two tunnels lined with sod and gravel 

(measurements taken 2 metres inside the tunnels). 

 

Figure 13: Temperature differences from June 21 to August 23 between two tunnels lined with sod and gravel 

(measurements taken 2 metres inside the tunnels). 
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Figure 14: Relative humidity and temperature differences between 0 and 2 metres into wildlife tunnels. 

 

 Within each tunnel, measurements of relative humidity and temperature were taken at 0 

and 2 metre distances from the entrances (Figure 14). In the sod tunnel, daily fluctuations in 

temperature (t = -7.4, p < 0.001, N = 1896) and relative humidity (t = -6.98, p < 0.001, N = 1896) 

were significantly less pronounced 2 metres into the tunnels than at the entrances of the tunnels. 

The same was true for temperature (t = -31.8, p < 0.001, N = 2880) and relative humidity in the 

gravel tunnel (t = 31.04, p < 0.001, N = 2880). The result was lower temperatures and higher 

humidity levels farther within the tunnels during the daytime, and higher temperatures and lower 

humidity levels 2 metres inside the tunnels during the nighttime. Mornings and evenings 

experienced brief periods of time wherein these differences approached zero. 
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3.5 Discussion 

3.5.1 Substrate Conditions 

The sod and gravel substrates were placed within the tunnels in the fall of 2015. The 

tunnel entrances were sealed until April of the following year to prevent influx of sediment and 

debris from surrounding construction (see Figure I-3 in Appendix I). Once opened, the sod 

continued to survive for some time. The low light conditions were expected to eventually kill the 

grass, but it was more likely the influx of water from rain storms that killed most of the grass and 

turned the substrate into compacted organic material and mud by mid-June across the entire 

length of the tunnel (see Figure I-4 in Appendix I). During significant rainfalls, the sod substrate 

flooded for brief periods of time, with sustained saturation occurring in depressions in the 

substrate. The gravel tunnel rarely flooded, exhibiting better drainage than its sod counterpart 

due to the grain size and overall substrate porousness. The conditions of saturation in the sod 

tunnel led to visibly higher amounts of insect and invertebrate activity. During intense rainfall 

events, streams of water drained out from the sod tunnel into the surrounding wildlife corridor, 

carving channels into the substrate itself. By the end of the monitoring period in October, the 

erosion of sediment at the edge of the tunnel had exposed several centimetres of tunnel concrete. 

This may become problematic in the future, as concrete has been known to be far a less attractive 

substrate for crossing amphibians (Patrick et al., 2010). Additional sheets of sod or soil may be 

placed in the tunnels to replace the eroded material. Alternatively, a thin layer of gravel may be 

overlain with sod to promote better drainage, avoid erosion, and prevent flash flooding. 

During the monitoring periods of May and early June, the grass needed to be trimmed 

due to its height and because it obscured the camera’s field of view. The gravel substrate was 

rarely maintained, except to smooth out mounds of gravel for better visibility in the photos.  
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3.5.2 Patterns of Anuran Crossings 

 Strong seasonal patterns were reflected in the crossing event patterns captured by this 

study’s monitoring system. The early stages of monitoring in May and June yielded more 

Hylidae crossing events compared to Ranidae crossing events, suggesting a tendency to disperse 

earlier than Ranidae juveniles. This is consistent with earlier observed calling rates in two hylid 

species at the Dallan Lands (Hughes et al., 2016). July and August, as well as most parts of 

September and October yielded high numbers of almost exclusively juvenile Ranidae, in 

particular green frogs, who are better adapted to disturbed ecosystems such as stormwater ponds 

and urban wetlands than many other of their native anuran counterparts (Karraker, 2007). It is 

also noted in the literature that species of Hylidae find exclusion fencing as a minor 

inconvenience rather than an obstacle to movement (Dodd et al., 2004; Taylor & Goldingay, 

2003). We came across two instances of gray treefrogs sitting on top of the tunnel entrance 

structures. The design of the ACO guidance system fencing used at the Dallan Lands likely 

contributed to lower numbers of Hylidae climbing over, but due to their small size and adhesive 

feet, the fencing remained as more of an impediment than an absolute obstacle. As a result, lower 

numbers of Hylidae were expected no matter the tunnel substrate lining or time of year.  

The busiest crossing event days took place after significant rainfalls or after continuous 

days of drizzle and overcast conditions. Surprisingly, some crossing events took place during 

dryer periods, although these were less common due to the stresses of desiccation during time of 

low moisture. Low wetland water levels and limited precipitation events in the early- and mid-

summer limited the number of days of potential anuran movement. For the most part, crossing 

events were isolated to days of wetness in the gravel tunnel, and thus occurred more 

sporadically. There were notably higher rates of anuran usage in the sod tunnel during periods of 
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dryness and high temperatures. A possible explanation for this pattern is the sod substrate’s 

ability to retain moisture and act as a more attractive lining for anurans who require moist, 

humid, and cooler conditions to regulate their body heat and prevent desiccation in the warmest 

days of the summer (Lesbarrères et al., 2004).  

 Crossings were for the most part restricted to days and times of day where temperatures 

did not fall below about 15 degrees Celsius or above 35 degrees Celsius. The frequency of 

crossing events when temperatures ranged from 14 to 20 degrees were similar between tunnels, 

but from 20 to 31 degrees, there were more crossings in the sod tunnel than in the gravel tunnel. 

Furthermore, the few crossings to have taken place beyond 36 degrees Celsius all took place in 

the sod tunnel. Our sensor data shows that the sod tunnel was consistently cooler and more 

humid than the gravel tunnel, creating more favourable conditions during the warmest days of 

the year. 

 Crossing events were most common from early evening to mid-morning, but took place 

during the daylight hours as well, particularly during days following rain. As expected, the 

warmest hours of the day (12-4 pm) saw the lowest number of crossings, as amphibians do not 

often risk moving long distances during these times, preferring to find a source of moisture in 

which to regain energy, prevent desiccation, and avoid predators (Lesbarrères et al., 2004). 

Between 11 pm and 10 am, crossing events were similar in number between the two tunnels, but 

between 4 pm and 10 pm there were far more events observed in the sod tunnel. The ability of 

sod to retain moisture may once again have been the cause of this pattern, as individuals would 

likely have favoured a cooler and moister environment as relief from the intensive insolation late 

afternoons in mid-summer.  

 



41 

 

3.5.3 Effects of Substrate on Anuran Behaviour  

Differences in anuran crossing behaviours between tunnels may be attributable to a 

variety of factors, particularly tunnel substrate lining. The sod substrate was capable of retaining 

moisture for long periods of time, increasing relative humidity inside the confined micro-

environment of the tunnel and acting as a source of moisture for amphibians who were travelling 

during periods of the year or day that exposed them to desiccation. We frequently observed 

juvenile green frogs “exploring” the tunnel, particularly when they reached about 2 metres inside 

the tunnel. This behaviour was characterized by what appeared to be a confused meandering. 

Their heads were held up high and they often crossed from one side of the tunnel to the other 

instead of following its length. This behaviour was far less common in the gravel tunnel, 

suggesting that the sod may have had some effect on their olfactory cues, or that the anurans did 

not recognize the structure as a method to facilitate passage, but rather as the destination they 

were seeking (Lesbarrères et al., 2004). Given the sod substrate’s capacity to retain moisture for 

days, or even weeks, anurans, particularly dispersing juveniles who are searching for a wetland 

to colonize, may have experienced some level of confusion upon reaching the tunnel, whose 

interior conditions in many ways resemble that of a wetland’s bank.  

