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Abstract

Anurans (frogs and toads) are model species for habitat conservation in disturbed areas 

due to their reliance on a range of land covers and sensitivity to fragmentation. As a group of 

species that are reliant on a landscape permeability to access different habitat throughout the 

year, their presence across the landscape can provide valuable information about minimum 

habitat amounts and distributions necessary to maintain habitat connectivity for a range of 

species. In Ontario, historical landscape disturbance and the availability of a long-term anuran 

monitoring database provides a study area suitable for exploring critical landscape characteristics 

and thresholds related to anuran species presence. Like many jurisdictions in North America, 

natural heritage planning in Ontario has adopted minimum habitat disturbance and buffer 

recommendations but low anuran occupancy in disturbed areas suggests they are insufficient to 

ensure long-term species presence. Requirements related to habitat connectivity in particular lack 

detail regarding the amount, type, placement, and permeability of land covers across the 

landscape. To address these fundamental gaps, this thesis identified ecological thresholds 

amongst several habitat connectivity and landscape composition metrics designed to model 

anuran habitat usage in Southern Ontario. It also discusses the land use implications of 

implementing biologically informed and ecologically meaningful minimum habitat protections 

for maintaining anuran habitat connectivity.

Data for anuran occupancy was derived from acoustic survey data in the Birds Canada 

amphibian monitoring database. Due to regular species turnover and challenges with acoustic 

detection, the number of monitoring years required to account for all species present in a 

breeding wetland is uncertain. Using a sample of 66 wetlands in Southern Ontario with at least 

eight years of acoustic monitoring data and four identified anuran species, I constructed species 

accumulation curves and determined that a minimum of three years of standardized acoustic 

monitoring data area is required to capture a complete picture of anuran species composition. 

With this result, 290 wetlands across Southern Ontario with anuran acoustic data of six 

commonly occurring species were determined to be suitable for further analysis. 

In addition to several commonly used landscape composition metrics used in amphibian 

habitat modelling (e.g., proportion of forest/wetland, urban, and vegetated land cover), several 

other metrics related specifically to anuran habitat connectivity were designed and compared to 
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anuran presence. Using Generalized Additive Models (GAMs), each metrics9 explanatory 

strength of anuran species presence was compared. I detail the construction and performance of 

one particular metric that explicitly models the isolated impact of vehicle impact on road 

crossing survival; accounting for the exponential reductions in crossing survival with increasing 

traffic intensity in a way that is not captured by least cost, cost distance, or circuit theory 

modelling approaches. This metric was compared against an unaltered cost distance tool, with 

three maximum movement distances and three minimum survival cut-offs of 50%, 25%, and 5%. 

The top-performing road crossing survival metrics explained up to 22% deviance, performed 

best for the spring peeper and gray treefrog, and performed similarly to the top-performing 

unaltered resistance models. A model that accurately captures the dynamics of road mortality for 

amphibians and which can be applied to other taxa is important for effective conservation and 

land use planning. 

 I follow this with an expanded detailing of the construction of additional habitat 

connectivity metrics modelling juvenile anuran dispersal and overwintering habitat connectivity, 

exploring all possible combinations of explanatory metrics to identify additive habitat influences. 

These metrics were designed to address gaps in connectivity modelling methods which have not 

accounted for anuran movement behaviours. The juvenile dispersal metric divides the landscape 

around a source wetland into discrete wedges to simulate the auto-correlated and laterally 

restricted movement behaviours exhibited by juvenile dispersing anurans and outputs a measure 

of connectivity that reflects the proportion of directions that have reachable breeding habitat. The 

overwintering connectivity metric took a more traditional approach, using typical resistance 

modelling to output a metric quantifying the accessibility of overwintering forest habitat 

surrounding a breeding wetland. Both metrics used anuran occupancy as a response variable. The 

explanatory strength of landscape composition and habitat connectivity metric varied 

substantially between the six individual species, indicating notable differences in life history 

processes, landscape interactions, and species monitoring. Landscape composition metrics 

consistently explained the highest amount of variance in single-variable models regardless of 

species, explaining as much as 37% of deviance in anuran species occurrence using proportion of 

forest and wetland cover within 3000m.  Habitat connectivity metrics related to road crossing 

survival, juvenile dispersal, and overwintering habitat performed best for the spring peeper and 

gray treefrog, explaining as much as 26% of variance in occupancy for spring peepers using the 
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overwintering habitat connectivity metric. Various areas for improvement and discussions of the 

implications of these results are included. The performance of landscape composition and 

connectivity metrics at different maximum movement distances varied, indicating species-

specific differences in the effects of habitat composition, distribution, and permeability across 

difference spatial scales. In multi-variable GAMs, the top performing models were again for the 

spring peeper and gray treefrog, with up to 48% of variance in gray treefrog occupancy 

explained. Habitat connectivity metrics were often included in the top-performing models, 

suggesting that they contribute additional finer-detail significant explanatory strength to anuran 

population distributions and with further refinement can be valuable tools for landscape 

planning.

Critical thresholds in landscape composition and habitat connectivity were identified 

across all six species and spatial scales using a segmented regression approach. Significant 

thresholds were most commonly identified in the landscape composition metrics and strongest 

with the natural cover composition. For the spring peeper and gray treefrog which had the 

strongest threshold-type relationships, thresholds at ~40-60% natural cover, ~5-35% of forest 

and wetland cover, and ~12-55% of urban cover were identified, varying depending on radial 

distance. Visual breakpoint estimation differed from statistical breakpoint estimation 

occasionally, emphasizing the importance of critical interpretations of statistical results. 

Threshold presence was also moderately consistent with non-linear relationships identified in the 

GAMs, suggesting that species-landscape relationships require critical examination when 

determining biological recommendations. The identification of thresholds amongst the various 

habitat and connectivity metrics refines our understanding of minimum biological requirements 

for anurans and provides additional evidence for science-based conservation efforts. 

In the concluding of this thesis, I discuss the financial efficiencies related to 

infrastructure, health, and planning, as well as societal improvements to quality of life for 

implementing biologically informed minimum habitat protections for anurans and other species 

reliant on landscape permeability. Identifying and planning around existing wildlife movement 

corridors and broader habitat thresholds associated with landscape composition and permeability 

can encourage planning bodies to produce a denser, more efficient, and more equitable landscape 

for both humans and the wildlife populations living alongside them. 
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1.0 General Introduction
Loss and degradation of habitat has led to widespread reductions in anuran population 

presence. This loss is particularly acute in developed urban areas and in areas experiencing 

increased urbanization (Urban & Roehm, 2018; Luedtke et al., 2023). Preserving the diversity 

and integrity of human-altered habitats requires effective land management that understands and 

implements biologically relevant habitat protections. As important indicators of habitat quality 

and health, anurans play an essential role in broader ecosystem integrity (Hopkins, 2007; Price et 

al., 2007; Dixon et al., 2011; Saber et al., 2017). The core problem is that because anurans have a 

complex life cycle, they have been disadvantaged by policies that focus solely on the protection 

of core wetland features instead of the wider range of habitat features that are needed to fulfil 

their life cycle needs (Bauer et al., 2010; Sawatzky et al., 2019; Simpson et al., 2021). Although 

all anuran species require aquatic habitat for breeding and early development, most also require 

terrestrial habitat like forest and meadow for overwintering and foraging (

8permeability9 is used in the literature to describe this phenomenon in which movement across a 

(Cartwright et 

al., 2021; Jones et al., 2024). This form of landscape disturbance is usually followed by 

reductions in anuan species occupancy over time driven partly by reduced accessibility to habitat 

patches, population isolation, and direct mortality pressures (Laufer and Gobel, 2017; Arntzen et 

al., 2017; Wright et al., 2020). Some anuran species are more likely to experience local 

extirpation than others given the differences between individual species movement behaviours 

(Arntzen et al., 2017; Wiewel et al., 2023). Nevertheless, given the causal link between 

reductions in landscape permeability and anuran species persistence, anuran occupancy data (i.e. 

presence absence) can be used to determine whether surrounding landscapes are functionally 
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connected between necessary habitat patches and calibrate/validate models that predict 

movement permeability throughout the landscape (see as examples Berlow et al., 2013; Hamer et 

al., 2021; Vimercati et al., 2024). 

Landscape connectivity modelling approaches are often used to quantify connectivity, to 

identify movement corridors, and toguide conservation efforts (Zeller et al., 2012; Spear et al., 

2015; Unnithan-Kumar et al., 2022)). These connectivity modelling approaches generally use 

resistance-based theories which assume that certain land covers are more conducive to 

movement than others and that individuals actively select the least <resistive= land covers to 

move through as they encounter them (Zeller et al., 2012; Dixon et al., 2019). Anurans, 

particularly newly transformed juveniles often travel across land covers considered highly 

resistant, and exhibit auto-correlated and directional movement (i.e. they are more likely to move 

in the same direction as the one they came from) (Dray et al., 2010; Joly 2019; Unnithan-Kumar 

et al., 2022), therefore movement corridors identified by resistance modelling approaches may 

not be biologically meaningful in complex human-altered landscapes. Connectivity modelling 

must move beyond traditional modelling approaches and incorporate specific anuran movement 

behaviours by designing and testing connectivity metrics that reflect the movement of 

individuals with little to no understanding of long-range land cover, varying movement ranges, 

limited precautionary responses to hazards such as road traffic and hostile land covers, multiple 

life stages of varying movement behaviours, and proven preference for avoiding movement 

during energy-depleting weather conditions. 

The question of how much connectivity is required to facilitate anuran movement 

between critical habitats also remains unanswered. While some limits of habitat area or distance 

have been presented for forest cover (Homan et al, 2004; Hermann et al., 2005) and urban land 

cover (Eigenbrod et al., 2009; Guderyahn et al., 2016) with regards to anuran wetland 

occupancy, they provide little information about the spatial arrangement or interacting effects of 

these features. It is also important to identify whether critical breakpoints in anuran responses are 

present and where these ecological thresholds occur (Ficetola and Denoel, 2009). To protect 

anuran populations for the long-term, more information is needed on the types and 

configurations of habitat protections required to maintain habitat connectivity. Knowledge of 

these habitat characteristics and the ecological thresholds they exhibit will assist policymakers 
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and land planners in implementing long-term management plans for anuran persistence and 

broader livable communities. 

The aim of this thesis is to explore and identify biologically informed minimum habitat 

requirements for long-term anuran species persistence in Southern Ontario and discuss the 

implications of policies that implement these thresholds. This manuscript is divided into six 

chapters. Chapter One details the biological, ecological, and policy context of this research, and 

concludes with a discussion of various literature and research gaps. Chapter Two uses long term 

anuran acoustic data to determine how many years of acoustic monitoring are required to reliably 

capture the species composition of breeding wetlands in Southern Ontario. Chapter Three 

explores the performance of a modified cost distance tool designed to model anuran road 

crossing survival. Chapter Four uses a Generalized Additive Model (GAM) approach to explore 

the performance of habitat connectivity and landscape composition metrics in predicting 

individual anuran species occupancy. Chapter Five identifies significant breakpoints within each 

of the tested habitat connectivity and landscape composition metrics to determine locations of 

ecological thresholds at which individual anuran species occupancy declines at an accelerated 

rate. Chapter Six concludes with a detailed discussion of the implications of implementing 

biologically-informed minimum habitat requirements on society, economy, and health more 

broadly, setting forward the case for the preservation of protection of robust wildlife corridor 

networks in human-altered landscapes. 



4

2.0 Literature Review

Southern Ontario, particularly the Carolinian zone, is one of the most biodiverse areas in  

Canada for anurans (ORAA, 2023). Eleven anuran species occur in varying levels of 

commonality throughout this area, including the American toad (Anaxyrus americanus), 

Fowler9s toad (Anaxyrus fowleri), Spring peeper (Pseudacris crucifer), Western chorus frog 

(Pseudacris triseriata), Gray treefrog (Hyla versicolor), Wood frog (Rana sylvatica), Northern 

leopard frog (Rana pipiens), Pickerel frog (Lithobates sylvaticus), Mink frog (Lithobates 

septentrionalis), Green frog (Rana clamitans), and Bullfrog (Rana catesbeiana). These eleven 

species can be broadly divided into three groups: Hylidae (tree frogs; hylids), Ranidae (true 

frogs; ranids), and Bufonidae (toads; bufids). The hylids occurring in Ontario 3 spring peeper, 

Western chorus frog, and gray treefrog 3 are generally differentiated from the ranids by their 

adhesive pads on their fingers and toes, allowing them to climb vertical surfaces with relative 

ease. They are also generally smaller in size than the ranids and toads. The ranids that occur in 

Ontario 3 wood frog, leopard frog, pickerel frog, mink frog, green frog, and bullfrog 3 are 

generally large in size with powerful legs and extensive webbing in their feet. The toads are 

differentiated by their thick and warty skin allowing them to tolerate drier conditions for longer 

periods of time. The following sections will detail the ecological dynamics of these species, 

focusing specifically on their life histories, movement dynamics, and habitat relationships. 

Anurans in Ontario breed from the early spring to late summer. Exact timings vary 

according to species and latitude, as well as year-to-year variations in weather. The earliest 

breeders include the wood frog, Western chorus frog, and spring peeper. Mid-season breeders 

include the pickerel frog, American toad, and Northern leopard frog, while the green frog, mink 

frog, gray treefrog, and bullfrog are considered late season breeders. All of the anuran species in 

Ontario use vocalizations during their active breeding times which are unique to each species 

which are primarily used to attract mates, although they can also be used to defend territory, 

distinguish species, and as an alert mechansismThese unique calls are used as an effective means 

to identify the presence and composition of anurans at wetlands of interest (Tozer, 2020). 
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The Ontario anuran species listed above vary in their preferences for habitat, which 

include the amount of surrounding forest cover (Houlahan and Findlay, 2003; Rubbo and 

Kiesecker, 2004; Hermann et al., 2005), water permanence (Rubbo and Kiesecker, 2004; 

Weyrauch and Grubb, 2004; Herman et al., 2005; Chandler et al., 2015), and some measure of 

habitat connectivity (Rubbo and Kiesecker, 2004; Weyrauch and Grubb, 2004  The ranid species 

generally favour deeper and more permanent wetlands or ponds for breeding and regular 

occupation during the summer season. Some ranids such as the wood frog exhibit a stronger 

preference for ephemeral ponds, primarily as a strategy for avoiding fish predation (

). Hylid species as the gray treefrog and spring peeper are more 

closely associated with forested areas as befits their behavioural tendencies and physiological 

capacity to climb trees and shrubs (Price et al., 2007). Regardless of each species9 specific 

habitat preference, they all require standing water for an extended period of time in order to 

breed, develop, and transition through their aquatic tadpole stage to adulthood. 

Surrounding terrestrial habitat is also critical for anuran population persistence 

(Quesnelle et al., 2015). Anurans require avenues for safe movement between suitable habitat 

types when dispersing to new areas as newly transformed juveniles or when migrating between 

overwintering and breeding habitats as adults (Semlitsch, 2008, Sinch, 2014). These two 

movements are distinguished from one another not only by the life stage of the individuals 

undertaking them, but by the differences in behaviour, path-finding capabilities, and instinctual 

objectives associated with them. 