A substantially higher number of resting events coupled with higher numbers of recorded 

crossing events and lower crossing success rates, indicate that anurans find the sod-lined tunnel 

more attractive not as a crossing structure, but as a refuge. In many instances, anurans who rested 

in the tunnel for long periods of time did not continue through the tunnel but turned back the way 

they had entered. This is not to say that the sod-lined tunnel did not act as an effective crossing 

structure. Of those anurans who travelled north, 84% crossed through successfully. Creating a 

refuge for anurans in a highly disturbed environment such as the one in the Dallan Lands can 
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promote effective movement through wildlife corridors by offering relief during migration and 

dispersals through hostile terrain.  

Interestingly, the numbers of northbound anuran crossing events (i.e. exiting the tunnel) 

were about the same between the two tunnels, with the magnitude of successful northbound 

crossers being slightly higher in the gravel. These individuals had likely already passed through 

the entire length of the tunnel, and assuming that the success rate of individuals entering from the 

north in the sod tunnel was similar to the success rate of individuals entering from the south, we 

would expect there to be more crossing events on the south end, with a similar proportion of 

unsuccessful crossing attempts.  

On the other hand, the gravel-lined tunnel had higher rates of crossing success, lower 

pause times, lower total crossing times, higher rates of straight crossings, and far fewer instances 

of resting. This suggests significant behavioural differences between the tunnels such that the 

behaviours in the gravel tunnel were favouring crossings rather than refuging. Since these 

structures were designed and installed specifically to facilitate passage, many of these 

behavioural observations favour the use of gravel over sod as a tunnel substrate lining. The 

question then becomes: should the tunnels be lined with a substrate that is more attractive in 

order to encourage higher rates of usage (whether they be crossings or not), or should it be a 

substrate that facilitates quicker and more successful passage but lower numbers of overall 

usage? The results presented in this study suggest that anurans favour a more natural sod or mud 

substrate, but it could be more expensive, requires maintenance, is susceptible to erosion and 

flooding, and reduces overall crossing success.  
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3.5.4 Tunnels as Predator Traps 

 

There have been some concerns that corridors and crossing structures may act as predator 

traps for opportunistic predators (Little et al., 2002; Pagnucco et al., 2011). Only seven instances 

of predation or attempted predation on anurans were captured in the tunnels, and four of those 

occurred in the sod tunnel. Although there is little evidence to suggest that predator traps are an 

area for concern, it would be in the best interest of the anuran to cross the structure as swiftly as 

possible to avoid interaction with potential predators such as raccoon, skunks, and snakes, all of 

whom were also common users of the crossing structures. This again, favours the gravel 

substrate as a tunnel lining material.  

 

3.5.5 Micro-climatic Discrepancies and their Impacts on Anuran Behaviour 

The temperature and relative humidity sensor readings revealed diurnal variations in the 

differences between micro-climatic conditions 2 metres inside the tunnels and at the entrances of 

the tunnels. The magnitude of these differences may have played some role in determining 

anuran behaviour. Longer pause times and a greater number of meandering crossings in the sod-

lined tunnel point to some degree of “tunnel hesitance”. Whether this is a result of micro-climatic 

conditions or something else entirely is difficult to tell conclusively. The ACO AT500 wildlife 

crossing structures were designed with slotted ceilings to allow for moisture and air to penetrate 

the tunnel depths. This design was included to reduce the magnitude of micro-climatic 

discrepancies between ambient and internal conditions. However, since the sidewalks and 

associated green areas overtop of the tunnel closed off these slots for 7.5 metres on either end, 

their effectiveness was surely dampened. Municipal requirements for these adjacent areas of 
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grass and concrete are therefore an issue for the installation of these types of tunnels in suburban 

settings.  

If it was indeed the differences in micro-climate that caused anurans to hesitate while 

entering the tunnels, then we would have expected to see the greatest success rates and lowest 

hesitance rates during periods of the day when these differences were at a minimum (i.e. 

approaching zero). Though the differences in temperature and relative humidity were likely not 

biologically significant, save perhaps for conditions outside of the tunnels during particularly 

warm and sunny middays, sudden changes in air moisture and temperature should have 

contributed to some response by crossing anurans. Sensor data showed that differences in 

temperature and relative humidity between the entrance and 2 metres into the tunnels were 

lowest during periods of sunrise and sunset. However, the average hesitance times were actually 

highest during these transitional periods compared to overnight when relative humidity and 

temperature were more consistent for several hours (likely a result of the absence of sunlight). 

Coincidently, these transitional times corresponded to times when the rate of change in micro-

climate conditions were the greatest. It may be these rapid shifts in micro-climate that caused 

there to be greater hesitance during these times of day. If the ceiling slots were exposed and able 

to function as they were originally designed, then these changes would likely have been far less 

pronounced, dampened by a more natural mimicry of diurnal shifts in atmospheric conditions, 

leading to potentially shorter hesitance times and increased rates of crossing success.  
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3.6 Conclusions 

Our comprehensive monitoring system was able to reveal both the usage patterns and 

behavioural responses of anurans to changing conditions and different substrates. Analysis of 

over 2.3 million time lapse photos over the course of the 2016 spring, summer, and fall season 

indicated that amphibian tunnels were being used frequently and successfully. The willingness of 

anuran individuals to approach, enter, and use these tunnels is promising in the long term 

conservation of urban amphibian populations at the Dallan Lands.  

Beyond mere usage, we were able to identify significant behavioural responses to 

substrate lining, which will certainly help inform future tunnel installations. Increases in crossing 

success, and shorter pause times highlight a gravel substrate as an effective lining to promote and 

facilitate movement through underpass crossing structures. Sod substrates, despite longer 

hesitance times, lower crossing success rates, and hints of confusion exhibited by dozens of 

crossing individuals, have potential for use in underpass crossing structures, but must be 

deployed and maintained in ways that acknowledge anuran behavioural responses. We also 

emphasize the importance of maintaining the openness of tunnels in order to prevent steep 

changes in micro-climatic conditions which may in some part be contributing to patterns of 

hesitance and lowered crossing success.  

 Future studies should seek to explore additional components of amphibian tunnel design 

in order to promote an even greater willingness to utilize these mitigation structures. Some effort 

must also be made to explore anuran behaviour farther within these tunnel structures where our 

cameras were not able to record. Our focus on the first 2 metres was meant to explore the 

responses of anurans to initial entry or exit, but these are dynamic and complex creatures, and 
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there is certainly much to be learned about their movement patterns as they cross through the 

entirety of the structures.  
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4.0 Manuscript 2 

Developing a Protocol for the Monitoring of Small Animal Underpass Structures using 

Trail Cameras 

 

4.1 Introduction 

 As road networks expand, so too does the threat of road mortality for adjacent wildlife 

populations. Concerning rates of roadkill have been well documented for nearly all groups of 

terrestrial species in studies spanning multiple continents (Ashley & Robinson, 1996; Forman & 

Alexander, 1998; Dodd et al., 2004; Glista et al., 2007). As such, efforts to implement mitigation 

strategies to reduce road mortality have been widely adopted in recent decades. The most 

frequently used mitigation measures have included the joint use of wildlife underpasses and 

exclusion fencing (Dodd et al., 2004; Ascensao & Mira, 2007; Patrick et al., 2010; Pagnucco et 

al., 2011; Malt, 2012; van der Grift et al., 2013). The size and shape of these structures vary 

considerably depending on the location, target species for protection, and degree of financing 

available for mitigation (Grilo et al., 2010; Lesbarrères & Fahrig, 2012; Beebee, 2013). A 

common practice is to enhance existing drainage culverts by installing exclusion fencing. This 

practice guides wildlife towards underpass structures that are already willingly used by a range 

of species, augmenting their usage rates and reducing wildlife-vehicle collisions (Dodd et al., 

2004; Glista et al., 2009; Cunnington et al., 2014).  