Anuran dispersal is a characteristic movement of newly transformed juveniles who 3 

usually en masse 3 leave their natal ponds, travelling distances of up to 5km until they reach a 

land cover or suitable habitat ( ). The exact destinations of choice for dispersing 

juveniles are not fully understood (Sinsch, 2014). Current hypotheses suggest that dispersal is a 

strategy for colonizing or restocking surrounding wetlands/ponds, and a method for continuous 

exchange of genetic diversity to take place in connected landscape matrices (Cayuela et al., 

2020). Some researchers suggest that juveniles do not necessarily need to reach a different 

wetland or pond when dispersing, but may settle in appropriate terrestrial habitat and overwinter, 

resuming the dispersal-type movement in the spring (Sinsch, 2014). This theory remains 
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unproven, however, given the challenges associated with monitoring and tracking individual 

juvenile anurans (Joly 2019; Petrovan and Schmidt, 2019).

Dispersal will often take place in mid to late summer when the transformations from 

aquatic to terrestrial stages are complete and mass movements are triggered by favourable 

weather conditions such as overnight rain or high humidity (Pomezanski and Bennett, 2018). 

This strategy of waiting for ideal conditions allows juveniles to minimize their risk of desiccation 

and extend the distance they can travel using their finite reserve of energy. A newly transformed 

juvenile dispersal is also differentiated from adult migration by the lack of path-seeking 

behavior. Current evidence indicates that dispersing juveniles do not actively select any 

particular direction or land cover based on sensory triggers or navigational cues (

. Instead, the strategy is one of mass movement 

in all directions from the natal pond, with the expectation that at least some of the juveniles will 

reach suitable habitat in the surrounding landscape (Cayuela et al., 2020). While there is no 

instinctual directional cue for dispersing newly-transformed juvenile anurans, micro-scale 

topographical and environmental conditions may funnel some of the dispersing individuals in 

certain directions (Joly, 2019). For example, if the banks of the wetland or breeding pond are 

steep in all but a few areas, the juveniles may be naturally guided towards those lower gradient 

areas, impacting the eventual long-term directional trajectories of the dispersers. Regardless of 

the initial direction of travel, newly-transformed juvenile anurans are more likely to continue in 

the same direction that they had travelled previously (Unnithan-Kumar et al., 2022)

The other major anuran movement pattern of adult migration takes place twice a year in 

those species that overwinter in habitats different from their breeding grounds (Sinsch, 2014; 

Joly 2019). Adult anurans appear to be capable of using some type of sensory cues to follow 

previously travelled paths from these two habitats, exhibiting directional preferences, and 

responding more strongly to differences in land cover (Sinsch, 2014; Joly 2019; Cayuela et al., 

2020). However, their responses to landscape complexity are imperfect and adult migrating 

anurans are threatened by the rapid introductions of barriers through previously established 

migration corridors. Migration movements are triggered by favourable weather conditions, 

minimizing the risk of adult exposure to conditions that can accelerate energy depletion and 

desiccation (Cayuela et al., 2020). 
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In spite of the challenges associated with tracking anurans due to their small size and 

cryptic nature, there is enough research to establish a rudimentary understanding of the range and 

maximum movement distance of some of the common anuran species in Ontario listed above. 

The maximum movement distance of the adult green frog during movement to and from 

overwintering sites has been recorded as 1,260 m, while juveniles emigrating from their natal 

ponds have been recorded as travelling up to 4,800 m (Schroeder, 1976; Carr and Fahrig, 2001; 

Lamoureux et al., 2002). The Northern leopard frog9s maximum movement distances are even 

greater, at 3,220 m for migrating adults and 5,200 m for dispersing juveniles (Seburn et al., 1997; 

Patrick et al., 2012). The American toad appears to travel shorter distances, recorded as a 

maximum of 1,000 m for adults and 1,650 m for juveniles (Breden 1987; Petranka et al., 1994). 

The smaller ranid wood frog9s maximum movement distances are also shorter than the larger 

ranids: 430 m for adults and 2,530 m for juvenile dispersal (Baldwin et al,. 2006; Patrick et al., 

2006). Information regarding movement distances of the spring peeper and gray treefrog are 

lacking, likely due to hylids9 ability to escape pitfall traps and inability to be effectively tagged 

due to their size (Joly 2019). 

Both of these movement stages are essential components of the anuran life history, 

emphasizing the importance of not only the habitat where breeding and early development take 

place, but also of the surrounding areas that allow for the safe and uninterrupted movement of 

individuals from other habitat components. Upland forests are a common habitat used by several 

of the species noted above for overwintering. For others, overwintering takes place underwater, 

but these ponds may be entirely different from the pools suitable for breeding (Tattersall and 

Ultsch, 2008). Vegetated areas of all sorts are also important as movement corridors that can 

sustain an abundance of prey, provide areas for shelter, retain moisture crucial for amphibian 

survival, and maintain wetland quality (Jones et al., 2018; 

. 

Urban & Roehm, 2018; Luedtke et al., 2023)
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states that <natural features and areas shall be protected for the long term= (Provincial Policy 

). More specifically, the PPS states: <the 

improved, recognizing linkages between and among natural heritage features and areas= 
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fined as: <the number, 

functional types and traits, and landscape units in a given system= (Diaz et al., 2006). Literature 

biodiversity9s regulation of cultural, supporting, regulating, and provisioning ecosystem 
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<novel ecosystems= (Kowarik, 2011), 
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important for anuran species richness would not be able to capture the wood frog9s need for short 
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Given anuran species9 difficulty in 
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The aim of this thesis is to explore and identify biologically informed minimum habitat 

requirements for long-term anuran species persistence in Southern Ontario and discuss the 

implications of policies that implement these thresholds. The following chapters will address 

some of the literature gaps and research opportunities outlined in the previous section. Chapter 

Three uses long term anuran acoustic data to determine a minimum number of years of acoustic 

monitoring which are required to reliably capture the anuran species composition in breeding 

wetlands. The results from this chapter will inform the data methodologies of the subsequent 

three chapters. Chapter Four explores the performance of a modified cost distance tool designed 

to model anuran road crossing survival, addressing a fundamental shortcoming in existing 

landscape resistance modelling approaches. Chapter Five uses a Generalized Additive Model 

approach to explore the performance of habitat connectivity and landscape composition metrics 

in predicting individual anuran species occupancy. This chapter builds on the results of the 

previous two chapters by applying the minimum monitoring requirements identified in Chapter 

Three and the road crossing survival tool performance and parameters refined in Chapter Four. 

The habitat connectivity metrics designed and presented in Chapter Five are aimed at addressing 

the lack of connectivity models built to capture anuran-specific movement dynamics. Chapter 

Six identifies significant breakpoints within each of the tested habitat connectivity and landscape 

composition metrics to determine locations of ecological thresholds at which individual anuran 

species occupancy declines at an accelerated rate. In this chapter, I highlight how visual and 

statistical breakpoint estimations compare and discuss their ecological relevance. Chapter Seven 
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concludes with a detailed discussion of the implications of implementing biologically-informed 

minimum habitat requirements on society, economy, and health more broadly, setting forward the 

case for the preservation of protection of robust wildlife corridor networks in human-altered 

landscapes. 
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3.0 How many years of acoustic monitoring are needed to 
accommodate for anuran species turnover and 
detection?

Reproduced with permission from Springer Nature
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Anurans are threatened by a variety of anthropogenically induced habitat changes across 

their natural ranges. In heavily disturbed areas, these effects include habitat fragmentation 

(Lehtinen 1999; Cushman 2006; Hamer and McDonnell 2008), pollution (Karraker et al. 2008; 

Collins and Russell 2009), road mortality (Fahrig and Rytwinski 2009; Beebee 2013), and 

disease (Greer et al. 2005; Longcore et al. 2007). Given their ecological importance and 

functionality as indicators of environmental quality (Price et al. 2007), monitoring anuran 

populations is important to assess the degree of anthropogenic disturbance and/or the success of 

mitigation. Manual acoustic surveys are an efficient and non-invasive technique to determine 

species occupancy and abundance (Corn et al. 2000; Pellet and Schmidt 2005). They are widely 

used and are considered reliable for the determination of species composition (Shirose et al. 

1997; De Solla et al. 2006). 

However, there are several areas of concern with relying on acoustic surveys, in large part 

to the very nature of anuran population dynamics and variation between species calling 

behaviours. For some species such as the wood frog (Lithobates sylvatica), breeding occurs 

during a very short time span (usually in the order of two weeks) in the early spring (Crouch and 

Paton 2002). Given that standardized protocols such as the Marsh Monitoring Protocol require 

certain temperature thresholds to be met, timing is a critical component for capturing wood frog 

breeding calls (Bird Studies Canada 2008). Unpredictable temperature, rainfall, and wind 

fluctuations in the spring can also make surveying difficult, and with the short timeframes for 

explosive anuran breeders, it is possible to miss certain species9 calling periods (Paszkowski et 
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al. 2002; de Solla et al. 2005). The year to year variation in the amount  of favourable surveying 

conditions may therefore contribute to the sporadic capture of certain anuran species via manual 

acoustic surveys. 

Another challenge with anuran acoustic surveying is capturing the calls of species that 

are more cryptic or quiet than others. Differences in calling intensity and volume can lead to 

underestimation of some species when quieter acoustics are challenged to travel longer distances 

(Bridges and Dorcas 2000; Corn et al. 2000; Crouch and Paton 2002). In small numbers for 

example, species such as the leopard frog (Lithobates pipiens) can be difficult to hear amidst a 

louder chorus of spring peepers (Pseudacris crucifer). Augmenting challenges with recording 

cryptic species are issues of misidentification. Quieter or infrequent calls by certain species can 

make it difficult for some surveyors to verify presence of rare species within a short survey 

period (Bridges and Dorcas 2000; Pellet and Schmidt 2005). Many anuran calls can also be 

confused with other anuran species, bird species, or mammal species, particularly when 

relatively inexperienced surveyors are involved (Genet and Sargent 2003).

One issue that is rarely raised in anuran acoustic monitoring research is that of anuran 

metapopulation dynamics. Anurans undergo natural variations in pond and wetland occupancy 

based on annual hydrological and climatic conditions (Hecnar and M9Closkey 1996; de Solla et 

al. 2006). A particularly dry year may cause some ponds to dry up completely for a long period 

of time, leading to the local extirpation of water-dependent species (Marsh and Trenham 2001; 

Trenham et al. 2003). Nearby wetlands with surviving populations can then act as sources of 

immigration and recolonization can take place (Gibbs et al. 2005). These extinction-

recolonization cycles, also known as species turnover, may take several years and may affect 

some species more than others (Trenham et al. 2003). The success and speed of the 

recolonization process is also dependent on the degree of regional habitat connectivity and the 

density of surrounding sources of immigration (Semlitsch and Bodie 1998; Marsh and Trenham 

2001). With increasing habitat fragmentation, regional habitat connectivity and the ecological 

processes that depend on it are being threatened. It may take longer for dispersing juveniles to 

successfully recolonize habitats that have become more isolated, and disturbed wetlands may be 

more prone to species extirpation events (Semlitsch and Bodie 1998; Arntzen et al. 2017). 

With all of these challenges in mind, how can acoustic monitoring be performed to 

address these issues and provide comprehensive records of anuran species composition? 
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Concerns surrounding cryptic species, misidentification, and survey length have been explored in 

recent literature, particularly with regards to the use of citizen-derived data and automated 

acoustic loggers (Corn et al. 2000; Genet and Sargent 2003; de Solla et al. 2005). Increasing 

survey effort within a survey or within a year and/or deploying remotely recording acoustic 

loggers can effectively address issues of seasonal calling variability and rare/cryptic species 

misidentification (Corn et al. 2000; Pierce and Gutzwiller 2004; de Solla et al. 2005; Pellet and 

Schmidt 2005). There has been no discernable effort, however, to explore the role of anuran 

acoustic surveys in capturing long-term year to year variations in anuran species occupancy. 

Anuran acoustic survey protocols have become standardized in many areas including 

Ontario and the Northern U.S (Bird Studies Canada 2008). The typical three surveys in a year are 

distributed in such a way as to maximize the aural capture of as many species as possible. The 

three-minute survey duration has also been shown to be sufficient for capturing a representative 

picture of nightly anuran calling (Corn et al. 2000; de Solla et al. 2005). The challenges outlined 

above, however, may lead to significant underestimation of species richness if surveys are 

conducted for only a short period of time. Extinction-recolonization dynamics can also limit their 

short-term effectiveness in capturing a complete picture of possible anuran species composition. 

Using long-term anuran acoustic survey results from across Southern Ontario, I aimed to explore 

how many years of standardized acoustic monitoring are required to capture a complete picture 

of anuran species composition and occupancy. 

Long term anuran acoustic survey data was acquired from Birds Canada9s Nature Counts 

database (Bird Studies Canada 2018). The Birds Canada organization collects amphibian survey 

data from across Ontario and some U.S. states conducted using the Marsh Monitoring Protocol 

(MMP) (Bird Studies Canada 2008). The MMP standardized protocol requires that three short 

acoustic surveys are conducted during the anuran breeding season of April to mid-July. Surveys 

being half an hour after sunset and go no longer than midnight. Each survey lasts three minutes, 

and species within a 100m radius half circle facing the wetland are recorded during this time 

period. Minimum temperatures for each survey vary according to the time of year. The first 
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survey in early spring (typically in April) must be conducted during a night when the air 

temperature is higher than 5 degrees Celsius. The second survey (typically in mid-late May) is 

conducted when nighttime temperatures are greater than 10 degrees Celsius. The third survey 

(typically in mid-late June) is conducted when nighttime temperatures are greater than 17 

degrees Celsius. For all surveys, wind levels must be 3 or less on the Beaufort wind scale. 

Persistent or heavy rain must also be avoided. Anuran calls are categorized into three call level 

codes: L1, L2, and L3. The first call level code (L1) is used when a particular species9 calls are 

non-overlapping and individuals can be reliably counted. The second call level code (L2) is used 

when there are some overlapping calls, but individuals can still be reliably counted. The third call 

level code (L3) designates a full chorus of continuous and overlapping calls in which individuals 

cannot be reliably distinguished or counted. 

Sixty-six study sites were extracted from the Birds Canada database based on the following 

criteria:

i) The study site must be located within the province of Ontario to ensure similar 

species composition

ii) The study site must have a minimum of eight years of continuous acoustic survey 

monitoring

iii) The study site must have had a minimum of four total species accumulated within the 

length of the total survey period to avoid statistical artifacts associated with low 

species accumulation results

iv) The study site must not be within an area that has experienced heavy land use change 

disturbance wherein natural metapopulation dynamics could be altered/prevented and 

additional landscape stresses can be imparted. Heavily disturbed areas were defined 

as those with more than 50% land cover change within 1 km of the calling station 

between the year 2000 and 2010. The Government of Canada9s Land Use (LU) digital 

map atlas was used to determine the extent of land cover change within the specified 

time period. 
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For study sites with multiple monitoring stations, only the first station9s results were extracted 

and used in the analysis to avoid spatial bias and autocorrelation (i.e. similarity in values based 

on geographical proximity). 

For the purposes of this study, all call level codes qualified as evidence for species 

occupancy. Results from each of the three surveys conducted within a year were combined to get 

a year-by-year record of recorded species occupancy. Species accumulation curves were 

calculated for each study site using the program EstimateS (Version 9.1.0) (Colwell 2013). The 

species accumulation curves randomized and averaged the accumulated total number of recorded 

species. The randomization was necessary to avoid temporal bias or correlation due to 

particularly favorable or unfavorable monitoring years. The EstimateS program conducted 100 

randomized runs per site. The S Mean (runs) output was extracted and used to construct a species 

accumulation curve for each study site. 

The total number of species accumulated at each site varied from four (the minimum 

required to qualify for inclusion in this study) to nine (see Table 1 for all site summary statistics). 

Most survey sites recorded between 6 and 8 species in total (51 of the 66). Fourteen of the 66 

sites accumulated less than 6 species, and only one site recorded all nine species. Of the 66 

survey sites included in this study performed between 2008 and 2018, 5 were monitored for 8 

consecutive years, 10 sites were monitored for 9 consecutive years, 18 sites were monitored for 

10 consecutive years, and 33 sites were monitored for 11 consecutive years. Fifteen of the 66 

sites were influenced by urban/suburban surrounding land uses (>25% surrounding developed 

land cover within 1 km). The remaining 51 sites were predominantly influenced by rural or 

natural surrounding land uses (>75% surrounding natural land cover within 1 km). 
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Table 1: Summary statistics for the 66 study sites included in this analysis

Number of 
years 

monitored
# sites

Number of 
Accumulated 

Species
# sites

Prevalent 
Surrounding Land 

cover
# sites

8 5 4 4 Urban/suburban 15
9 10 5 10 Rural 51

10 18 6 20
11 33 7 20

8 11
9 1

Nine unique anuran species were recorded across all 66 study sites: American bullfrog 

(Lithobates catesbeianus), American toad (Bufo americanus), Green frog (Lithobates clamitans), 

Gray treefrog (Hyla versicolor), Leopard frog (Lithobates pipiens), Pickerel frog (Lithobates 

palustris), Spring peeper (Pseudacris crucifer), Western chorus frog (Pseudacris triseriata), and 

Wood frog (Lithobates sylvatica). Occupancy rate, defined as the proportion of sites wherein a 

species was detected at least once, varied across all species. The green frog was the most 

commonly recorded species, occurring in each of the 66 surveyed sites at least once over the 

entire monitoring period. Occupancy rates of American toads, spring peepers, leopard frogs, and 

gray treefrogs were also high at 91%, 91%, 89%, and 85% respectively. The least commonly 

recorded species were the wood frog (68% of sites), western chorus frog (61% of sites), 

American bullfrog (48% of sites), and pickerel frog (11% of sites). Average interannual detection 

rates, defined as the proportion of years in which a species was detected for those sites where it 

was detected at least once, are presented in Figure 1. For wood frogs, northern leopard frogs, 

western chorus frogs, and pickerel frogs, individuals were detected in an average of less than 

50% of monitoring years at those sites where the species was detected at least once. Green frogs 

and spring peepers were detected in an average of more than 75% of monitoring years at those 

sites where the species was detected at least once. For seven of the nine species included in this 

analysis, the average interannual detection rate was substantially lower than the overall 

occupancy rate across all sites. This was not the case for American bullfrogs or pickerel frogs, 

which also had the lowest occupancy rates of all species. 
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Figure 1: Anuran species occupancy rates across all sites (n=66) (i.e. percent of sites with at least one 
year of species detection) represented with black bars, and average interannual detection rates at those 
sites with at least one species record (i.e. averaged percent of total monitoring years that the species was 
detected per site) represented by the striped bars.

Species accumulation curves are presented in Figure 2, separated according to the total 

number of accumulated species to better reflect the shapes of the accumulation curves. The 

shapes varied between survey sites depending on how many anuran species were rarely recorded 

(i.e. the more species recorded in only one or two years, the more linear the accumulation curve). 

Most curves followed a logarithmic curve shape as species accumulation plateaued and saturated 

at around the 5 to 7-year mark. Curves representing the average percentage of total accumulated 

species per year are displayed in Figure 3. Similarly, curves are steepest in the 1 to 4-year range 

and flattened out after the 5 to 6 year mark, when species accumulation surpassed 90% of total 

detected species.
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Figure 2: Species accumulation curves for A) sites with a total of 4 accumulated species, B) sites with a 
total of 5 accumulated species, C) sites with a total of 6 accumulated species, D) sites with a total of 7 
accumulated species, and E) sites with a total of 8 accumulated species.
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Figure 3: Average percent of total accumulated species detected with increasing monitoring effort (years) 
separated by number of total monitoring years

The species accumulation curve analysis performed here clearly illustrates the potential 

weaknesses of short-term anuran acoustic monitoring surveys. The species accumulation curves 

tell us that on average, five to six years of standardized monitoring are needed capture at least 

90% of anuran species at any given site. The reasons behind the variability in year-to-year 

anuran occupancy cannot be directly answered by this analysis but combined with current 

knowledge of species calling patterns and anuran metapopulation dynamics, some educated 

assumptions can be made. 

One reason for the apparent <turnover= in species occupancy could be high levels of 

disagreement between observers if some observers changed over the long monitoring period. 

However, both Shirose et al. (1997) and Genet and Sargent (2003) found that observer agreement 
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on presence/absence was generally very high, with most discrepancies related to observers9 

reporting of abundance, not presence/absence. If observer variability is fairly low, then perhaps 

the inter annual variability in species composition is a product of only conducting three short 

surveys within a year? Shirose et al. (1997) found that longer individual surveys (longer than the 

MMP designated 3 minutes) rarely resulted in the detection of additional species, whereas 

Bridges and Dorcas (2000) documented concerning nightly variations in calling patterns that 

may reduce the effectiveness of short evening surveys at detecting certain species. De Solla et al. 

(2005) determined that between 12 and 24 randomly sampled nights for surveys are required to 

document between 80 and 90% of species mainly due to the lower detection probabilities of 

wood frogs and leopard frogs. It is possible, therefore, that some of the interannual anuran 

species composition variability observed in this study can be attributed to low detection 

probabilities and selection of less favourable surveying nights. However, high anuran species 

turnover has been documented in several regions in the U.S., Canada, and Brazil (Hecnar and 

M9Closkey 1996; Trenham et al. 2003; De Solla et al. 2006; Werner et al. 2007; Tavares and da 

Silva 2019). Simply augmenting survey effort within one or two years would not be sufficient to 

address turnover dynamics and capture the true anuran species composition of any particular 

wetland habitat. 

Clear differences between individual species calling behaviors, detectability, and 

population dynamics are also important considerations. The nine anuran species detected in this 

study were not uniformly common in terms of detection frequency. Consistent with previous 

studies, this analysis found lower rates of occupancy for pickerel frogs (Crouch and Paton 2002). 

The pickerel frog is reported to be difficult for observers to reliably detect, due in part to its 

similarity to other species, the lower call volume, and general species rarity in certain areas 

(Lepage et al. 1997; Genet and Sargent 2003). Not only was it reported in the lowest number of 

study sites, but it was only detected an average of 18% of monitoring years at sites where it was 

recorded at least once, a much lower interannual detection rate than any other anuran species 

included in this study. 

Occupancy was also low for wood frogs, western chorus frogs, and American bullfrogs. 

Crouch and Paton (2002) reported similar results in their study, wherein spring peepers, gray 

treefrogs, and green frogs were detected at higher rates than wood frogs and American bullfrogs. 

The history of the American bullfrog in Southern Ontario may also have played a significant role 
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in the occupancy records and detection rates in the Birds Canada dataset. Despite occurring 

naturally in Southern Ontario, intensive hunting and human habitat modification contributed to 

widespread local extirpation and patchy distributions. Population rebounds and recolonization 

may be limited by intense landscape fragmentation and land use change, making comparisons to 

other, less directly impacted anuran species with widespread remnant populations, difficult. Both 

wood frogs and western chorus frogs breed explosively in the early spring, and also overlap with 

loud choruses of spring peepers (Crouch and Paton 2002; Genet and Sargent 2003; De Solla et 

al. 2005), likely making consistent detection more difficult.  

For relatively low-occurring species, if rarity and not detectability was the greatest 

limitation, then modestly high interannual detection rates at those sites with confirmed 

occurrences would be expected, but that is not the case. Wood frogs, leopard frogs, western 

chorus frogs, and pickerel frogs had interannual detection rates of less than 50%, oftentimes 

more than 20% lower than the occupancy rates across all sites. This does not explicitly point to 

detectability as the cause of the lower observed interannual detection rates, but given the various 

well-documented challenges with detecting those species (see Lepage et al. 1997; Crouch and 

Paton 2002; Genet and Sargent 2003; De Solla et al. 2005) it would suggest that detectability 

does seem to be an issue for some cryptic and easily mis-identifiable species, requiring 

additional survey effort. 

The strongest evidence for strong extirpation-recolonization processes comes from the 

results for widespread species such as the spring peeper, gray treefrog, and green frog. For these 

easily detectable species with long calling periods (Bird Studies Canada 2008) average 

interannual detection rates were lower than occupancy rates, suggesting that even for the least 

cryptic species, some process is preventing consistent and reliable interannual detection. The 

most reasonable culprit is species turnover as a result of natural or induced local extirpation-

recolonization processes. This is especially likely for species that dwell in ponds year-round and 

would be difficult to miss such as the green frog and American bullfrog (Hecnar and M9Closkey 

1996).

Anuran acoustic survey designs aim to accommodate the biological patterns of their 

target species. The Marsh Monitoring Protocol for anuran surveying incorporates important 
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considerations related to time of year, time of day, weather, and disturbance (i.e. ambient noise) 

(Bird Studies Canada 2008). Several pieces of research have validated the reliability of this 

design in capturing within-year species occupancy (Shirose et al. 1997; Genet and Sargent 2003), 

but rarely has literature addressed the well-documented issues of high anuran species turnover 

(Hecnar and M9Closkey 1996; Trenham et al. 2003; de Solla et al. 2007; Werner et al. 2007; 

Tavares and da Silva 2019). Anurans species populations particularly those in Ontario, behave as 

metapopulations and require connected habitat matrices to travel between overwintering, 

breeding, and foraging habitats (Semlitsch 2008; Sinsch 2014). This landscape connectivity is 

also necessary to spread genetic diversity among population patches, mitigate stochastic 

extirpation events, and facilitate recolonization (Marsh and Trenham 2001). These well-

recognized landscape processes are rarely reflected in the design of long-term monitoring 

programs. The species accumulation curves presented here suggest that 5 or more years of 

standardized acoustic monitoring surveys are required to surpass the 90% accumulated species 

detection threshold. This suggests that it may be more prudent to distribute limited monitoring 

resources across many years instead of concentrating them within a single year or two. If 

standardized procedures such as those outlined by the MMP protocol are followed correctly, then 

this should address issues of interspecies calling period variability, unfavorable weather 

conditions, observer bias, and extirpation-recolonization dynamics. Additional survey effort can 

be used to target species that are known to be rare, cryptic, and/or difficult to identify or detect 

such as the pickerel frog. 

This paper, and others that have reported strong anuran species turnover, also emphasize 

the importance of connectivity for vulnerable species groups such as anurans. Short-term 

monitoring is likely insufficient to paint a comprehensive picture of species responses to habitat 

loss, fragmentation, and disturbance, especially when persistence is limited not by within-habitat 

quality, but by the ability of surrounding populations to recolonize habitat that experience natural 

and/or induced extirpation.  

Anuran acoustic call surveys are an efficient and non-invasive technique for monitoring 

species occurrence. Variations in seasonal calling periods, ease of detection, calling behaviors, 

and turnover dynamics emphasize the need for ecologically guided monitoring programs to 



32

capture complete species compositions. Data from 66 long-term acoustic monitoring efforts 

across Southern Ontario showed differences between nine species9 occupancy and detection 

rates, and clearly demonstrated the need for long-term monitoring to accumulate reliably 

complete pictures of anuran species composition. 
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The effects of road mortality on wildlife have seen increasing attention as evidence of its 

impacts on population persistence continue to be uncovered (Fahrig and Rytwinski, 2009; 

Beebee, 2013). Road mortality impacts wildlife not only through direct mortality to individuals 

but also through the interruption of crucial landscape movements that satisfy individual species9 

lifecycle needs and metapopulation dynamics (Forman and Alexander, 1998; Marsh and 

Trenham, 2001; Glista et al., 2008). The cumulative result of these effects is a complex but 

fragmented landscape in which individual pocket populations are subject to varying extents of 

physical and genetic isolation. 

A wide range of mitigation measures have been developed and implemented to address 

the growing concerns over wildlife population integrity in areas that experience high rates of 

road mortality including wildlife underpass crossing structures and exclusion fencing (Glista et 

al., 2009; van der Grift et al., 2013). A commonly used tool to guide the implementation and 

placement of these mitigation measures is landscape resistance modelling (Zeller et al., 2012).  

In these models, each grid-square in a pixelated landscape is assigned a value which represents 

the resistance to movement. The resistance values are defined by the amount of energy required 

for a species to cross a pixel of specified land cover compared to the energy required to cross 

through ideal habitat. When executed, these models spread outward from a single or series of 

starting areas until the initial designated energy (determined by the maximum distance the 

species can travel) is expended. 

Human infrastructure such as roads are typically assigned higher resistance values to 

account for the impacts of road mortality, contributing to reductions in the overall amount of 
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accessible habitat in the resulting models. Although assigning higher resistances to land covers is 

appropriate for anthropogenic land covers such as parking lots, lawns, and open areas which can 

drain the movement energy of wildlife (Houlahan and Findlay, 2003; Patrick et al., 2012), it may 

not be a suitable technique for modelling road mortality on its own. Roads, particularly during 

inhospitable weather conditions (dependent on species), not only reduce the energy of wildlife, 

but also reduce the probability of successful crossing. In this case, the unaddressed component is 

that of exponential reductions in the probability of survival after crossing multiple roads and not 

one of linear loss of energy. 

Among the taxa most threatened by road mortality are anurans (frogs and toads). Most 

post-metamorphic juvenile anurans move away from their natal ponds in large numbers in a 

critically important process known as dispersal that allows new wetlands to be colonized, 

depleted populations to be rejuvenated, and genetic information to be spread across the landscape 

(Sinsch, 2014). Unfortunately, dispersal is also understudied and poorly embedded in existing 

modelling approaches, despite representing the bulk of anuran mortality (Petrovan and Schmidt 

2019). Mass mortality during dispersal is common because the movement is 

unguided/exploratory and involves frequent movement across roads in areas where transportation 

networks have fragmented anuran habitat (Lamoureux et al., 2002; Watson et al., 2003; Sinsch, 

2014; Taylor and Paszkowski, 2017). 

Curiously, most juvenile anurans will time their movements to correspond with 

favourable weather conditions during the night hours (Pomezanski and Bennet, 2018). What is 

typically a hostile land cover characterized by exposure, dryness, and heat during the daytime 

becomes a relatively barrier-free avenue for movement during rainy nights. In these cases, the 

energy loss associated with road surfaces is minimized. Despite these adaptations and resilience 

to energy loss, the threats of mortality from vehicle collision remain regardless of time of day or 

weather conditions (Glista et al., 2008; Eigenbrod et al., 2009; Carr and Fahrig, 2015). Our 

understanding of anuran dispersal timing, weather selection, and persisting road mortality risk is 

longstanding, yet resistance-based energy loss models applied to anuran connectivity have 

stubbornly persisted (Unnithan Kumar et al., 2022). A greater consideration for approaches that 

can model and isolate the exponential reductions in anuran road crossing survival during 
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dispersal would be valuable for understanding where and how mitigation can be placed to 

improve dispersal success, enhance habitat connectivity, and reduce genetic isolation. 

In this paper, we describe a modified cost surface Geographic Information System (GIS) 

tool that behaves similarly to a traditional dispersive landscape resistance tool but specifically 

isolates the multiplicative effects of vehicle collisions on road crossing survival. We compare 

these results to that of a traditional resistance tool by relating the amount of accessible marsh to 

the presence of six anuran species. We hypothesize that the road crossing survival (RCS) tool has 

comparable predictive power to traditional resistance (TR) tools and discuss opportunities for 

improvement and refinement for future applications. 