 Unfortunately, installing underpass structures is quite often an expensive endeavor, 

making it an impractical mitigation strategy when resources are scant (Glista et al., 2009). Some 

underpass designs have scaled down their size and altered their design to reduce the costs of their 

installation and promote use by smaller species (Lesbarrères et al., 2004; Woltz et al., 2008; 
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Pagnucco et al., 2011). To optimize use and reduce so called “tunnel hesitance”, some crossing 

structures have slotted ceilings that allow moisture, air, and light to penetrate the tunnel’s depths 

and help it resemble the ambient environment more closely (Pagnucco et al., 2011; Beebee, 

2013; Hamer et al., 2014).  

 Despite their widespread application, there have been few studies that have been able to 

determine whether crossing structures are effective long-term solutions for road mortality 

mitigation (Glista et al., 2009; Lesbarrères & Fahrig, 2012; Beebee, 2013; van der Grift et al., 

2013). For the most part, studies have struggled to identify the key indicators for long-term 

population stability. Reductions in road mortality rates have been widely observed in areas where 

exclusion fencing and crossing structures are effectively installed, but this may not necessarily 

point to mitigation success (Dodd et al., 2004; Aresco, 2005; Glista et al., 2009). Furthermore, 

long term monitoring of populations is simply not possible in many cases due to lack of resource 

commitment. We are faced, therefore, with the task of identifying and refining low-cost, low-

effort monitoring techniques, that applied alongside local population monitoring methods can 

inform managers and scientists about the usage and effectiveness of wildlife crossing structures.  

 Pagnucco et al., (2011) have previously identified trail cameras as a low-cost alternative 

to other monitoring techniques with the potential to inform on not only usage patterns, but on 

behavioural differences between and within species. The application of trail cameras has been 

successful in many instances for monitoring underpass use by mammals and other endothermic 

species since the cameras’ motion sensors can easily identify the individuals as thermal 

anomalies (Ford et al., 2009), but becomes problematic when applied to the monitoring of 

ectothermic reptiles or amphibians (Pagnucco et al., 2011; Pagnucco et al., 2012; Malt 2012; 

Baxter-Gilbert et al., 2015). Due to the unique challenge in monitoring their usage of crossing 
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structures, trail camera monitoring systems have had to adapt to the lack of heat signatures in 

herpetofaunal individuals. Relying on motion sensing capture in these cases is inappropriate, as 

most if not all crossings would go uncaptured (Pagnucco et al., 2011; Malt 2012). 

 There are two ways to meet this challenge: using active infrared systems, or using time 

lapse photo capture. Both approaches have their benefits and drawbacks. Active infrared sensors 

capture crossings by taking photos whenever a beam of light (generally stretched across the 

bottom of the crossing structure) is broken (Dodd et al., 2004). These systems, however, are 

expensive and difficult to implement in small crossing structures. Time lapse relies on fixed time 

interval photos to capture crossings. The specific interval of photo capture will depend on battery 

life, memory space, and sheer availability of labour for photo analysis. Though amphibians and 

reptiles are relatively slow moving creatures, time lapse intervals of one minute that have been 

previously used have failed to capture many of their crossings (Pagnucco et al., 2011). On the 

other hand, increasing the interval of capture reduces battery life, increases memory storage 

demand, and increases labour required to look through the photos. Novel software that searches 

through sets of time lapse photography to identify significant ecological events offers a 

promising tool for reducing labour time and maintaining consistent identification, but requires 

calibration before being applied to data sets that vary in background noise and organisms’ 

movement speed (Weinstein, 2015). 

 Since the range of protocols used for monitoring crossing structures via trail cameras are 

variable and sometimes misguided, this study sought to explore the dynamics of small animal 

usage patterns in small underpass tunnels to inform future monitoring procedures. Keeping 

monitoring protocols relatively consistent between studies ensures that results can be effectively 
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compared and contrasted for changes in usage and behaviour between locations and structure 

types. The objectives of this study were to: 

1. Explore the effectiveness of motion capture and time lapse for both ectothermic and 

endothermic species 

2. Determine the optimal monitoring windows for a variety of crossing structure users 

3. Determine the minimum time lapse photo capture interval for ectothermic species 

4. Explore the usefulness of an automated motion detection software in identifying animal 

crossings in large time lapse photo sets.  
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4.2 Study Area 

 This monitoring study took place in the City of Guelph, Ontario, Canada (about 43° N, 

80° W), between April 24 and October 30 2016. Two ACO Polymer Products Inc. AT500 

wildlife tunnels were installed under Poppy Drive East in a 23.1 ha area known as the Dallan 

lands in the fall of 2015. This area underwent construction starting in late 2014 for the 

development of 409 residential units (Figure 15). The development took place on the margins of 

Hall’s Pond Provincially Significant Wetland Complex, an area consisting of 22 separate 

wetlands connected by patches of forest and meadow. Prior to construction, the Dallan lands 

were composed mostly of patches of remnant forest and cultural meadow. A productive wetland, 

situated in the north-western corner of the property was isolated from the rest of the wetlands in 

the complex as a result of the development. To maintain connectivity, a 75 m wide wildlife 

corridor was designated to run north-south along the eastern edge of the property, bisected by a 

residential road (Figure 15). 
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Figure 15: The Dallan Lands development. Residential units are highlighted in red, neighbourhood parks in yellow, 

stormwater facilities in purple, wildlife corridors in green. The location of the underpass crossing structures are 

highlighted in pink.. 

 

Concerns about road-induced mortality of herpetofauna led to the installation of the two 

tunnels and 250 m of ACO Polymer Products Inc. amphibian guidance system fencing to exclude 

small animals from the road surface and guide them towards the tunnel entrances (Figure 5). The 

tunnels themselves are about 25 m long and spaced 20 m apart from one another. The tunnel 

entrances were opened in April of 2016. One of the tunnels was lined with a gravel substrate, and 

the other with a sod substrate.  
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4.3 Methods  

4.3.1 Trail Camera Monitoring 

 Two Reconyx PC900 cameras were used to monitor crossing structure usage by wildlife 

in the summer of 2016. The cameras measured 5.5” in height, 4.5” in width, and 3” in depth and 

required 12 AA Nickel-Metal Hydride rechargeable or Lithium batteries. A passive infrared 

system was used to detect wildlife wherein any thermal anomalies against the background 

temperature triggered the camera’s motion sensor.  

The PC900 model was chosen for several reasons: 

1. It was able to take time lapse photos (and motion captured photos) in low or no light 

conditions using a no-glow covert infrared flash 

2. It was able to take a high number of photos (up to about 10,000) with one battery charge 

3. It provided the option to set time lapse capture to intervals as low as one second 

4. It allowed the user to use both time lapse and motion sensing capture simultaneously 

 

The characteristics outlined above allowed us to deploy the cameras in an environment of 

almost constant low or no light conditions and monitor using relatively frequent intervals of time 

lapse throughout the night and day. In fact, it was one of the only trail camera models that 

allowed us to take time lapse photos at intervals of 10 or 15 seconds using a no-glow infrared 

flash.  

 To protect the cameras from wildlife and potential tampering, they were placed inside 

heavy duty steel casings and bolted to the underside of the ACO polymer entrance structures 

using heavy duty swivel mounts. Cable locks were then used to secure the mounts and enclosures 

to the entrance structure (Figure 6). 