Data on anuran presence was taken from Birds Canada9s Great Lakes Marsh Monitoring 

Program, a long-term database of anuran calling data. Anuran acoustic survey data was collected 

using a citizen science approach at a wide variety of wetland habitats across Ontario (Bird 

Studies Canada, 2008; Bird Studies Canada, 2018; data available at birdscanada.org/gl_mmp.). 

This database provided us with a large sample size of surveyed wetlands with long-term 

monitoring data. Due to the possible year-to-year variations in anuran detectability and presence, 

a single year or two of monitoring is likely to be unsuitable for adequately capturing the anuran 

species composition of a wetland (Pomezanski, 2021). Consequently, only wetlands with three or 

more years of acoustic survey data were deemed suitable for inclusion in this analysis. The 

monitoring years did not need to be consecutive. We also excluded wetlands that were part of 

larger, connected wetland complexes and whose boundaries were difficult to delineate because 

these wetlands might introduce unintended complexities to the landscape connectivity analysis. 

In cases where wetlands included more than one survey station, the acoustic data was combined.
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Figure 4: Locations of selected wetland study sites included in the RCS and TR models (n=290)

After applying the filters outlined above, 290 wetlands were identified as suitable for 

analysis, the locations of which are shown in Figure 4. For each suitable wetland, the presence 

and/absence of six commonly occurring and readily identifiable Ontario anuran species were 

recorded: wood frog (Lithobates sylvaticus), green frog (Rana clamitans), Northern leopard frog 

(Lithobates pipiens), American toad (Anaxyrus americanus), gray treefrog (Dryophytes 

versicolor), and spring peeper (Pseudacris crucifer). A species was confirmed present at a site if 

more than one individual was recorded. A single calling individual was deemed unsuitable for 

confirming presence because of the increased chance of the record being an anomaly or a 

misidentification.
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Wetland boundaries for each survey site were delineated manually by referencing both 

the Southern Ontario Land Resource Information System (SOLRIS) version 3.0 and the Ontario 

Wetlands vector dataset. Both datasets are publicly available via the Ontario GeoHub. The 

SOLRIS layer is a 15m resolution land cover raster which defines a variety of land covers 

including wetland types. Due to the slight, but sometimes significant differences between the 

SOLRIS raster and the wetland vector, satellite aerial imagery from Google Earth was also used 

to substantiate wetland boundaries in cases of notable disagreement between layers. 

The Ontario Road Network (ORN) vector layer, also available via the Ontario GeoHub, 

was rasterized based on the layer-defined road classifications to a 15m resolution. The ORN 

classifies roads based on road traffic intensity, width, and function, but it does not classify roads 

as occurring within urban or rural zones. I assigned a binary urban/rural sub-classification to 

these roads by creating <urban-influences zones= around built-up areas (delineated by the 

Ontario Built-up Areas vector layer) exponentially scaled based on the size of the built-up area 

polygon such that large urban centers extended their urban influence across a wider surrounding 

area to a maximum of 5000m from polygon boundary (See Equation 1). Roads that fell within 

the <urban-influence zones= were classified as urban, and those outside were classified as rural. 

This simple binary classification allowed us to differentiate between roads with the same 

functional ORN classification but divergent traffic intensities due to their proximity to areas of 

densely constructed infrastructure and provided an additional level of realism for our models.

Equation 1: Formula used to calculate the buffer extent of urban influence from the boundary of 
identified built-up area polygons. U = Built-up area polygon area (m2)

��ĀÿĀ ��ĀĀÿ� (ÿ) = ( √��ÿ� �) ∗ 5000 ÿ

Average hourly traffic intensities based on road categorizations in urban and rural areas 

were taken from Hallenbeck et al., (1997). Although these average hourly traffic intensities were 

measured from roads in the United States, their road classifications are comparable to those used 
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in the ORN dataset. Although anuran calling activity is most concentrated from sunset to 

midnight, movement takes place throughout the night as evidenced by camera trap data in 

wildlife tunnels in areas overlapping the geographical focus of this study (Pomezanski and 

Bennett, 2018). The seasonal window of anuran movement is quite wide, stretching from as early 

as March to as late as October, and therefore timing of sunrise and sunset varies widely. 

Nevertheless, since most individual anuran movement throughout the year is composed of mid-

summer juvenile dispersal (see Pomezanski and Bennett, 2018), we only averaged the hourly 

traffic intensities between 21:00 and 5:00, which exhibit dark or darkening conditions during the 

juvenile dispersal period. 

We came across few references to anuran road crossing survivability based on varying 

rates of traffic intensity and derived from field-based measurements. Both Joly et al. (2003) and 

Bouchard et al. (2009) recorded road crossing survival by anuran species at varying rates of 

traffic, but only Joly et al. (2003) reported this relationship with more than two rates of traffic 

intensity, so we used it here to match hourly traffic rates to probability of road crossing survival. 

Despite the age and location of this study, we believe that the relationships between rates of road 

traffic and anuran survivability remain fairly consistent over time and space and can be 

applicable to the species and locations used here given the exploratory nature of this study. 

Other studies such as Hels and Buchwald (2001) use a more indirect approach by 

modelling survivability using anuran movement speeds, tire widths, and hourly traffic rates, but 

we lacked the data on species-specific movement speeds to be able to implement this technique. 

Using the interpolated relationship between road traffic and survivability illustrated in Joly et al. 

2003, we identified approximate survival rates for each road classification (Table 2: Road 

crossing survival rates for urban and rural roads based on road classiocation tra昀昀ic rates. Inverse 

survival rates used for model execution are included in brackets.). The survival rates we identified 

are fairly consistent with those recorded by Bouchard et al. (2009) and those calculated by Hels 

and Buchwald (2001) when matching species based on their physiological similarities (e.g. 

American toads to Common toads). The relationship exhibits a negative exponential shape, 

potentially due to the behavioral phenomenon of crossing times increasing as traffic intensities 

increase (Bouchard et al., 2009).
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Table 2: Road crossing survival rates for urban and rural roads based on road classification traffic rates. 
Inverse survival rates used for model execution are included in brackets.

Road Classification Rural Urban
Average 
Nighttime Traffic 
per Hour 

Survival Rate, 
Sr (1/Sr)

Average Nighttime 
Traffic per Hour 

Survival Rate, Sr 
(1/Sr)

Freeway 370 0.1 (10) 1318 0.0 (0)
Ramps and Expressways 181 0.25 (4) 547 0.0 (0)
Arterial 72 0.55 (1.818) 205 0.2 (5)
Collector 17 0.925 (1.081) 59 0.6 (1.67)
Local 3 1.0 (1.0) 6 1.0 (1.0)

The road crossing survivability tool we tested is a modified version of the r.cost function 

available in the Geographic Resources Analysis Support System (GRASS) software suite 

(original tool available at GRASS (2023)). The r.cost tool creates a raster surface map showing 

the cumulative cost of travelling from a source cell or collection of cells to each other cell within 

the computational area. When applied to wildlife movement, maximum costs can be specified to 

delineate movement extents for dispersing individuals. The primary input to this tool is a raster 

cost surface wherein each cell9s value represents that cost of travelling through that cell9s land 

cover. 

The unmodified r.cost tool uses additive processes that calculate cumulative costs and 

assigns output cell values based on the minimum cost to travel there so as to allow for the 

determination of least cost pathways and lowest resistance movement corridors. We modified the 

tool in a single fundamental way: to use multiplicative processes instead of additive. In the 

modified RCS tool, each road cell in the input raster cost surface was assigned a value 

corresponding to the inverse of the survival rate for that type of road. Since the r.cost tool is built 

to identify and keep the lowest possible value (minimum) attainable at each cell, the survival 

rates in Table 2 needed to be inversed for the tool to function properly.  Each non-road cell was 

assigned a value of 1 corresponding to a 100% survival rate, allowing the impact of road 
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crossing mortality to be isolated for our analysis. After the RCS tool was executed for each of the 

290 source wetlands each of the outputs were inversed separately to produce raster surfaces 

wherein each cell9s value represented the maximum probability of reaching it from a source 

wetland. 

No <maximum cost= was assigned in the RCS tool. Instead, we ran a separate resistance 

model for each site wherein each land cover was assigned a resistance value of 1 and only 

buildings were considered barriers that would require anurans to move around (see resistance 

values in Table 3). Large bodies of water such as lakes and rivers were also assigned slightly 

higher resistances to account for energy loss associated with swimming in waterbodies with 

currents (a resistance to movement which would be present regardless of time of day or weather 

conditions). The output extent of each resistance model was considered the maximum possible 

dispersal extent of any anuran species when accounting for ideal dispersal conditions 

characterized by rain, humidity, and darkness. Previous studies have identified different 

maximum dispersal distances for anuran species. Of the species examined in this study, the 

Northern leopard frog has potentially the farthest recorded dispersal distance of around 5km 

(Seburn et al. 1997; Carr and Fahrig 2001; Patrick et al. 2012). Several of the other species have 

maximum dispersal distances within the 1km to 3km range (Patrick et al. 2006; Baldwin et al. 

2006; Patrick et al. 2012). Given the range of possible maximum movement distances, we 

executed these resistance models with three maximum distances 3 5000m, 2500m, and 1000 m - 

with the aim of identifying whether maximum distance affects the performance of the models in 

this study. We clipped the RCS tool outputs with their associated maximum dispersal extents for 

each site. Sites with no wetlands within the maximum movement extents or with wetlands with 

survival rates of only zero were assigned final values of zero. 

We considered any marsh habitat to be a candidate destination for dispersing anurans 

because it is typically associated with standing water for a large portion of the breeding season, if 

not year-round. Swamps were not considered a candidate destination habitat because the 

SOLRIS and wetlands vector layers did not indicate where (or if) standing water was present, 

which is required for the selected anuran species9 breeding habitat. The total number of marsh 

wetland cells (as classified by SOLRIS) within each dispersal distance at which the chances of 

arriving successfully were at least 50%, 25%, and 5% for each species was summed for each site. 
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We decided to test three rates of survival because there is a persisting uncertainty around which 

levels of dispersal success are required to consider a wetland functionally connected. Figure 5 

details the RCS modelling process in a work-flow diagram.

Figure 5: Work-flow diagram for the Road Crossing Survival (RCS) Model

For the TR model, we again used SOLRIS and re-classified each land cover by its 

resistance to anuran dispersal movement. Resistance values were partially derived from Patrick 

et al. (2012) and Compton et al. (2007). All land cover resistance values used in our landscape 

resistance model are included in Table 3. The TR models were run in ArcGIS using the <cost 
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distance= function and conducted three times for each site using maximum dispersal distances of 

5000m, 2500m, and 1000m for comparison with the road crossing survival tool. An example 

output is illustrated in Figure 6. The total number of marsh wetland cells (as classified by 

SOLRIS) within each dispersal distance and for each species after accounting for energy 

expenditure was calculated for each site. 

Table 3: Land cover resistance values used for each the Traditional Resistance (TR) Model and the Road 
Crossing Survival (RCS) Model

Land Cover Cost to Traverse 1 metre
TR Model RCS Model

Forest 1 1
Wetland 1 1
Agriculture 3 1
Open Water 6 2
Developed (pervious) 3 1
Developed (impervious) 6 1
Alley/Resource Road 3 1
Local Road 3 1
Collector Road 6 1
Arterial Road 15 1
Expressway 30 1
Freeway 5000 1
Buildings N/A 5000
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Figure 6: An example output for the RCS model showing the resulting survival probabilities in a 6km 
radius from the source wetland edge.

To test the strength of associations between anuran species occurrence and accessible 

marsh habitat, generalized additive models (GAMs) were constructed. Generalized Additive 

Modelling is a non-parametric approach to regression modelling that can accommodate a range 

of data distributions and possible non-linear relationships between predictor and response 

variables (Ravindra et al., 2019). This approach was deemed appropriate for this study in order to 

accommodate the uncertainty regarding the shape of the ecological relationships between anuran 

species occurrence and habitat availability. Furthermore, the GAM modelling approach is able to 

accommodate non-parametric characteristics of both the predictor and response variables 

allowing for more flexibility in the types of data that were used.
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The <r= package <mgcv= was used to construct and analysis the GAMs (Wood, 2023). 

GAMs were run for each species, for each method (TR model-derived available marsh vs RCS 

model-derived available marsh), for each distance (1000m, 2500m, and 5000m) and each 

survival threshold (50%, 25%, and 5%). When modelling individual species occurrence, a 

binomial family was specified to reflect the nature of the response variables (i.e. 1 for presence, 

0 for absence). Each habitat metric included in the GAM model was <smoothed=, which 

indicates to the program to use thin-plate regression splines to estimate non-linear relationships 

between predictors and the response where appropriate. The smooth functions were assumed to 

be smooth and continuous, controlled via penalization of wiggliness. 

The upper bound for effective degrees of freedom (k) was set at 10 for all models to 

provide an upper limit to the complexity of the smooth without being overly restrictive. The 

value of <k= was verified for adequency using gam.check() in the mgcv package. Smooth terms 

with high estimated degrees of freedom approaching k-1 low k-index values, or significant p-

values (p<0.05) would prompt re-fitting with increased k until diagnostic criteris were met and 

edfs stabilized. The binomial distribution family was used for individual species 

presence/absence GAMs with a logit link function. The restricted maximum likelihood (REML) 

method was used to estimate smoothing parameters as recommended by Wood (2011) for 

numerical stability. 

The effective degrees of freedom (edf) was recorded for each smoothed term in the model 

output. An edf close to or equal to 1 indicates that the relationship is linear or close to linear. The 

higher the edf, the more non-linear or <wiggly= the relationship. For each smoothed term in the 

model, the p-value for approximate significance was recorded. The deviance explained (%) was 

recorded for all models instead of the adjusted r-square because of the binomial distribution 

specified in the. The Akaike Information Criterion (AIC) value was also recorded for each model 

and Delta AIC (∆AIC = AICi 3 AICmin) was calculated to compare the models9 relative 

performance (Burnham and Anderson, 2002). Typically, a ∆AIC value of <2 suggest that the 

differences between the model and the best model are relatively small and/or indistinguishable. 

Given the uncertainties of the underlying ecological mechanisms and inputs for these models, 

and due to the exploratory nature of this study, we interpreted any model with a ∆AIC of 
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between 2 and 4 as indicating moderate support for the models compared to the best model, and 

values of over 10 indicated no support for the model.

The 290 sites (Figure 4) included in this study were distributed across two ecozones, with 

98% of sites occurring within the mixed-wood plains ecozone. Representation of sites in the 

heavily agricultural areas of Southern Ontario that stretch from the Bruce Peninsula to Windsor 

and Lake Erie was lower compared to the areas with the Golden Horseshoe that are characterized 

by a mixed-use and urban landscape. Only five sites (~2%) were located within the Ontario 

Shield Ecozone which generally occurs north of Lake Simcoe.