54 

 

 

 Camera positioning was guided by the following 3 criteria: 

1. The cameras must be able to capture the full width of the tunnels 

2. The camera must be easy to access yet be hidden from passing pedestrians and vehicles. 

3. The cameras must be placed in such a way that the behaviour of passing wildlife would 

not be altered or impaired.  

 

To accommodate for these three criteria, the cameras were attached to the angled 

underside of the ACO polymer entrance structures and pointed towards the inside of the tunnels 

(Figure 6). The placement allowed for capture of the full width of the tunnels (about 50 cm), and 

about 2 metres of tunnel length. This is a significant improvement over a previous study that 

used camera traps in ACO polymer tunnels wherein the cameras were attached to the ceiling of 

the tunnels, resulting in far smaller fields of view (Pagnucco, 2011). The choice of camera 

placement also provided some shelter against moisture and exposure while remaining difficult to 

see from the road surface and providing no obstacle for wildlife movement.  

 Two Reconyx PC900 cameras were used in this study. One was placed in each of the 

northern tunnel entrances. A time lapse monitoring schedule was created to as efficiently as 

possible capture the movement of ectothermic species, particularly amphibians and reptiles. The 

following settings were used during the stretch of monitoring from April to October 2016: 

 April 24 – June 3: 

o 15 second time lapse between 7 pm and 10 am daily 

o Motion capture set to take 3 photos per trigger in 1 second intervals 

 June 3 – July 1: 
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o 10 second time lapse between 9:30 pm and 7:30 am daily 

o Motion capture set to take 3 photos per trigger in 1 second intervals 

 July 1 – October 30: 

o 15 second time lapse throughout the entire day 

o Motion capture set to take 3 photos per trigger in 1 second intervals 

 

Because the monitoring effort undertaken at Dallan was largely focused on amphibians 

and reptiles, the time lapse was originally limited to periods of evening, night, and morning, 

where there was typically a greater number of migrating and dispersing amphibians. However, it 

was made clear by the end of June that many reptiles were approaching the tunnels and crossing 

through them during the warmest periods of the afternoon.  Therefore, in an effort to explore the 

daily use of the underpass structures by all types of wildlife, and to provide recommendations for 

future monitoring windows, the cameras were set to take photos over a 24-hour period daily 

starting in July. An interval of 15 seconds was chosen because it provided an adequate window 

to capture most crossing amphibians, reptiles, and mammals.  

Between April 24 and July 1, batteries were changed once every two days. Photos were 

collected every fourth day and downloaded for analysis. From July 1 onwards, batteries were 

changed and charged daily due to the number of photos being taken. Overall, nearly 2.3 million 

photos were downloaded, categorized, and analyzed. To retrieve the photos, the camera’s 

memory card was removed for periods as long as half an hour based on the quantity of photos. 

During these times, no additional photos were being taken in the tunnels.  
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4.3.2 Photo Analysis 

Any animal captured in the camera’s frame was classified as a “crossing event” (Chapter 

2). For each crossing event, method of photo capture was recorded (motion, time lapse, or both). 

Additional records included the time of the initial capture, the day of the capture, and the overall 

time the animal stayed within the frame. Organisms were identified to their species as best as 

possible given the quality of the photos and the lack of colour. For amphibians and small 

mammals such as mice, voles, shrews, anurans, and snakes, it was difficult to identify to species, 

therefore they were placed into their respective species groups or families instead.  

 

4.3.3 Minimum Time Lapse Interval 

Two approaches were taken to determine how many amphibian and reptilian crossing 

events would be missed if the time lapse interval was increased. The first involved using the total 

crossings times, and the second involved the application of the start and end times of the 

crossing, which we called the “real” crossing times. Three time lapse intervals were investigated 

for each approach: 30 seconds, 60 seconds, and 120 seconds. Since our time lapse was set to a 15 

second interval, our calculation of crossing times was limited to a 15 second resolution. Though 

this resolution is much finer than many other studies, it should be noted that it may still have 

missed up to 28 seconds of any given crossing event.  

Using the total crossing times, we identified any crossings whose total crossing time was 

shorter than the specified time lapse interval. The total crossing time method assumed that any 

crossing shorter than the specified time lapse interval would be missed, regardless of when the 

crossing event was initiated. This corresponded to a “worst case scenario”.  
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 The second method used the “real” crossing times. This method took into consideration 

when the crossing events were initiated and ended. Using PC900 cameras, a time lapse interval 

of 15 seconds would take photos at :00:00, :00:15, :00:30, and :00:45. Similarly, an interval of 

30 seconds would take photos at :00, and :30. We used the actual capture times of the crossing 

events to determine whether a photo taken at the specified interval would be able to capture that 

crossing. For instance, using the total crossing time approach, a crossing that took 15 seconds 

would not be captured via a 30 second time lapse interval, regardless of when the crossing event 

began. Using the “real” crossing time method, the same 15 second crossing event that was 

initiated at :00:20 would indeed be captured via a 30 second time lapse interval, because at 

:00:30, the individual would still be in the frame.  

 

4.3.4 Motion Meerkat 

An open source program called Motion Meerkat (version 2.0.3), developed for 

identifying ecological movement within long videos or sets of time lapse photos, was explored as 

a possible tool for reducing monitoring labour time (Weinstein, 2014). It was the only program 

that we found that was able to look through time lapse photo sets to identify movement. The 

program allows the user to adjust several settings based on the nature of the dataset: 

1. Background noise/movement – Allows the user to indicate how much background 

noise is expected in the video/photo set (0-5) 

2. Organism’s movement speed – Allows the user to indicate how quickly the 

organisms of interest move (0-5) 
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3. Organism’s size – Allows the user to indicate the minimum size of the organisms 

of interest (as a proportion of the total frame). Any movement under the indicated 

size would be filtered out and not identified as significant ecological movement  

 

The program also gives the user the option to draw an outline of which area of the video or 

photoset the program should focus on. Anything outside of the drawn box would not be 

considered within the analysis. Finally, the program allows the user to indicate whether they 

would like the output candidate motion frames to have the areas of interest outlined/highlighted.  

 

4.3.4.1 Calibration 

Ten sets of photos from both the gravel tunnel were used as the calibration dataset. The 

photos were taken between August 1 and 11, and included crossing events by a diverse set of 

organisms. The ten sets of photos together included some 58,000 photos. To test the 

responsiveness and performance of the program to changes in its settings, each photo set was run 

with 16 different setting combinations of background noise and organism speed. We assumed 

that minimum organism size could remain constant at a value of 0.01 (0.01% of the total frame), 

as many of the captured crossing events were by small organisms. Background noise and 

organism speed were set from 1-5 to cover each possible combination, for a total of 16 

combinations. Settings of 0 for both background noise and organisms speed were not used since 

they resulted in an inefficient rate of photo return.  

A total of 160 program runs were completed to determine the most effective combination 

of settings. Performance was determined primarily by comparing the number of crossing events 

identified manually to the number identified by the motion detection program. A more in-depth 
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examination of performance was determined by comparing the number of frames per crossing 

event identified manually and by the program. A third consideration was the overall number of 

candidate motion frames identified by the program. As one of the main objectives of using an 

automated program was to reduce labour time, more candidate motion frames would likely mean 

more false positives and higher labour time needed to sort through the photos. 

 

4.4 Results 

4.4.1 Species Composition 

We identified at least 25 species or species groups using the crossing structures (Table 2). 

Mice, voles, and shrews were not able to be consistently identified to their species, though we 

certainly identified several unique species in each group using the tunnels. In total, there were 

2,892 individual crossing events documented from April 24 to October 30 2016 in both tunnels. 

Mammals accounted for 1,664 of these events, reptiles accounted for 279, and birds for 154. 