The wetlands of study ranged widely in size from less than one hectare to more than 

300ha (Figure 7a). About 58% of all wetlands were less than 10ha in area, and 17% were greater 

than 30ha, with 25% of sites between 10ha and 30ha. Consistent with the diverse geographical 

distribution of the sites included in this study, the landcover compositions surrounding each 

wetland exhibited a wide degree of variance. Within 3000m of each site, wetland cover 

(including swamp, marsh, bog, and fen classifications) typically varied between 5% and 35% of 

all landcover (Figure 7b). When limiting to the marsh wetland classification only, 95% of sites 

contained less than 15% wetland cover. Bogs and fens were relatively rare compared to marshes 

and swamps, contributing a negligible amount to the total wetland composition at the vast 

majority of sites. Forest cover followed a similar distribution to that of wetlands with 95% of 

sites containing less than 40% forest cover which included all types of forest such as deciduous, 

 The calculation of marginal effects in the GAMs is being made more explicit in the final draft manuscript based on 
this chapter
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coniferous, mixed, plantation, and hedgerows (but not treed swamp). When adding together all 

wetland and forest land cover classifications, the distribution moved away from a left-skewed 

distribution to a normal distribution, with the highest proportion of sites containing 20-25% 

forest cover within 3000m (Figure 7c). Only 5% of sites contained more than 60% forest and 

wetland cover. 

Figure 7: Study sites characteristics of the 290 wetlands included in this study. All total land covers (b-e) 
and road density (f) were calculated at 3000m radii from wetland edge
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When considering all naturally vegetated and agricultural land covers, including 

undifferentiated classifications (idle land, brown fields, hydro corridors, thickets, forest 

openings), 36% of sites contained more than 90% vegetated land cover (Figure 7d). The 

remaining sites exhibited a fairly even distribution of vegetated/agricultural land cover. About 

70% of the study sites contained less than 20% urban land cover, including both pervious and 

impervious as defined by SOLRIS (Figure 7e). Road density followed a similar pattern, with 

54% of sites containing between 1000-2500 m/km2 of roads (Figure 7f).  

Anuran species presence was generally high across study sites. The green frog and 

American toad were the most commonly observed as being present based on acoustic surveys, 

occurring at 95% and 89% of sites respectively. The wood frog was the least frequently observed 

of the six study species, occurring at 60% of study sites. The leopard frog, spring peeper, and 

gray treefrog fell in between, occurring at 76%, 82%, and 78% of wetland sites respectively. 

Monitoring years took place from 1995 to 2019 with the years 2012 3 2017 most 

frequently monitored at the selected study sites. The number of sites with years monitored before 

2012 decreased steadily from 2012 - 1995 and decreased forward in time from 2017 3 2019 

(Figure 8a). About 20% of all selected study sites were monitored for 4 years or less, and 80% of 

sites were monitored for 12 years or less (Figure 8b). The most frequently surveyed sites had 25 

years of monitoring data, but this only applied to 3 of the sites.
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Figure 8: Distribution of the number of monitoring years for all 290 study sites (a) and the frequency of 
years monitored (b).
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Generalized additive model results are summarized in Table 4 using the deviance 

explained (DE) values for each model. DE values were generally highest for the models with 

5000m maximum dispersal distance for the green frog, spring peeper, and gray treefrog. There 

was no consistent effect of maximum dispersal distance for the remaining three species. DE 

values were generally lowest for the American toad and the wood frog and highest for the two 

hylids. The TR models had the highest DE values for the gray treefrog and the green frog at the 

5000m maximum dispersal distance as did the RCS models using a 5% survival cutoff.

Table 4: Deviance explained values for the generalized additive model (GAM) results for each species 
and model combination. . GRFR = green frog, WOFR = wood frog, LEFR = Northern leopard frog, 
AMTO = American toad, SPPE = spring peeper, GRTR = gray treefrog

Model Deviance Explained (%) 
Maximum 
Dispersal 
Distance

Connectivity 
Model Method GRFR WOFR LEFR AMTO SPPE GRTR

5000m TR 15.5 3.0 6.2 1.0 18.9 22.8
RCS: 5% Survival 8.8 2.5 4.9 0.1 19.8 22.0
RCS: 25% Survival 5.1 4.0 5.1 0.0 20.9 20.3
RCS: 50% Survival 6.4 3.1 5.3 0.0 19.2 17.7

2500m TR 9.1 5.1 8.8 0.9 12.9 15.5
RCS: 5% Survival 6.6 2.3 6.1 2.3 9.5 13.3
RCS: 25% Survival 6.5 2.5 6.6 1.6 10.9 13.6
RCS: 50% Survival 6.6 3.0 6.6 1.4 17.6 12.4

1000m TR 5.6 3.1 7.7 1.7 3.6 5.5
RCS: 5% Survival 6.3 2.2 7.7 1.9 4.9 8.2
RCS: 25% Survival 6.3 2.2 7.6 1.9 4.9 8.1
RCS: 50% Survival 6.3 2.2 7.6 1.9 4.9 8.1

.

Generalized additive model results are summarized in Table 5 using the ∆AIC scores to 

determine which models were reasonably similar to each other. All GAMs which included 

American toad were indistinguishable from one another, demonstrating no support for either the 

TR models or RCS models. The 5000m resistance model was the best performing for the green 

frog but was relatively similar in explanatory performance to the 5000m RCS model at the 5% 

survival rate cutoff. TR models performed substantially better than the RCS models for both the 

wood frog and Northern leopard frog. For the two hylids, the TR and RCS models performed 
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best at the 5000m distance. For the spring peeper, RCS models at 5000m outperformed the TR 

model with the top models using the 5% and 25% survival rate cutoff. For the gray treefrog, the 

5000m TR model and 5000m 5% RCS model performed similarly. In general, RCS model 

performance for the gray treefrog decreased as the survival cutoff rate increased from 5% to 

50%.  

 

Table 5: ∆AIC values for the generalized additive model (GAM) results for each species and model 
combination. GRFR = Green frog, WOFR = Wood frog, LEFR = Leopard frog, AMTO = American toad, 
SPPE = Spring peeper, GRTR = Gray Treefrog. Values that are bolded with an * indicate ∆AIC values of 
<4, ** indicates a ∆AIC value of 4-10.

Method Species
Maximum 
Dispersal 
Distance

Connectivity Model 
Method

GRFR WOFR LEFR AMTO SPPE GRTR

5000m TR 0 9.80** 7.00** 2.10* 5.90** 0
RCS: 5% Survival 3.80* 14.30 11.10 1.40* 3.20* 2.40*
RCS: 25% Survival 8.90** 9.90** 10.40 1.50* 0 7.90**
RCS: 50% Survival 7.00** 11.70 10.00 1.50* 4.90** 16.00

2500m TR 3.50* 0 0 2.10* 16.40 15.30
RCS: 5% Survival 6.80** 7.00** 7.20** 0.40* 26.60 23.20
RCS: 25% Survival 6.90** 6.50** 5.50** 1.40* 22.80 22.40
RCS: 50% Survival 6.80** 5.50** 5.70** 1.70* 3.40* 26.20

1000m TR 8.20** 6.40** 1.90* 0 38.50 42.70
RCS: 5% Survival 7.20** 13.50 4.10** 0.80* 39.40 43.50
RCS: 25% Survival 7.20** 13.40 4.10** 0.80* 39.40 43.60
RCS: 50% Survival 7.20** 13.40 4.10** 0.80* 39.40 43.60

Although the generalized additive model results differed between the six species included 

in this study, in general the top-performing RCS models performed similarly to the TR models. 

Unsurprisingly, the highest explained deviances across all models and species were quite modest 

(maximum of ~23%) since anuran species occurrence is also determined by a wide array of 

additional local and landscape factors such as hydroperiod, predators, and land cover 

composition (Porej et al., 2004; Burne and Griffin, 2005; Herrmann et al., 2005; Chandler et al., 

2015). Nevertheless, Hermann et al., (2005) previously demonstrated similar maximum amounts 

of explained variance for the spring peeper and other amphibian species occurring in Ontario 
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using surrounding forest cover as measure of landscape fragmentation, lending credence to the 

potential for the RCS tool in this for use in modelling connectivity. In addition, since the RCS 

tool was only modelling a single component of landscape connectivity (i.e. road induced 

mortality) and still managed to obtain levels of explained variance to those obtained using more 

wholistic measures of landscape suitability (i.e. forest cover), adding additional local and 

landscape model components would certainly lead to even greater explanatory performance. 

One of the main assumptions in conducting this study is that under the weather conditions 

specifically selected by anurans for long-range juvenile dispersal, road surface resistance is no 

different than the resistance offered by any other land cover typically considered <favourable=. In 

fact, we suspect that a wetted road surface at night may facilitate farther and faster movement in 

the absence of surface-level debris, dense vegetation, and micro-topographical variation that can 

require greater energy expenditure to navigate through. The approach of assigning high friction 

values to road surfaces in TR modelling is likely meant to represent road mortality in a basic 

sense, but risks overestimating connectivity and including wetlands which anurans have a near 

zero percent chance of reaching when considering the exponentially driven reduction in 

survivability when crossing multiple roads. We emphasize that TR modelling approaches use a 

linear additive approach, which cannot adequately address the multiplicative nature of road 

crossing survival no matter which resistance values are used for the road surfaces. 

Perhaps the most fundamental differences between the TR and RCS modelling techniques 

tested in this study are the methods by which the resistance and survival values can be derived. 

Most resistance models have relied on friction values derived from expert opinion (Zeller et al., 

2012, Unnithan Kumar et al., 2022), which present challenges both in terms of their consistency 

and in their susceptibility to observational bias (Cushman, 2006), although recently there has 

greater emphasis on techniques that use empirical movement data (e.g. telemetry, genetic) to 

create resistance surface (Zeller et al., 2012). The RCS tool is able to incorporate empirically 

sourced values relating to the relationship between traffic intensity and the probability of 

crossing roads successfully. Unfortunately, there is limited validation for these relationships in 

published literature, and it is easy to understand why, given that anurans are small, difficult to 

track remotely, and typically move at night and in the rain when observation is challenging. 

Controlled experiments would likely be less representative of real-life behaviours unless intricate 

care was taken to replicate the conditions that facilitate dispersal and migration (Mazerolle et al. 
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2005). Survival rates can be calculated by using simpler anuran physiology such as average 

movement speed and body size to calculate the probability of survival based on vehicle 

frequency, road width, and vehicle footprint as demonstrated by Hels and Buchwald (2001), but 

this would require detailed species-specific data on anuran crossing speeds and vehicle 

composition. Furthermore, these calculations would likely not include induced behavioural 

effects such as road hesitance, a problem that also arises when developing resistance surfaces 

(Unnithan Kumar et al., 2022). Nevertheless, in the absence of validated field results, these 

calculations present a reasonable avenue for future research as our understanding of each 

individual component (e.g. anuran movement speeds, traffic patterns) can be improved. 

An advantage of a road crossing survival tool that we want to emphasize is that it can 

provide an output which can be readily understood and interpreted in the context of connectivity. 

From a metapopulation perspective, a certain success rate of anuran dispersal into a breeding 

habitat is required to not only replenish depleted population numbers but also to maintain genetic 

diversity and build population resilience (Marsh and Trenham 2001; Harper et al. 2008; Sinsch 

2016). By producing an output that can be directly linked to the number of individuals that can 

successfully travel from one breeding habitat to another, we produce a metric better suited for the 

identification of conservation objectives. An output that allows us to communicate, for example, 

that at least 5% of dispersing anurans need to be able survive the journey between wetlands to 

maintain resilient genetic connectivity is a simple yet effective goalpost for those who are 

involved in making decisions about land cover alteration. Since anuran dispersal is a mass 

movement event that plays an outsized role in maintaining regional genetic connectivity, mass 

road mortality plays an equally outsized role in determining the success of dispersal and 

metapopulation connectivity more widely (Petrovan and Schmidt, 2019). With the RCS 

modelling approach 3 which this analysis shows to perform similarly to the widely accepted TR 

modelling approach for certain species 3 we can explore specific survival thresholds as we did in 

this study and provide readily interpretable recommendations to stakeholders involved in land 

management, planning, and landscape design. Although there was inconsistent support for any 

one survival cutoff rate over another in the models we examined, results from the strongest 

performing models suggest that a 50% survival cutoff rate is too low of a threshold to affect 

species persistence. 
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The GAM results demonstrated that the RCS tool performed similarly to the TR tool for 

predicting hylid species presence, but both methods had reduced predictability for Ranids and 

Toads. The presence of spring peeper and gray treefrog exhibited stronger relationships to all 

model outputs possibly due to the usage of marsh as suitable destination (discussed below) or 

greater susceptibility to vehicle collision. In their post-metamorphic juvenile stage, both species 

are extremely small and difficult to detect by drivers, are able to easily climb over any roadside 

barriers using their padded feet, and may take longer to cross roads given their size. Spring 

peeper presence in the Great Lakes Basin has previously been identified as suitable for use as an 

indicator species (Price et al. 2007), making them and similar species such as the gray treefrog 

potential candidates for modelling the effects of road mortality on overall species richness and 

other metrics of habitat quality in landscapes of interest. 

Conversely, the presence of the American toad was not significantly related to any of the 

model outputs used in this study and in general does not exhibit significant positive relationships 

with most landscape habitat or connectivity metrics in the literature (Lehtinen et al. 1999; 

Houlahan and Findlay 2003; Rubbo and Kiesecker 2004). This is likely due to it being a 

generalist species and being better adapted to atypical and drier microhabitats commonly present 

in agricultural, residential, and urban settings. The breeding limitations of American toads are 

also not as strict as those of other species such as the wood frog, which shows a strong 

preference for ephemeral breeding ponds (Homan et al. 2004; Porej et al. 2004). 

Potential Refinements

Our study relied on the assumption that road traffic intensities were the same across all 

roads of the same classification. Since the geographic extent of our study sites was broad and 

overlapped with thousands of individual road segments across Southern and Eastern Ontario, 

these assumptions were not only pragmatic, but necessary. However, local traffic conditions and 

patterns will certainly have varied substantially from many of our assumed levels, contributing to 

a reduction in model strength across all sites. Fortunately, for those looking at smaller areas to 

examine the effects of road mortality on habitat connectivity, the logistics of obtaining site-

specific traffic data to include in an RCS tool are more realistic, aiding in model accuracy.

Important information about the surveyed sites was also incomplete. It is well noted that 

water depth, fish presence, and hydroperiod have a significant impact on anuran species 
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composition and richness (Burne and Griffin 2005; Herrmann et al. 2005; Chandler et al. 2015; 

Porej et al. 2004). For instance, anuran species richness is generally suppressed in habitats with 

predatory fish (Lehtinen et al. 1999; Porej et al. 2004). Another example is the wood frog9s 

preference for ephemeral ponds; a classification of wetland which is not included in SOLRIS 

because they are typically quite small, difficult to identify via certain remote sensing techniques, 

and may not reliably re-occur from year to year. This could be a contributing factor to the wood 

frog9s weaker model performance in both the RCS and TR models compared to species like the 

spring peeper or gray treefrog. In our analysis, we also only included marshes as suitable 

wetlands for anuran breeding. Wetlands classified as swamps are likely to have ephemeral pools 

and smaller pocket wetlands, but this level of detail was not present in SOLRIS, and there was 

therefore no way of knowing whether the swamp areas within the processing extent actually 

included any standing water suitable for anuran breeding. For analyses with smaller geographic 

extents, targeted surveys of wetland boundaries, hydrological characteristics, and wildlife 

community structure could improve RCS model performance. 

Urban infrastructure may also play a role in altering the movement matrix for certain 

anuran species. Structures such as fences, road dividers, and concrete curbs may provide 

additional complexity by impacting movement pathways, accentuating mortality by preventing 

perpendicular movement across roads, and depleting energy by requiring non-linear routes 

through complex urban landscapes. We attempted to include some of this complexity in our 

models by using building footprints as absolute barriers, but smaller urban structures and 

infrastructure remain unaccounted for. Most studies using resistance models do not even attempt 

to include building footprints, which can reduce model relevance in urban settings. 

The road crossing survival tool tested in this study is a simple but effective way to model 

the isolated effects of road mortality on a landscape scale. Our analysis revealed that it performs 

similarly to traditional resistance modelling tools when examining the relationship between the 

metrics for connectivity and certain anuran species occurrence, but it can also be further refined 

to potentially improve model strength and contextual accuracy. Future avenues of research 

should examine the relationship between traffic intensity and probabilities of survival for anurans 

(and other amphibians and reptiles) in greater depth to provide researchers with the quantifiable 
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survival rates needed to model road mortality. Model strength can also be improved by collecting 

local details related to wetland characteristics, road traffic, ephemeral wetland presence, and 

anthropogenic barriers to movement. As efforts to reduce habitat fragmentation continue to 

progress globally, tools designed to specifically address the impacts of road mortality will be 

incredibly valuable to guide mitigation and understand the true impacts of infrastructure design. 

Bird Studies Canada (2008). Marsh Monitoring Program Participant9s Handbook for Surveying 

3

Burne, M. R., & Griffin, C. R. (2005). Habitat associations of pool-breeding amphibians in 

eastern Massachusetts, USA. Wetlands Ecology and management, 13, 247-259.



59

Burnham KP, Anderson DR (2002) Model selection and multimodel inference: a practical 

information-theoretic approach. Springer Science & Business Media.

Compton, B. W., McGarigal, K., Cushman, S. A., & Gamble, L. R. (2007). A resistant‐kernel 

model of connectivity for amphibians that breed in vernal pools. Conservation Biology, 21(3), 

788-799.

Cushman, S. A. (2006). Effects of habitat loss and fragmentation on amphibians: a review and 

prospectus. Biological conservation, 128(2), 231-240.



60

Forman, R. T., & Alexander, L. E. (1998). Roads and their major ecological effects. Annual 

review of ecology and systematics, 29(1), 207-231.

Glista, D. J., DeVault, T. L., & DeWoody, J. A. (2009). A review of mitigation measures for 

reducing wildlife mortality on roadways. Landscape and urban planning, 91(1), 1-7.

terrestrial habitat loss for pool‐breeding amphibians: Predicting extinction risks associated with 

habitat loss for two vernal pool‐breeding amphibians.

https://www.fhwa.dot.gov/ohim/tvtw/volume.pdf


61

Patrick, D. A., Hunter Jr, M. L., & Calhoun, A. J. (2006). Effects of experimental forestry 

treatments on a Maine amphibian community. Forest Ecology and Management, 234(1-3), 323-

332.



62

resistance models for predicting road mortality <hotspots= for turtles and amphibians. 

Scheffers, B. R., & Paszkowski, C. A. (2013). Amphibian use of urban stormwater wetlands: The 

role of natural habitat features. Landscape and Urban Planning, 113, 139-149.



63

Semlitsch, R. D. (2008). Differentiating migration and dispersal processes for pond‐breeding 

van der Grift, E. A., van der Ree, R., Fahrig, L., Findlay, S., Houlahan, J., Jaeger, J. A., ... & 

Olson, L. (2013). Evaluating the effectiveness of road mitigation measures. Biodiversity and 

Conservation, 22, 425-448.

Wood, S. N. (2011). Fast stable restricted maximum likelihood and marginal likelihood 

estimation of semiparametric generalized linear models. Journal of the Royal Statistical Society 

Series B: Statistical Methodology, 73(1), 3-36.



64

Package <mgcv= doi:10.1201/9781315370279



65

5.0 Design and Assessment of Habitat Connectivity Metrics 
for Anurans

Anurans are considered biological indicators in their respective ecosystems due to a 

variety of environmental sensitivities and range of habitat needs (

. As amphibious species, they require 

aquatic habitats to breed and develop during their early tadpole stages. As newly transformed 

juveniles and adults, they require terrestrial habitat like forests and meadows for foraging and 

overwintering. Although each anuran species has different degrees of dependence on these 

habitats and varying habitat preferences, strong relationships with general landscape 

characteristics have been established. In Eastern North America, the amount of forest cover 

surrounding breeding wetland habitat is a commonly identified variable in the top-performing 

models for predicting individual anuran species occupancy, explaining between 7 3 29% of 

variance in single-variable models depending on species 

 urbanization 

in the form of road density or proportion of urban land cover is also a widely identified predictor 

of anuran species occupancy (Guderyahn et al., 2016; Grenat et al., 2023; Marsh et al., 2024).

In fragmented landscapes, such as those present across much of Southern Ontario, and 

North America more broadly, roads, urban infrastructure, and other anthropogenic land cover 

changes introduce a range of challenges for anurans that travel between habitat patches 

(Cartwright et al., 2021; Jones et al., 2024). These landscape disturbances can result in reductions 

in anuran species occupancy over time as are become more isolated and habitat less accessible 

(Laufer and Gobel, 2017; Arntzen et al., 2017; Wright et al., 2020). Anuran occupancy data (i.e. 

presence and/or absence of a species from any particular wetland) can be used to infer functional 

connectivity and be used in a variety of connectivity and movement modelling approaches (see 

as examples Berlow et al., 2013; Hamer et al., 2021; Vimercati et al., 2024). 

For anurans, connectivity modelling has in large part focused on the theory of land cover 

resistance, the idea that certain land covers are more conducive to movement, while others 3 

through introduction of mortality risk or environmentally unfavourable conditions 3 resist 
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movement by depleting individuals9 energy reserves (Zeller et al., 2012). Resistance-based 

approaches have been applied to anuran landscape connectivity modelling for some time (see 

Ray et al., 2002 and Joly et al., 2003 for early examples) and are still widely used. In recent 

years, circuit-theory based approaches have gained popularity for their ability to incorporate 

multiple source/destination habitats, produce regional connectivity maps, and identify movement 

corridors between critical habitats (Zeller et al., 2012; Cayuela et al., 2020; Unnithan Kumar et 

al., 2022).

Despite the widespread usage of these tools and the application of their findings to 

various scales of land management, they may not be properly tailored to model anuran 

movement dynamics. Anurans lack well developed long-range navigational senses, particularly 

when they are in their newly transformed juvenile stage when they instinctually and directionally 

disperse from their natal ponds( . They also do not always actively 

select the least resistant adjacent land cover during movement, as evidenced by their frequent 

encounters on hostile urban land covers (e.g. roads, open urban spaces) when adjacent land 

covers such as forest and meadow are present as options (Graeter et al., 2008). While some 

evidence of path-following has been presented for adult anurans during migration to or from 

overwintering habitat (Sinsch, 2014; Joly 2019; Cayuela et al., 2020), these pathways are only 

able to be remembered and followed by adults if they can be reasonably discovered by dispersing 

juveniles following directional and auto-correlated movement trajectories through complex 

human-altered landscapes in the first place (Unnithan Kumar et al., 2022). For this reason, 

movement corridors identified by resistance modelling may not be ecological meaningful for 

anurans if they are applied as sinuous or indirect pathways, are long and narrow in shape, or 

require assumptions of complex environmental/behavioural responses to land cover. 

For anuran movement modelling approaches to be most effective, they need to 

incorporate the movement behaviours characteristic of various life stages (themselves 

determined by anuran physiological state and spatio-temporal environmental variation) which  

are currently absent from the most commonly used resistance models (Unnithan Kumar et al., 

2022). This means designing and testing connectivity metrics that reflect the movement of slow-

moving individuals with no understanding of long-range land cover, auto-correlated directional 

dispersal, limited precautionary responses to hazards such as road traffic and hostile land covers, 
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and proven preference for avoiding movement during energy-depleting weather conditions. As a 

species group with notably different life stages, movement dynamics, and habitat requirements, 

crafting modelling approaches that adequately consider these complex processes is essential for 

identifying effective corridors and planning for ecologically connected landscapes. 

In this Chapter, I will detail the construction and testing of several connectivity and habitat 

metrics as they relate to six anuran species widespread in the province of Ontario, Canada. The 

first connectivity metric captures juvenile anuran movement behaviours/patterns during dispersal 

from natal habitats to surrounding wetlands. The second metric considers the accessibility of 

forest cover surrounding breeding wetlands for overwintering habitat. The third connectivity 

metric uses only the risk of vehicle-induced mortality while crossing roads to quantify the 

functional connectivity of surrounding wetlands. Using a large repository of anuran acoustic 

collected over more than two decades across more than a thousand sites, I compare the 

performance of these exploratory metrics and comment on their design and improvement, as well 

the implications for wider habitat connectivity management. 

The study area for this analysis occurred in the Southern half of Ontario stretching from 

Windsor in the southwest to Ottawa in the northeast. The natural areas in this region are 

characterized by Carolinian Forests in the south and Great Lakes-St. Lawrence Forests in 

southern, central, and eastern Ontario. Much of the region in southwestern Ontario has been 

cleared for agriculture and urban development over the last few centuries, reducing the number 

of wetlands in those areas by as much as 85% (Walters and Shrubsole, 2003; Penfound and Vaz, 

2022). Further north as soil conditions become less favorable for agriculture, forest and wetland 

landscapes are larger and more intact. 

Urbanization, sprawl, and expansion of road networks are common occurrences in the 

area of Southern Ontario focused on in this study. As the population in Ontario continues to 

grow, this trend is expected to continue, putting greater pressure on remnant forest and wetlands 

in areas of heavy existing anthropogenic influence as well as intact landscapes where expansion 

of development is planned (Bourne and Gad, 1972; Caldwell et al., 2022). Road networks in the 
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area are extensive and varied in their magnitude of traffic intensity. Several large freeways cross 

through the Toronto metropolitan area, extending north through Barrie, west through London, 

Windsor, and Sarnia, and East through to Ottawa and the Quebec border. 

The fertile Great Lakes-St. Lawrence Lowlands, a physiographic region characterized by 

deep soils and glacial features, is dominated by agricultural land in the southern area and a 

network of grid-like roads. To the north, the road systems continue through increasingly intact 

forests, often forced around the many lakes and rivers characteristic of the glacially influenced 

landscape where the population density is much lower. 

Of the 11 anuran species that occur across Ontario in meaningful numbers, only six were 

selected for analysis in this study due to their widespread distribution and easily distinguishable 

calls: green frog, wood frog, Northern leopard frog, American toad, spring peeper, and gray 

treefrog. The Fowler9s toad was excluded because it occurs only in a small area of Ontario along 

the northern shore of Lake Erie and is not thoroughly widespread to warrant inclusion in this 

analysis. The Western chorus frog is adequately widespread, but is rather difficult to reliably 

identify by call, given that the spring peeper is far more common and has a similar vocalization 

(Crouch and Paton, 2002; de Solla et al., 2005; Genet and Sargent, 2003). The pickerel frog and 

mink frog are less common and less well known, which puts the reliability of their call 

identification and consistent detectability in question (Crouch and Paton, 2002; Genet and 

Sargent, 2003; Pomezanski, 2021). The American bullfrog, despite occurring naturally in 

Southern Ontario, has historically been targeted for hunting and affected by habitat modification, 

therefore it was omitted from this analysis to avoid complications with patchy distributions and 

confounding occupancy determinants. 

The data used in this research was taken from Birds Canada9s Great Lakes Marsh 

Monitoring Program database which has been collecting data on anuran calling surveys since 

1994 (Bird Studies Canada 2018; data available at birdscanada.org/gl_mmp.). The database 

includes anuran surveys from the Great Lakes basin in both the US and Canada and is collected 

primarily by Marsh Monitoring Program (MMP) volunteers. The survey follows a standardized 
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protocol as detailed in the Marsh Monitoring Protocol document (Bird Studies Canada, 2008). 

The surveyed wetlands are non-randomly selected by users and include wetlands in Areas of 

Concern, but the reasons for selection vary depending on the objectives of the individuals 

selecting the survey sites. Nevertheless, given a minimum of three years of survey data, this 

standardized acoustic monitoring approach can sufficiently capture a wetland9s species 

composition (Pomezanski, 2021). A total of 290 wetlands were chosen for inclusion in this 

analysis based on a series of selection criteria outlined in Section 5.2.4.

The selected stations/sites are surveyed three times per year, the exact timings of which 

vary according to location to account for the effect of latitude on temperature (see Table 6). Each 

of the three surveys has an optimal timing window and includes specific temperature, wind, and 

precipitation requirements. 

Table 6: Timing of anuran calling surveys used in the Marsh Monitoring Program for amphibians

Survey #1 Survey #2 Survey #3
South (south of the 43rd 

parallel)
1 3 15 April 1 3 15 May 1 3 15 June

Central (between the 43rd 
and 47th parallels)

15 3 30 April 15 3 30 May 15 3 30 June

North (north of the 47th 
parallel)

1 3 15 May 1 3 15 June 1 3 15 July

 

The first survey is conducted when air temperature is greater than 5 degrees Celsius and 

is meant to target the earliest calling anuran species (Western chorus frog, wood frog, and spring 

peeper). The second survey is conducted when air temperature is greater than 10 degrees Celsius 

and targets the American toad, Northern leopard frog, and pickerel frog. The third survey is 

conducted when air temperature is greater than 17 degrees Celsius and targets the gray treefrog, 

mink frog, green frog, and American bullfrog. The surveys are conducted when wind speeds are 

at or below 19 km/h (Beaufort Scale 3) and in the absence of persistent or heavy rainfall. Each 

station is surveyed for three minutes, and the survey is focused on a 100m half circle in front of 

the surveyor. Calls are characterized using three call level codes and abundance counts, although 
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only presence/absence was used in this study (i.e. abundance was not considered in the response 

variable). 

The MMP amphibian calling data was accessed and downloaded in 2019 and included 

nearly 90,000 individual anuran call records across Ontario. The database required careful 

filtering (<data cleaning=) in order to remove sites with insufficient data, unsuitable wetland 

types, and problematic landscape orientations for analysis. The following sections describe the 

rationale and procedures that were followed to filter the original raw anuran calling data.

The sites included in the MMP database were surveyed for a wide range of years, with 

some only surveyed for a single year, and others surveyed for as many as 25 years. The most 

recent survey data is from 2019 as that was the year that the data was accessed. One or two years 

of anuran calling survey data is generally insufficient to get a complete picture of the anuran 

composition at any particular wetland sites due to a variety of reasons (Pomezanski, 2021), 

outlined below. 

The first is that certain species9 calls are quieter than others, which can lead to 

underestimation and/or exclusion of their presence in the database records (Bridges and Dorcas, 

2000; Corn et al, 2000; Crouch and Paton, 2002). For example, the Northern leopard frog9s 

calling period overlaps almost entirely with the spring peeper, but despite their smaller size, the 

spring peepers9 calls are much louder and often are heard in full chorus. The overwhelming 

volume of a spring peeper chorus can easily mask the low and relatively quiet guttural snores 

that are characteristic of the Northern leopard frog9s male breeding calls, therefore multiple 

surveys are needed to confidently determine presence or absence. 

The second reason is that at least two of the species 3 Western chorus frog and wood frog 

3 are known to begin breeding very early in the spring when ideal weather conditions can present 

themselves for short periods of time (Crouch and Paton, 2002). This makes their breeding 

window less predictable than the other species, whose calling windows are generally slightly 
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longer allowing surveyors a greater opportunity to capture their presence during calling surveys 

(de Solla et al., 2005; Paszkowski et al., 2002). In the early spring, these ideal weather conditions 

are usually abrupt and characterized by light rain (or oftentimes fog/mist) and can emerge before 

surveyors are ready to survey. Although the timing windows specified in the MMP Protocol are 

generally accurate, year-to-year variations in spring and late-winter conditions can play a 

significant role in determining whether the first calling survey is able to capture the presence of 

these early breeding species. 