Amphibians accounted for the rest of the 795 crossing events. The sod-lined tunnel experienced 

a higher number of overall crossings at 1,626 to the gravel-lined tunnel’s 1,266. Of note were the 

higher numbers of vole, shrew, amphibian, and raccoon crossing events in the sod tunnel, as well 

as the higher number of chipmunk and rabbit crossing events in the gravel compared to the sod 

tunnel.  
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Table 2: Number of crossing events per tunnel from April to October 2016 for a variety of species and species 

groups. 

 

Only four Midland Painted Turtles (Chrysemys picta marginata) crossing events were 

documented, while snake crossing events were far more common at 275, identified largely as 

Eastern Garter Snakes (Thamnophis sirtalis sirtalis). Snake crossing events favoured the sod-

lined tunnel over the gravel-lined tunnel (151 to 124 respectively). Seasonally, almost all the 

snake crossing events were restricted from mid July to early September (Figure 16). Of the 1664 

mammalian crossing events, 71% were by small mammals (i.e. mice, voles, and shrews). The 

next most common species were eastern cottontail rabbits (Sylvilagus floridanus), striped skunks 

(Mephitis mephitis), and raccoons (Procyon lotor), making up 14.9% of all mammalian 
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crossings. Less common tunnel users included red squirrels (Sciurus vulgaris), American minks 

(Neovison vison), short-tailed weasels (Mustela ermine), eastern chipmunks (Tamias striatus), 

Virginia opossums (Didelphis virginiana), domestic cats (Felis catus), muskrats (Ondatra 

zibethicus), and woodchucks (Marmota monax). Large mammal crossings (any mammals species 

other than mice, shrews, or voles) took place consistently throughout the monitoring period, 

while small mammal crossings were focused during May, June, September, and October (Figure 

16).  

The most common bird users were killdeer (Charadrius vociferus) and spotted sandpipers 

(Actitis macularius), predominantly ground dwelling and nesting birds. Red-winged blackbirds 

(Agelaius phoeniceus) were also frequent users, but used the tunnels for foraging of insects at 

their entrances. Of the amphibians recorded, most users were Ranidae, accounting for 650 of the 

795 total crossing events. The remaining individuals were Hylidae or American Toads (Bufo 

Americanus). Appendix II contains images of certain mammalian (Figure II-1), avian (Figure II-

2), and herpetofaunal (Figure II-3) crossings. 
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Figure 16: Daily species group use from April 24 to October 30, 2016 (both tunnels combined). 

 

4.4.2 Daily Usage Patterns 

There were distinct variations in the daily use of the tunnels by each species, with some 

like skunks, mice, shrews, raccoons, and minks exhibiting nocturnal behaviour by crossing 

during periods of darkness. Other species such as the red squirrel and eastern chipmunk were 

active mostly during the morning and evening hours (Figure 17). Ectothermic reptiles crossed 

predominantly during daylight hours. Amphibian crossing events were most common during the 

overnight hours but also occurred throughout the day in lower numbers. Birds tended to restrict 

movement to daylight hours, with peaks for killdeer occurring in the early morning and late 

afternoon.  
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Figure 17: Daily underpass usage timings by the most frequent tunnel users from April 24 to October 30, 2016 

(both tunnels combined). 

 

4.4.3 Capture Methods 

The methods for photo capture of each species group are presented in Table 3. These 

figures are only for crossing events that took place after July 1st when our 24-hour monitoring 

was initiated. Crossings by snakes, turtles, and anurans were rarely detected by the motion 

sensors, and were instead captured almost exclusively through time lapse. None of the anuran 
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crossing events in the gravel tunnel and 0.5% of crossing events in the sod tunnel were detected 

by the motion sensors. Snakes were also captured almost exclusively through time lapse (100% 

and 99.2% for the sod and gravel tunnels respectively). Of the four turtle crossing events, only 

one was able to trigger the camera’s motion sensors.  

 

Table 3: Percentage of crossings captured with infrared motion detection and/or time lapse photography from July 

1st to October 30th 2016, separated by tunnel. 

 

 

 For red-winged blackbirds, 100% of crossing events in the sod tunnel and 95% crossing 

events in the gravel tunnel were detected by the motion sensors. This detection rate decreased to 

75% in the sod tunnel for killdeer. Large mammals were in general detected by the motion 

sensors quite frequently. Notable exceptions included the detection of raccoons in the sod tunnel 

(77.5%), and American minks in the both sod and gravel tunnels (62.5% and 83.3% 
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respectively). Otherwise, large mammals were detected by the motion sensors upwards of 90% 

of the time. Some species that rarely crossed through the tunnels, such as the Virginia opossum 

(of which there were only 2) were only detected once (50%).  

 Motion sensors were slightly less effective at detecting small mammal crossings, 

particularly in the gravel tunnel. Of all crossing events detected with time lapse and motion 

combined, mice, voles, and shrews were detected through motion at detection rates of less than 

90% in the sod tunnel, and 59.4%, 73.9%, and 81.8% respectively in the gravel tunnel. Time 

lapse was also only moderately effective at capturing small mammal crossings on its own, never 

surpassing an 80% capture rate. Nearly all crossing events by fast moving medium sized 

mammals such as chipmunks and squirrels were detected by the motion sensors, but less than 

45% of those same crossings were captured in the time lapse photos.   

 

4.4.4 Minimum Time Lapse Interval 

Changing the time lapse interval from 15 seconds to 30 seconds had a minimal impact on 

captured crossings in both tunnels using “real” time crossings (Figure 18). More than 95% of all 

crossings were still captured with a 50% reduction in the number of time lapse photos taken. 

Increasing the time lapse interval further to 60 seconds and 120 seconds gradually reduced the 

percentage of captured crossings to a low of 73.1% in the gravel tunnel. For snakes, this 

reduction was more pronounced, with less than 60% of crossings captured in both tunnels with a 

time lapse interval of 120 seconds. A time lapse interval of 30 seconds was able to maintain a 

capture rate >90% for snake crossing events in both tunnels.  
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Figure 18: Percentage of crossings captured with increasingly lower time lapse intervals of 30, 60, and 120 seconds 

using a real-time approach and a total time approach for A) anuran crossings, and B) snake spp. crossings. 

 

Using the total crossing times led to notably steeper declines in the percentage of 

captured crossings. Using a 30 second time interval resulted in 92.4% and 85.5% of crossings 
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being captured in the sod and gravel tunnels respectively. A time lapse interval of 60 seconds 

was only able to capture 70.4% of anuran crossings and a 120 second interval only 39.3% of 

crossings in the gravel tunnel. The percentages of captures were consistently higher in the sod 

tunnel compared to the gravel tunnel for anurans but similar between tunnels for snakes. A 

shorter time lapse interval of 30 seconds led to more than 20% fewer snake crossing captures 

using the total crossing time method. Nearly 50% of crossings were missed with a 60 second 

time lapse interval, and 80% of crossing were missed when increased to 120 seconds.  

 

4.4.5 Ecological Movement Detection Software 

 The Motion Meerkat software was able to detect an average of 94.5% of crossings with 

the lowest performing settings. The best combination of background noise and organism 

movement speed settings resulted in an average of 99.4% of crossings detected (Table 4). The 

proportion of outputted images that were false positives increased as both movement speed and 

background noise settings were decreased (thus increasing sensitivity). By nearly all metrics of 

performance, a background noise setting of 1 was the most effective at identifying crossing 

events. Our metrics for software performance were generally insensitive to changes to 

background noise settings until it was changed to a setting of 1 (which was the setting most 

sensitive to movements), at which point the percentage of mean identified crossings, the 

proportion of photos with wildlife identified by the software compared to the number of photos 

with wildlife identified manually, and the average percentage of photos identified per crossing 

event increased substantially (Table 4). Decreasing movement speed settings slightly increased 

software performance as well. The number of photos identified by the program increased as both 

movement speed and background noise settings were lowered (Table 5). Run times for one set of 
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time lapse photos, which varied in size from 4500 to 7500 photos, ranged from 15 minutes to 22 

minutes.  