The third reason relates to the natural process of anuran species turnover in the landscape 

context. Year-to-year variations in weather, hydrological conditions, disease, and other 

disturbance can cause individual wetland anuran populations to collapse if conditions for 

breeding or survival are not maintained (Hecnar and M9Closkey, 1996; de Solla et al., 2006). A 

particularly dry year, for example, may cause some wetlands to completely dry up which can 

threaten the survival of larval and juvenile anurans who remain water-dependent in their aquatic 

stage (Marsh and Trenham, 2001; Trenham et al., 2003). A landscape with many inter-connected 

wetlands of varying resistance to hydrological stress may contain several wetlands that act as 

sources of immigration in these situations, allowing for eventual re-colonization of depleted 

wetland sites (Gibbs et al., 2005). These local extinction-recolonization dynamics (or species 

turnover dynamics) may take several years, depending on the degree of connectivity and 

recovery of wetlands to hydrological stress (Marsh and Trenham, 2001; Semlitsch and Bodie, 

1998), and during these times, single-year anuran calling surveys may fail to capture the typical 

composition of that wetland. 

In consideration of all of these factors, any sites with less than three years of anuran 

calling surveys were omitted from the analysis. A previous exploration of anuran species 

accumulation using calling surveys found that a minimum of five years of monitoring is needed 

to reliably detect at least 90% of anuran species at a site (Pomezanski, 2021), but this included 

some of the less common and difficult to identify species that will not be included in this 

analysis. Accordingly, three years was determined to be a reasonable number of years to balance 

sample size (i.e. the inclusion of as many sites as possible for statistical power) and data 

accuracy (i.e. reliable species composition).  
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Although all types of naturally occurring wetlands were included in this analysis, 

anthropogenically created bodies of water such as stormwater ponds were omitted to avoid any 

confounding associations between surrounding landscape cover and species composition. 

The shape and size of wetland was also a determinant in whether they were suitable for 

inclusion in this analysis. Each wetland required confident and reasonable boundary delineation 

for proper buffers and connectivity analyses to take place. Wetlands that were part of larger 

hydrological features such as river corridors or wetland complexes were omitted because their 

boundaries could not be clearly delineated using any of the spatial datasets used (described in 

Section 5.2.6) or satellite imagery. Extremely large wetlands were also omitted in order to 

minimize model confoundment. Some examples include Point Pelee, Rondeau Park, and Long 

Point, which sprawl across a wide area and are bounded on several sides by a major body of 

water. These determinations were made on a case-by-case basis during initial filtering. 

The primary response variables used in this analysis were individual species 

presence/absence of the previously identified six species. Given the causal link between 

reduction in landscape permeability and anuran species persistence (Arntzen et al., 2017; Wiewel 

et al., 2023), anuran occupancy data (i.e. species presence or absence) was deemed a suitable 

response metric. Species presence was confirmed and noted if at least two individuals of that 

species were recorded over the course of all of the surveys for that particular wetland. If only one 

individual was recorded (i.e. a calling level code of 1 with only one estimated individual calling), 

it was deemed to be insufficient to confirm species presence because some species calls, 

particularly when they occur singularly, can be confused with bird or insect vocalizations. 

In cases where there were multiple monitoring stations per wetland, results were 

combined to determine the species composition and species presence/absence of that particular 

wetland. Although this means that survey effort is variable across the monitoring sites, a site with 

more than one monitoring station is usually indicative of a larger wetland requiring greater 

survey effort to reliably capture species composition.

The choice to use presence/absence of anuran species as a response variable was driven 

by the desire to model anuran species persistence as opposed to finer population responses. 
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Anurans have a range of tolerances with regards to habitat loss and degradation and can persist in 

smaller populations numbers for quite some time in suboptimal landscapes (Hamer and 

McDonnell, 2008; Metzger et al., 2009). In this study, the objective was to explore and identify 

landscapes in which these populations can no longer persist as a result of insurmountable 

interruptions to life history processes. By requiring survey sites to have at least 3 years of 

monitoring data and excluding single records from being counted as a confirmed presence, I 

assert that absence of any of the six species was adequately and reliably determined in general. 

This analysis required careful consideration of landscape composition and structure. 

Previous explorations of the relationships between anuran presence or abundance and landscape 

composition have identified forest, wetland, and urban land cover as important drivers (Knutson 

et al., 1999; Houlahan and Findlay, 2003; Porej et al., 2004; Burne and Griffin, 2005). Table 7 

details a list of the spatial layers used in this study to incorporate these important landscape 

covers in this analysis. 

Table 7: Spatial layers accessed and used for producing connectivity and landscape composition metrics

Dataset Description Source

Southern Ontario Land Resource 
Inventory System (SOLRIS)

Raster layer with 15x15 metre pixels 
representing dominant land cover. 
Extends throughout Southern Ontario

Ontario GeoHub

Wetlands (Vector Boundaries) Vector layer delineating wetlands 
across the entire province of Ontario Ontario GeoHub

Wetlands (Satellite Imagery)
Satellite imagery used to validate and 
adjust wetland boundaries in cases of 
disagreement

Google Earth

Ontario Road Network (ORN) Vector layer of all roads in Ontario 
with categories of road classification Ontario GeoHub

Ontario Built-Up Areas
Vector layer showing the boundaries 
of large, relatively uninterrupted 
built-up (typically urban) areas

Ontario GeoHub

Building to Scale
Vector layer outlining the footprints 
of all permanent buildings in Ontario. Ontario GeoHub
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Only structures that have one 
dimension larger than 50 metres are 
included.

Individual municipalities and regions 
building footprints: 

• Brampton
• Brantford
• Burlington
• Durham Region
• Guelph
• Halton Hills
• Hamilton
• Kingston
• London
• Mississauga
• Niagara Falls
• Oakville
• Orangeville
• Ottawa
• Peteroborough
• Simcoe County
• St. Catherines
• Toronto
• Kitchener-Waterloo-

Cambridge
• Welland
• Windsor
• York Region

Vector layers outlining the footprints 
of all permanent buildings (no size 
restriction).

Various municipalities9 and 
regions9 GIS portals

The primary dataset that was used in this analysis was the Southern Ontario Land 

Resource Inventory System (SOLRIS), which divides the landscape of Southern Ontario into 

15x15m pixels and categories them based on their dominant land cover, a summary of which is 

included in Table 8. The SOLRIS dataset was the primary spatial layer used to delineate 

boundaries of the wetlands that were surveyed in the MMP database. Occasionally, wetland 

boundaries specified in the SOLRIS dataset did not match up well with the location of the 

monitoring stations so the vector wetlands dataset available via the Ontario GeoHub and satellite 

imagery available on Google Earth were used to substantiate wetland boundaries where 

applicable. For the measures of connectivity and surrounding landscape composition that 

required forest cover, all types of woodlands were considered suitable. This included deciduous, 

coniferous, and mixed forests, as well as forested swamp, hedgerows, and plantations. 

Table 8: Southern Ontario Land Resource Information System (SOLRIS) land cover classification and 
resistance values (i.e. energy to travel 1 metre through the associated land cover) used for connectivity 
modelling.
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SOLRIS Classification Resistance Values (Road 
Crossing Survival Metric)

Resistance Values (Juvenile Dispersal 
Metric; Overwintering Habitat Metric)

Open Beach/Bar 1 3
Open Sand Dune 1 3
Treed Sand Dune 1 1
Open Cliff and Talus 1 3
Treed Cliff and Talus 1 1
Open Alvar 1 3
Shrub Alvar 1 3
Treed Alvar 1 1
Open Bedrock 1 3
Sparse Treed 1 1
Open Tallgrass Prairie 1 3
Tallgrass Savannah 1 3
Tallgrass Woodland 1 1
Forest 1 1
Coniferous Forest 1 1
Mixed Forest 1 1
Deciduous Forest 1 1
Treed Swamp 1 1
Thicket Swamp 1 1
Fen 1 1
Bog 1 1
Marsh 1 1
Open Water 2 2
Plantations 3 Tree Cultivated 1 1
Hedge Rows 1 1
Tilled 1 3
Transportation 1 4
Built-up Area 3 Pervious 1 3
Built-up Area 3 Impervious 1 4
Extraction 3 Aggregate 10000 (absolute barrier) 10000 (absolute barrier)
Extraction 3 Peat/Topsoil 1 3
Undifferentiated 1 3

The SOLRIS dataset does include pixels which represent roads and other urban 

transportation infrastructure, but does not include additional information regarding road 

classification, size, or traffic intensity. As such, the Ontario Roads Network (ORN) vector layer 

was the primary spatial layer used in the road crossing survival metric described in Section 

5.2.7.3. The ORN layer included information regarding road classifications, which are detailed in 

Table 9. 
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For all three of the connectivity metrics described in the following sub-sections, buildings 

were considered absolute barriers to movement. In other words, the models assumed that anurans 

could not cross over or through any structure the size of a house or larger. Certainly, some hylids 

are capable of climbing vertical surfaces such as houses, but this type of behavior is not 

characteristic of dispersal and migration. This was also necessary to include a degree of realism 

in the connectivity models that is often absent in many resistance-based modelling approaches 

and which is critically important in urban areas where dense buildings can create a challenging 

maze of obstacles for small animals to navigate around. 

To include buildings in the connectivity models, vector layers outlining the footprints of 

buildings were retrieved from a variety of municipal, provincial, and regional GIS repositories 

(see Table 7). The layers were combined and rasterized to produce a comprehensive map of 

building footprints that covered the maximum movement distance around each of the 290 

wetland sites included in this study. 

Table 9: Classifications assigned to each road in the Ontario Road Network (ORN)

Road Class Description (from ORN documentation)
Freeway An unimpeded, high-speed controlled access thoroughfare for through traffic 

with typically no at grade intersections, usually with no property access or direct 
access and which is access by a ramp. Pedestrians prohibited.

Expressway/Highway A high-speed thoroughfare with a combination of controlled access and 
intersections at grade level

Arterial A major thoroughfare with medium to large traffic capacity
Collector A minor thoroughfare mainly used to access properties and to feed traffic with 

right of way
Local/Street A low-speed thoroughfare dedicated to providing full access to the front of 

properties
Alleyway/Laneway A low-speed thoroughfare dedicated to providing access to the rear of properties
Resource/Recreation A narrow passage which has as a primary function access for resource extraction 

and may have a role in providing an access for the public to back country
Rapid transit A thoroughfare restricted 24 hours a day, for the sole use of public transportation 

buses
Ramp A system of interconnecting roadways providing for the controlled movement 

between two or more roadways
Local/unknown A low-speed thoroughfare dedicated to providing access to the front of properties 

but for which the access regulations ore unknown
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Service A stretch of road permitting vehicles to come to a stop along a Freeway or 
Highway. These include weigh scales, emergency lanes, lookouts, and rest areas

Winter A road that is only useable during the winter months when conditions allow for 
passage over lakes, rivers, and wetlands

Three metrics were designed to capture the effects of landscape composition on anuran 

movement tested in this study. They are outlined below:

The first landscape connectivity metric was designed to consider the behaviours and life 

stage functions of juvenile anuran dispersal. Juvenile dispersal in anuran species is differentiated 

from adult migration in two major ways: the destination, and the path-seeking behaviours (or 

lack thereof) (Semlitsch, 2008; Sinsch, 2014). Juvenile anuran dispersal results in the discovery 

and use of other wetlands in the surrounding landscape, which increases genetic diversity across 

connected wetlands and provides an avenue for recolonization if localized populations 

experience stochastic extirpation (Cayuela et al., 2020). Dispersing juveniles seem to have a 

limited long range sensory capacity, choosing their initial directions and subsequent movements 

across the landscape matrix somewhat randomly (barring the effects of micro-topography and 

variations in wetland vegetation), and therefore occurring regularly in land covers not typically 

suitable or preferred by amphibians (e.g. roads and impervious urban covers) (Sinsch, 2014). 

Most abrupt changes in direction are likely caused by anthropogenic (e.g. buildings), physical 

(e.g. fast-flowing rivers), or topographical (e.g. cliffs) barriers. 

Resistance-based modelling techniques are valuable tools for examining landscape 

connectivity  (Zeller et al., 2012; Unnithan Kumar et al., 2022). Approaches such as least-cost 

resistance make some assumptions that are incompatible with anuran juvenile dispersal behavior, 

including that: 1) individuals travelling through the landscape have an understanding of the 

landscape as a whole and are able to select optimal pathways, 2) individuals have long-range 

sensory capabilities for identifying where suitable destination land covers are located, and 3) 

individuals respond strongly to short-range changes in land cover, avoiding hostile land covers. 

Circuit-theory approaches also incorporate matrix resistance as a core principle and consider 
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multiple movement pathways (McLure et al., 2016; Dixon et al., 2019). This may partly address 

some of the assumptions of cost distance approaches, particularly those relating to wider 

landscape understanding, but maintain the assumptions the individuals will actively select the 

least resistive neighbouring land cover and avoid hostile land covers where possible. This 

lingering assumption contribute to the failure of these approaches to adequately capture the 

consequences for connectivity in organisms that exhibit auto-correlated and directional 

movement and frequently travel through hostile land covers even when presented with less 

resistive options ( Graeter et al., 2008).

The juvenile dispersal connectivity metric outlined in this section is exploratory in nature 

and was designed to model juvenile dispersal movement. To do this, twelve wedges were 

constructed from the geometric centre of each survey wetland extending 6 km from the centre 

point. Since the maximum recorded dispersal distance for the species included in this study is 

about 5000m (see Section 2.1.1), the wedges needed to extend at least 5km to accommodate this 

best-case scenario. An additional 1km was added to the wedge inconsideration of the radius of 

the starting wetland itself (the wedge radius is measured from the wetland centroid). Each wedge 

was 60 degrees wide ensuring complete overlap between half of the previous wedge and half of 

the next wedge so as to limit the effects of artificially induced linear boundaries on the modelling 

analysis (see Figure 9 for an illustration of the juvenile dispersal metric). I decided to limit the 

number of wedges for each site to 12 in consideration of computational effort and labour, 

although there is notable uncertainty with regards to this component of the model.  A 60-degree 

arc was deemed appropriate to accommodate the likelihood of lateral meandering that dispersing 

individuals are likely to demonstrate when travelling thousands of metres from their natal pond. 

This arc also accounts for any lateral movement widths that are necessary when being diverted 

around barriers such as buildings, rivers, or other human infrastructure. However, the true 

movement patterns and deviations of dispersing juveniles are mostly unknown, therefore the 

number of wedges in this model should be considered exploratory. 

The cost distance tool was executed in ArcGIS Pro for each of the 12 wedges. Resistance 

costs were adapted from Patrick et al. (2012), but simplified and reduced to account for 

minimized risks of desiccation during peak dispersal movement which general take place at night 

or during active or recent rainfall (See Version 2 resistance values in Table 8). The study species 
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in Patrick et al. (2012) overlap with those in this study area, and the methods for determining 

land cover resistance values (expert opinion) are consistent with those used widely in resistance-

based modelling approaches across a wide range of species (Zeller et al., 2012). Movement 

resistance values were lowest for all wooded land cover classifications, higher for open grassland 

and agriculture, and highest for impermeable urban land cover (including roads). Building 

footprints and resource extraction sites (e.g. mines, open pits, and quarries) were considered 

absolute barriers to movement since anurans cannot reasonably cross over them.  