 

 
Table 4: Metrics for Motion Meerkat motion detection software applied to ten sets of time lapse photos from 

August 1 to August 11 in the gravel tunnel: A) the average percentage of crossings identified via software divided 

by total crossings identified manually, B) average percentage of images (compared to total number of outputted 

images) with positively identified wildlife presence, C) total photos with wildlife identified by the program divided 

by the total number of photos with wildlife identified manually (percentage), and D) the mean of the average 

percentage of photos identified per crossing event via software compared to the number of photos identified 

manually per crossing event. 
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Table 5: Number of images identified by Motion Meerkat software as being candidate frames for ecologically 

significant movement events between August 1 and August 11 in the gravel tunnel 
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4.5 Discussion 

4.5.1 Monitoring Windows 

 Our data showed strong associations between time of day and species-specific usage, 

reflecting variations in behaviour and life history. Overall, midday was less busy in terms of 

crossing frequency because many of the species that used underpasses were nocturnal, and were 

more active in the night than in the day. These included the small mammals and anurans, which 

were the most frequent users of the tunnels overall. There is also a possibility that due to higher 

traffic and human activity during the daytime, particularly on Poppy Drive East near to the 

wildlife corridor and the underpasses, wildlife were less willing to approach and use the tunnels. 

Anthropogenic activity is typically a deterrent for some species, even if they are urban adapted 

(Francis & Barber, 2013).  

 The variations in overall daily usage suggest that limiting monitoring hours to specific 

high-activity periods of the day is inappropriate in cases where all wildlife crossings are being 

monitored. For more focused monitoring efforts, limiting monitoring windows may be 

appropriate only if the movement patterns of specific species are known. Some of our species 

exhibited clear time preferences for movement. Others, such as voles, shrews, and anurans (and 

to some extent snakes), exhibited a more variable preference for movement times. Creating 

monitoring windows for frequent tunnel users such as anurans is particularly challenging because 

during rainy periods of the year, they become less discriminate about movement time, 

prioritizing moisture conditions over times of day. A more general monitoring of herpetofauna 

would completely eliminate the option to monitor exclusively during overnight hours due to 

most reptiles’ preference for movement in the daytime.  
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 Unless monitoring efforts are focused on a particular species or species group, we 

recommend monitoring for a full 24-hour period. This will ensure that as many crossings as 

possible are captured and that variations in crossing behaviour are captured as well.  

 

4.5.2 Minimum Time Lapse Intervals 

 The two methods we used to explore how changes in time lapse intervals affected capture 

rates led to markedly different results. In all cases, capture rates using the total times ended up 

lower as opposed to the real times, an expected result given that using total times was a measure 

of the “worst case scenario”. The use of a 30 second time lapse interval may be sufficient when 

monitoring reptiles and amphibians using trail cameras, as more than 95% of crossings were 

captured in most cases when using the “real” crossing times. Any interval longer than 30 seconds 

resulted in a more concerning drop in crossing capture, particularly for snakes.  

 Because anurans crossing through the sod tunnel exhibited longer crossing times, more 

crossings were able to be captured using longer time lapse intervals. Though gravel might be 

more effective at facilitating quicker passage, there is a greater potential to miss crossings using 

time lapse intervals any longer than 15 seconds. There were no notable differences in capture 

rates of snake crossings between the sod tunnel and gravel tunnel, indicating that snake crossing 

times are mostly unaffected by choice of tunnel substrate.  

Several studies have used 60 second time lapse intervals to monitor for amphibian tunnel 

usage (Pagnucco et al., 2011; Malt, 2012; Crosby, 2014). In one of these instances, the field of 

view was substantially smaller than the one used in this study, and as expected, only about 50% 

of crossings were captured by the trail cameras (Pagnucco et al., 2011). Given that 20-30% of 

crossings by anurans, and 50% of crossings by snakes in a 2 metre field of view were less than 
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60 seconds in total, a one-minute time lapse interval may be inappropriate even with large fields 

of view. It should be noted, however, that by using “real” crossing times, only about 10% of 

anuran crossings and about 20% of snake crossings were missed when increasing the time lapse 

interval to 60 seconds. These reductions are still notable, though not quite as drastic. A 60 

second time lapse interval, given an appropriate field of view, may still capture a representative 

proportion of crossings.  

A lower frequency of time lapse photography can miss important behavioural traits and 

make it difficult to identify species (if they are far away), determine direction of movement (if 

the individual is facing the tunnel wall), or determine crossing success (if the amphibian capture 

is composed of only one photo frame). For amphibian underpass monitoring efforts, these 

variables are essential, as it is usually not enough to just know that an individual was present in 

the tunnel. Though there are many benefits to using high frequency time lapse, a difficult 

obstacle to overcome is the associated labour involved with data collection and analysis. A 15 

second interval time lapse outputs 5,760 photos in a 24-hour period. The volume of photos and 

subsequent hours for photo analysis needed to sustain this type of monitoring can become 

overwhelming, particularly when multiple cameras are involved. Taking photos every 15 

seconds also requires batteries to be changed daily, increasing labour time and effort. A 

reduction to 30 seconds halves the number of photos with only a 1-10% decrease in crossing 

capture success for ectotherms. Those in charge of monitoring should consider these trade-offs 

and develop their monitoring apparatus accordingly.   
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4.5.3 Capture Method Efficacy 

 Our results indicated that in smaller diameter tunnels, the effectiveness of high sensitivity 

trail camera motion sensors varies from as low as 50% to 100% for endothermic species. 

Upwards of 80% of many large and medium-sized mammal species (Eastern cottontail rabbit, 

striped skunk, raccoon, Eastern chipmunk, Red squirrel, Woodchuck, Muskrat, Short-tailed 

weasel, Virginia opossum, Domestic Cat) were detected by the motion sensors, with many being 

captured upwards of 90% of the time. Smaller mammals however, tended to have detection rates 

of only 60-90%, due primarily to their quick movements and relatively small heat signatures. 

Many of the large and medium sized mammals tended to cross more slowly, taking time to 

investigate the tunnels or forage for food.  

 Birds, though not the target species for underpass usage, were effectively detected using 

our camera’s motion sensors, due in some part to the fact that that they frequently crossed 

directly in front of the camera’s field of view while foraging or investigating. This is in stark 

contrast to many of the small mammals, who often preferred to travel along the sides of the 

tunnel or pass partly beneath the steel rods that held temperature/humidity sensors. Beyond mere 

size, it could be this behavioural discrepancy between species that influenced the effectiveness of 

our camera’s motion sensors.  

 There was also a slight difference in capture efficacy between tunnels. The sod tunnel 

tended to have higher rates of detection for small mammal crossings, due in some part to the fact 

that these crossings were longer and more frequently meandering in the sod tunnel. Due to the 

higher presence of insects and other invertebrates within the moist sod substrate, smaller 

insectivorous mammals may have reduced their crossing speed to explore the width of the 

tunnels, enabling the motion sensors to better identify them as thermal anomalies.  
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 Amphibians and reptiles were almost entirely captured by time lapse. The extent to which 

our motion sensors were unable to detect their crossings was surprising, as previous efforts to 

monitor amphibians documented detection rates as high as 50% using the same PC900 Reconyx 

cameras (Pagnucco et al., 2011). Both the placement of the cameras and the species of interest 

may have contributed to this discrepancy. In Pagnucco et al. (2011)’s study, placing the camera 

so that it pointed directly down limited the width of the field of view, ensuring that any 

amphibians (particularly salamanders) that did in fact pass through the field of view appeared in 

a much larger proportion of the frame. In this way, the motion sensors could have more easily 

detected thermal anomalies, particularly if the individuals were crossing in the daylight hours. 

This may have increased the effectiveness of the motion sensors but severely crippled the 

effectiveness of time lapse by narrowing the field of view to a mere 23 x 17 cm frame. The only 

instances of motion sensed anuran captures in our study occurred during daylight hours by larger 

anuran individuals who had likely been basking in sunlight, elevating their body temperature 

enough to be recognized as a thermal anomaly by the trail cameras. Even so, only 2.5 – 5.5 % of 

snake crossings were captured via motion, despite taking place for the most part during daylight 

hours. There were also several dozen crossings in both tunnels by other anurans during the 

daytime, but failed to be detected by the motion sensors.  

Our results reinforce the need to apply time lapse alongside infrared motion techniques 

when monitoring wildlife tunnels. Furthermore, due to the extent of motion capture’s 

ineffectiveness to capture amphibian and reptilian crossings throughout the day, time lapse 

monitoring protocols need to be given special consideration and require greater refinement for 

more universal application to ectothermic monitoring.  
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4.5.4 Automated Detection Software 

 Applying the Motion Meerkat software to time lapse photos from the gravel tunnel 

resulted in high rates of crossing event identification success. Though only ~4 – 10% of the 

images identified by the software actually included movement events of interest, it was able to 

reduce the number of images needed for processing by at least 80%. Many of these false 

positives can be attributed to the movement of rays of sunlight in the evening across the entrance 

of the tunnel. The software indiscriminately identified these beams of travelling light as wildlife 

movement events. There is little that can be done to address this issue, beyond taking extreme 

measures to ensure that rays of light from the setting sun do not extend into the tunnel entrances. 

Although the highest performing combinations of settings identified the most crossings 

(and the highest averages of images per crossing), they also identified the highest numbers of 

false positives, due in large part to the trade-off between sensitivity and identification success 

rate. The most sensitive combination of settings (background noise and movement speed being 

equal to 1) resulted in upwards of 1000 candidate motion images, though only an average of 

4.3% of them actually included wildlife. Nevertheless, the reductions in labour time and ability 

of the software to highlight areas of interest within the image are enormous strengths, 

particularly for long-term trail camera monitoring efforts. Even a ~95% crossing event 

identification success rate is impressive given the range of organisms that were using the tunnels 

and their associated variations in size, speed, behaviour, and colour.  

The program itself was intuitive, easy to use, and computationally light. The program was 

able to perform its operation in the background, allowing the user to perform other tasks while 

the analysis was being conducted. Though each monitoring system would require calibration to 

determine the best possible settings depending on camera placement and orientation, we 
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discovered that to reliably identify a range of crossing species, the more sensitive the settings the 

better. This however, does not apply to the lowest (i.e. most sensitive) settings for both 

background noise and movement speed, as these settings would result in nearly all images from 

the original data set being identified as candidate motion frames. Such an analysis would 

eliminate any potential reductions in labour time. Any large-scale applications of this (or other 

similar) software to the analysis of time lapse photos would benefit from more extensive 

calibration and validation techniques.  
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4.6 Conclusions 

 The analysis of nearly 2.3 million trail camera photos provided valuable insights that can 

be used to develop and refine trail camera monitoring systems. Relying solely on motion sensing 

capture yielded varying levels of detection success for the species that used our wildlife 

underpasses, suggesting that to comprehensively monitor small underpass structures, infrared 

motion sensors and time lapse must be deployed simultaneously. More focused, species-specific 

monitoring may be able to effectively rely on one of these methods. Our analysis revealed 

species-specific movement windows that corresponded to variations in species’ behaviours, and 

movement patterns among some species that are better captured by motion-sensing methods than 

among others. Whereas preferences towards nocturnal movement were common in most 

mammals and amphibians, daytime movement was predominant in avian and reptilian species. 

Overall, underpass activity was more common during nighttime hours, but comprehensive 

monitoring efforts need to monitor all hours of the day to capture movement by all types of 

wildlife, and during periods of unusual weather or activity. 

 Consistent monitoring by time lapse requires a minimum time lapse interval that can 

capture most if not all crossings by ectothermic species and which minimizes the total number of 

outputted photos. Based on the positioning of our cameras and the speed at which anurans and 

snakes were travelling through our wildlife underpasses, a 30 second time lapse interval is 

recommended.  

 We also tested the effectiveness of an ecological motion detection software, and 

determined that it could successfully and reliably identify ecologically significant crossing 

events while reducing labour time and costs. The application of this and other software can assist 
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in the implementation and maintenance of long term trail camera monitoring efforts that aim to 

determine crossing structure success and usage patterns.  

 Future trail camera monitoring efforts should strive to continue refining monitoring 

protocols to ensure that trail cameras can be used as effectively and efficiently as possible. 

Maintaining consistency between monitoring protocols ensures that studies can compare usage 

patterns, and can be used to explore differences in usage dynamics between underpass systems. 

The results of this study strive to present recommendations to provide some measure of 

confidence that trail camera monitoring efforts deployed in a certain way will capture a high 

proportion of crossings by all types of wildlife.   
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5.0 Conclusions 
 

5.1 Key Findings 
 

 

 This study explored the validity of trail cameras as monitoring tools for small animal 

wildlife underpass crossings, identifying insightful trends in behavioural usage patterns and 

preferences in tunnel design. Our key findings are: 

1) During the first year following installation of two ACO polymer wildlife underpass 

structures in Guelph, Ontario, Canada, more than 2,800 crossing events were captured of 

more than 25 species, including nearly 800 anuran crossing events, 

2) Anurans exhibited clear behavioural differences in response to tunnel substrate, favouring 

faster and more successful crossings in a gravel-lined tunnel, 

3) Constantly active and relatively high interval time lapse systems are needed to effectively 

monitor wildlife tunnels for ectothermic herpetofauna, 

4) Software designed to identify ecologically significant motion events can effectively and 

reliably reduce labour time and conduct time lapse photo analysis. 

 

 

 

5.2 Limitations  
 

 Several limitations presented themselves over the course of this study. They can be 

loosely categorized into environmental, technical, and analytic limitations. The environmental 

limitations included late opening of the tunnels, and poorly vegetated areas leading up to the 

underpass entrances. The tunnels, despite being installed in the fall of 2015, were not opened 

until early spring of the following year. The exclusion fencing was not installed until April 2016 

and drift fencing which was meant to keep wildlife from moving through the corridor during 
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periods of heavy construction in 2015 was in place until April of 2016. It was not until this 

fencing was taken down that the corridor became a functional tool for connectivity. These 

restrictions likely prevented spring migrations of amphibians to and from our isolated wetlands. 

As a result, it was not until late April that cameras were able to be installed, missing an 

ecologically significant migrational event for anurans. As monitoring at the Dallan Lands 

continues, trail cameras should be deployed as early as possible to capture these early spring 

movements. 

Because the areas surrounding the tunnel entrances were cleared of vegetation prior to the 

construction of Poppy Drive East, at the time of opening in April of 2016, the land was mostly 

compacted soil. Lack of substantial rainfall led to poor establishment of native vegetation and the 

subsequent (although slow) establishment of “weedy” vegetation. It was not until July and 

August that vegetation became thicker and more substantial (see Figure I-5 in appendix I). The 

sparse vegetation, lack of cover, lack of moisture retention, and overall hostility of the areas 

surrounding the tunnel entrances likely dissuaded many amphibian and reptilian individuals from 

approaching the tunnels early on in the monitoring season.  

 Technical limitations included those presented by using cameras. Due to the low levels of 

light in the tunnels throughout the day, most of the photos were taken without colour using an 

infrared flash. The small confines of the tunnel and the limited length of view also resulted in 

lower quality images than are otherwise possible using PC900 trail cameras. Together, these 

limitations made it difficult to properly identify many of the individuals crossing through the 

tunnels, particularly when distinguishing between anuran species. To avoid misidentification, 

individuals were grouped into species group or family group instead of species, but at the cost of 

fine scale examination of species-specific behaviour. Lowered battery life as a result of high time 
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lapse intervals also posed a challenge. Taking close to 6000 photos over a 24-hour time period 

required us to change the batteries daily, a commitment which was at times difficult to maintain 

for 120 days straight.  

 Analytic limitations revolved around the uncertainty in determining crossing success and 

pause times. Even though the time lapse interval used in this study was shorter than in any other 

published study examining wildlife underpass usage, we were left with a high degree of 

uncertainty of what the crossing individuals were doing during the 15 seconds that were not 

captured on camera. The calculation of pause times was limited by the fact that we only had one 

snapshot of the individual’s location within the tunnel every 15 seconds. Furthermore, even at 

this frequency of capture, it was difficult in many cases to determine where the individual came 

from or travelled to. Finally, our determination of crossing success for many species was 

dependent solely on whether they crossed through the first 2 metres of the tunnels. For anurans 

and small mammals, it was difficult to determine conclusively whether an individual travelling 

back the other way was the same individual that entered several minutes or hours earlier. With 

our camera apparatus, it was nearly impossible (as it would be for any other non-invasive camera 

monitoring apparatus designed this way) to distinguish between individuals and to determine 

what that individual was doing beyond the frame of our camera’s view. Even by having cameras 

at either side of the tunnel, determining crossing success would be extremely challenging, 

particularly during periods of the year when juvenile anuran dispersal occurs frequently. At these 

times, most juveniles would have no unique characteristics to distinguish them from other 

juveniles of the same species.  
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5.4 Contributions 
 

 Based on the results of this study, we identified five key contributions/recommendations 

related to underpass design and monitoring protocols that can be applied to future work. First, we 

presented demonstrable variations in anuran behaviour in response to differing tunnel substrates. 

We concluded that while sod was more a more attractive substrate, it facilitated slower crossings, 

lower crossing success, and longer pause times compared to a gravel substrate. It was also 

subject to greater erosion, flash flooding, and higher maintenance. These results contribute to our 

understanding of anuran substrate preference and movement behaviours, allowing underpass 

system planners to design tunnels that more effectively facilitate anuran crossings. Second, we 

presented evidence for variations in usage patterns and micro-climatic conditions between 

tunnels of varying substrates, indicating that micro-climate may play a role in determining 

anuran tunnel usage. This again will reinforces the need to design these structures with anuran 

responses in mind, and contribute to associated decision making processes in the future.  

 The second manuscript focused on the application of trail cameras in the monitoring of 

small animal underpass systems. Our third contribution was the presentation of important 

recommendations for trail camera positioning, minimum time lapse intervals, and capture 

method deployment, in the hopes that future trail camera monitoring systems will be able to 

consistently capture crossing events by all species, including those that are ectothermic. Our 

fourth contribution was demonstrating the effectiveness and reliability of an open source motion 

detection software for reducing labour time and identifying significant ecological movement 

events from large sets of time lapse photos.  

 A fifth contribution of our research is its ability to present evidence for the successful 

usage of small animal underpass crossing structures in an urbanizing environment. Our results 
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should motivate future land managers and developers to consider using these types of mitigation 

structures when planning developments in and around sensitive ecological areas. Furthermore, in 

urban and suburban areas that are already experiencing issues with fragmentation and road 

mortality, the demonstration of crossing structure success in similar environments may 

encourage calls for mitigation and local population conservation. 

 

5.5 Future Research Opportunities 

 Though this study aimed to address many of the gaps that existed in our understanding of 

wildlife underpass usage patterns and how to monitor them, there are several key questions that 

remain. The results presented in our first manuscript highlighted two important observations: that 

tunnel microclimate varied within and between tunnels, and that crossing behaviour was 

significantly different between tunnels of differing substrate. Additional research can be 

conducted to strengthen our understanding of how changes in micro-climate can influence 

anuran usage patterns and behaviours. Similarly, we hypothesized that differences in our 

substrate’s ability to retain moisture altered anuran crossing behaviours, but this requires further 

analysis and examination. The impact that tunnel substrate had on anuran usage was substantial 

enough to warrant detailed consideration in the future. Finally, our recommendations for a trail 

camera monitoring protocol warrant further scrutiny and enhancement to ensure that non-

invasive monitoring techniques are as informative, effective, and reliable as possible.  
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Appendix I: Supplementary Information on Wildlife Tunnels 

 

 

 

 
Figure I - 1: Proposed Plans for the Dallan Lands development. Solid light blue and orange lines outline the 

locations of the trail segments. Modified from: Parent et al., (2014) 
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Figure I - 2: Photos of tunnel substrates being placed into the tunnels before installation in fall 2015. Photo A shows 

the sod substrate and photo B shows the gravel substrate (photos taken by Samantha Hughes of North-South 

Environmental Inc.) 
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Figure I - 3: Tunnel exit being sealed in the fall of 2015. The openings would not be opened again until early spring 

of 2016. (photo taken by Samantha Hughes of North-South Environmental Inc.) 
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Figure I - 4: Progression of sod decay from April 30 (top left), to October 15 (bottom right) 2016. The sod initially 

recovered and grew to a height of ~15 cm max. and subsequently died and decayed as a result of drought and 

flooding over the course of the 2016 season 
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Figure I - 5: Progression of weedy vegetation growth in the adjacent wildlife corridors from A) June 13, to B) 

August 20, to C) September 14 2016. 
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Appendix II: Photos of crossing wildlife 
 

 

 
Figure II - 1: Photos of some of the mammalian species that crossed through the wildlife tunnels. From top left to 

bottom right: Eastern Chipmunk (Tamias striatus), Raccoon (Procyon lotor), Eastern Cottontail Rabbit (Sylvilagus 

floridanus), Short-Tailed Weasel (Mustela ermine), American Mink (Neovison vison), Virginia Opossum (Didelphis 

virginiana), Striped Skunk (Mephitis mephitis), Woodchuck (Marmota monax), domestic Cat (Felis catus). 
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Figure II - 2: Photos of some avian species that crossed through the wildlife tunnels. From top left to bottom right: 

American robin (Turdus migratorius), red-winged blackbird (Agelaius phoeniceus), spotted sandpiper (Actitis 

macularius), and Killdeer (Charadrius vociferus) 
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Figure II - 3: Photos of some of the herpetofaunal species that crossed through the wildlife tunnels. From top left to 

bottom right: Eastern gartersnake (Thamnophis sirtalis sirtalis), Midland Painted turtle (Chrysemys picta 

marginata), American toad (Anaxyrus americanus), medium sized American bullfrog (Lithobates catesbeianus), 

enormous American bullfrog (Lithobates catesbeianus), and Leopard frog (Lithobates pipiens) 
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Appendix III: Supplemental Data on Tunnel Usage Dynamics 
 

 

 

 
Table III - 1: Crossing success rates of all species identified using the tunnels from April 24 to October 30, 2016 

 
 

 