Figure 9: Illustration of the juvenile dispersal metric process. Each overlapping wedge is 60 degrees. Red 
wedges indicate those that do not overlap marsh (in orange), and green wedges indicate those wedges that 
do overlap marsh.
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The resistance-based cost distance models were also performed with three maximum 

dispersal distances which can be specified in the <Cost Distance= tool in ArcGIS Pro (see: 

https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-analyst/cost-distance.htm ) , soon 

to be replaced by a similarly <Distance Accumulation= tool. The three distances of 1000m 

2500m, and 5000m reflecting approximate and rounded maximum movement distances observed 

for the six anuran species of study (see Section 2.1.1). The cost distance tool stops executing if it 

reaches any of the specified maximum distances. 

Once each cost distance tool was complete for each site, distance, and wedge, the total 

number of pixels representing marsh land cover within the accessible zone of movement was 

calculated. The number of wedges for each site that had at least 10 marsh cells were summed to 

provide a response variable that communicates how many of the 12 original dispersal directions 

lead to suitable breeding wetlands for juvenile anurans. This response is meant to quantify how 

well connected a particular breeding wetland is to other breeding wetlands with specific 

reference to juvenile anuran dispersal. The workflow for the juvenile dispersal metrics is 

illustrated in Figure 10.

file:///C:/Users/eugen/Downloads/Cost%20Distance
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Figure 10: Workflow diagram for the juvenile dispersal connectivity metric

The second landscape connectivity metric was designed to consider the behavior and life 

stage functions of adult anuran migration. Several of the species examined in the study (wood 

frog, spring peeper, gray treefrog, American toad) require accessible forested habitat for 

overwintering and will hibernate underneath forest leaf litter or in shallow hollows in the ground. 

Suitable overwintering habitat is thought to be discovered during dispersal, however the exact 

mechanisms remain uncertain (Sinsch, 2014). In any case, those adults that have previously 

overwintered in a forest appear to have some sensory mechanisms for recalling where that 

habitat is and will often use the same route to return there in the fall. Adult anurans also appear to 
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have some degree of response to the characteristics of the land covers that they encounter 

(Semlitsch, 2008; Sinsch, 2014; Cayuela et al., 2020). As such, the adult overwintering metric in 

this study took a more traditional resistance-based modelling approach. The cost distance tool in 

ArcGIS Pro was executed for each surveyed wetland using the same resistance values as those 

used in the juvenile dispersal metric (See Table 8), reflecting movement during ideal and 

preferred weather conditions. In consideration of adult anurans9 increased path-seeking 

capacities, no lateral limitations were imposed in the models. 

The resistance models were executed at three distances of 500m, 1000m, and 3000m, 

reflecting approximate and rounded maximum migration distances exhibited by the six anuran 

species included in this study (see Section 2.1.1). The remaining <energy= value of each forest 

land cover pixel was standardized to a value from 0 3 1 relative to the maximum movement 

distance of each model wherein values closer to 0 indicated forest pixels that took more energy 

to reach. Each forest pixel with a value greater than 0 was summed for a final metric of 

overwintering connectivity for each wetland and each movement distance. All types of forest 

were considered suitable as overwintering habitat in this study to accommodate for the variable 

forest preferences exhibited by the forest overwintering species in this study. The workflow for 

the overwintering habitat connectivity metric is illustrated in Figure 11.
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Figure 11: Workflow for the overwintering habitat connectivity metric

The final metric of connectivity explored in this study was designed to model the isolated 

effects of vehicle-induced mortality on anuran individuals crossing roads during migration and 

dispersal. It used a modified cost distance tool to model the exponential reductions in occurrence 

probability induced by crossing multiple roads.

The road crossing survivability tool used in this study was a modified version of the r.cost 

function available in the Geographic Resources Analysis Support System (GRASS) software 

suite (original tool available at GRASS (2023); edited tool available at Zietara (2023)). The r.cost 

tool works almost identically to the <cost distance= tool available on ArcGIS Pro, but is an open 

source option, which allowed the baseline code to be manipulated and tested. Similar to the 

ArcGIS <cost distance= tool, the unmodified GRASS <r.cost= tool uses additive processes that 

calculate cumulative costs and assigns output cell values based on the minimum cost to travel to 
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any particular cell from a specified source. The tool was modified to use multiplicative processes 

instead of additive in order to reflect how survival probabilities decrease exponentially when 

anurans cross multiple roads.

The Ontario Road Network (ORN) vector layer assigns each road segment in Ontario 

with a classification based on function and expected traffic volume (see Table 9). Despite 

substantial differences in traffic volume between urban and rural roads of the same classification 

(Hallenbeck et al., 1997), the ORN does not make this distinction between urban road and rural 

roads of the same classification. Since traffic volume (i.e. # vehicles/hour) is one of the primary 

determinants of road crossing survival, it was important to make a reasonable effort to 

differentiate between urban roads and rural roads. To do this, buffers were constructed around 

polygons derived from the Ontario Built-Up Areas vector dataset (see Table 7) that were 

proportional to their area, resulting in buffers that extended further for larger built-up areas 

compared to smaller build-up areas. This reflects the theoretical increase in area of effect on 

traffic volume that is proportional to the size and intensity of urban areas. Road that fell within 

the buffers were sub-classified as urban, while those that fell outside the buffer were sub-

classified as rural. 

Hallenbeck et al. (1997) provided a substantial and detailed analysis of average hourly 

traffic intensities across multiple classifications of roads, across all hours of the day, and across 

both rural and urban roads. Although these figures were derived from roads in the United States, 

the functional road classification system employed in the study was extremely similar to the one 

used in the ORN dataset and is typical of road classification systems used in North America. The 

vast majority of anuran movement takes place during the nighttime between 21:00 and 05:00 

when there is little to no sunlight (Pomezanski and Bennett, 2018), although this timing may 

shift throughout the year as day length changes, therefore the average hourly traffic intensities 

during those hours were averaged to determine how many vehicles/hour were using each 

classification of road. These rates are detailed in Table 10. 
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Table 10: Average nighttime traffic rates and road crossing survival rates for anurans for each rural and 
urban road classification in the ORN.

Road Classification Rural Urban
Average 
Nighttime 
Traffic per Hour 

Survival 
Rate, Sr (1/Sr)

Average Nighttime 
Traffic per Hour 

Survival Rate, Sr 
(1/Sr)

Freeway 370 0.10 (10) 1318 0.0 (0.00)
Ramps and Expressways 181 0.25 (4.00) 547 0.0 (0.00)
Arterial 72 0.55 (1.82) 205 0.2 (5.00)
Collector 17 0.93 (1.08) 59 0.6 (1.67)
Local 3 1.00 (1.00) 6 1.0 (1.00)

Using this information and previous explorations of the relationship between traffic 

intensity and anuran mortality rates, the road crossing survival rates for each road classification 

were able to be estimated. There are relatively few studies which have explored anuran road 

crossing survivability as functions of traffic rates, and which are derived from field-based 

measurements. While two studies met these criteria, only Joly et al. (2003) used more than two 

rates of traffic to plot the shape of the real-world relationship. The underlying data that was used 

in this study is about 30 years old, but the relationship between road crossing survival and traffic 

intensity should remain consistent over this time period. There was also the option of modelling 

the road crossing survival rates using formulas that take into account species movement speeds, 

vehicle traffic rates, road width, and tire width as demonstrated by Hels and Buchwald (2001), 

but species-specific data was not available to reliably implement this method. 

As the best field-observation derived example of a quantifiable relationship between 

traffic rates and anuran road crossing survival, the interpolated relationship illustrated in Joly et 

al. (2003) was used to match the traffic rate of each road classification to a road crossing survival 

rate. The survival rates estimated using this method were similar with those calculated by Hels 

and Buchwald (2001) using their modelling approach, and those observed by Bouchard et al. 

(2009). All survival rates used in this study are detailed in Table 10. 

The ORN vector layer was rasterized using road classification (including rural vs urban 

sub-classifications) to differentiate output pixel values. The resulting values were then 

reclassified based on the inverse survival rate for each classification of road. Since the 

unmodified tool calculates minimum costs as part of its utility for determining least-cost 

pathways, the survival rates associated with each classification of road were inversed in order for 
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the modified tool to ultimately determine maximum survival rates for any particular point in the 

landscape. Any cell that was not representing a road was assigned a value of 1, which indicated a 

100% survival rate (predation and other mortality was not considered in this tool). The outputted 

raster surfaces for each site were inversed such that the final result was a surface in which each 

cell9s value represented the maximum probability of occurrence after travelling from the source 

wetlands and after accounting for road mortality. 

No maximum distance was specified in the modified tool given the changes that were 

applied to the underlying algorithm rendering that optional variable meaningless. In order to 

delineate the maximum potential movement area for each site, a separate cost distance resistance 

model was performed at maximum distances of 1000m, 2500m, and 5000m. These distances 

reflect the maximum recorded movement distances for the six species included in this study. In 

these cost distance models, only absolute barriers such as building footprints and resource 

extraction sites (e.g. mines, open pits, quarries) and large bodies of water and fast flowing rivers 

were considered resistant to movement (see Version 1 resistance values detailed in Table 8). In 

this way, the isolated effects of road mortality on landscape occurrence were maintained while 

also imposing a reasonable maximum area of interest for each site. The modified r.cost output for 

each site was clipped using the output extents from the cost-distance models at the three 

distances.  

No published figure for the minimum rate of survival between two habitats for anurans 

was available, nor is there likely a definitive minimum survival rate given variations in 

population sizes and varying amount of source and destination habitats in any particular 

landscape. Given this uncertainty, I explored three minimum survival rates in this study: 50%, 

25%, and 5%. Results of the comparisons of these minimum survival rates are presented and 

discussed in greater detail in Chapter 4. For each maximum movement distance and each 

minimum survival rate, the number of marsh habitat pixels within each movement zone and 

meeting the minimum survival rate criteria were summed to produce a metric representative of 

the amount of habitat available at each site. The workflow for the road crossing survival 

connectivity metric is illustrated in Figure 12.
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Figure 12. Workflow for the road crossing survival connectivity metric

In addition to testing for connectivity and metrics for landscape movement, the land 

cover surrounding each survey site was characterized at three distances of 500, 1000, and 

3000m. Previous explorations of anuran habitat associations in Ontario have frequently identified 

the area of forest cover, wetlands, and urban land cover as important determinants of anuran 

species presence and/or richness at distances of 200m (Porej et al., 2004), 500m (Lehtinen et al., 

1999), 750m (Houlahan and Findlay, 2003), 1000m (Lehtinen et al., 1999; Findlay et al., 2001; 

Porej et al., 2004; Rubbo and Kiesecker, 2004; Hermann et al., 2005; Collins and Fahrig, 2017), 
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2500m (Lehtinen et al., 1999), and 3000m (Houlahan and Findlay, 2003 . Overall, four 

surrounding land cover characterizations were developed for each site at each of the three 

distances: 1) total area of forest cover, including forested wetlands (i.e. swamp), hedgerows, and 

plantations, 2) total area of impermeable urban land cover, 3) total area of vegetated land covers, 

including all forests, grasslands, agriculture, and wetlands, and 4) density of roads (m/m2).

Before analyzing the data, Pearson correlations were run between all of the habitat 

metrics in order to identify any occurrences of multicollinearity. It was likely that, given the 

similarity between many of the habitat metrics constructed in this study, that some would need to 

be removed to avoid redundancy and unnecessary complexity to the resulting models. Landscape 

composition metrics that had correlation coefficients greater than or equal to 0.60 (or equal to or 

less than -0.60) were flagged for removal. All of the habitat connectivity metrics were retained, 

but correlation coefficient between and within habitat connectivity metrics were noted for 

interpretation of and discussion of results. 

To test the strength of associations between anuran species occurrence and the various 

habitat metrics used in this study, generalized additive models (GAMs) were constructed. 

Generalized Additive Modelling is a non-parametric approach to regression modelling that can 

accommodate a range of data distributions and possible non-linear relationships between 

predictor and response variables (Ravindra et al., 2019). This approach was deemed appropriate 

for this study in order to accommodate the uncertainty regarding the shape of the ecological 

relationships between anuran species occurrence and habitat compositions. Furthermore, the 

GAM modelling approach is able to accommodate non-parametric characteristics of both the 

predictor and response variables allowing for more flexibility in the types of data that were used.

The <r= package <mgcv= was used to construct and analysis the GAMs (Wood, 2023). 

Models were constructed for each individual species occurrence. When modelling individual 

species occurrence, a binomial family was specified to reflect the nature of the response 
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variables (i.e. 1 for presence, 0 for absence). Each habitat metric included in the GAM model 

was <smoothed=, which indicates to the program to use thin-plate regression splines to estimate 

non-linear relationships between predictors and the response where appropriate. The smooth 

functions were assumed to be smooth and continuous, controlled via penalization of wiggliness. 

The upper bound for effective degrees of freedom (k) was set at 10 for all models to 

provide an upper limit to the complexity of the smooth without being overly restrictive. The 

value of <k= was verified for adequency using gam.check() in the mgcv package. Smooth terms 

with high estimated degrees of freedom approaching k-1 low k-index values, or significant p-

values (p<0.05) would prompt re-fitting with increased k until diagnostic criteris were met and 

edfs stabilized. The binomial distribution family was used for individual species 

presence/absence GAMs with a logit link function. The restricted maximum likelihood (REML) 

method was used to estimate smoothing parameters as recommended by Wood (2011) for 

numerical stability. 

The effective degrees of freedom (edf) was recorded for each smoothed term in the model 

output. An edf close to or equal to 1 indicates that the relationship is linear or close to linear. The 

higher the edf, the more non-linear or <wiggly= the relationship. For each smoothed term in the 

model, the p-value for approximate significance was recorded. The deviance explained (%) was 

recorded for all models instead of the adjusted r-square because of the binomial distribution 

specified in the. The Akaike Information Criterion (AIC) value was also recorded for each model 

and Delta AIC (∆AIC = AICi 3 AICmin) was calculated to compare the models9 relative 

performance (Burnham and Anderson, 2002). Typically, a ∆AIC value of <2 suggest that the 

differences between the model and the best model are relatively small and/or indistinguishable. 

Given the uncertainties of the underlying ecological mechanisms and inputs for these models, 

and due to the exploratory nature of this study, we interpreted any model with a ∆AIC of 

between 2 and 4 as indicating moderate support for the models compared to the best model, and 

values of over 10 indicated no support for the model.

Models were constructed for each connectivity and surrounding landscape composition 

metric separately, but also for each combination of metrics. Only one connectivity metric of each 

 The calculation of marginal effects in the GAMs is being made more explicit in the final draft manuscript based on 
this chapter
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type (i.e. of different distances) and one surrounding landscape composition metric (i.e. of 

different type: Forest/Wetland, Urban, or Natural/Agricultural) was included in each model, and 

a maximum of four habitat metrics were included in a model. The variables (i.e. connectivity and 

habitat composition metrics) were considered independent and non-linear. No randon effects or 

correlation structures were included, therefore all observations were assumed to be independent. 

No interaction terms were included and no automatic variable selection of shrinkage was used.

The 290 sites included in this study (Map 1) were distributed across twenty eco-districts 

across Ontario (Map 2). Sixty-eight percent of all sites occurred within the Lake Simcoe-Rideau 

ecoregion, and 98% of sites occurred within the mixedwood plains ecozone. The three Eco-

districts with the most wetland sites were Oak Ridges, Stratford, and Toronto, whose boundaries 

overlap with some of the largest urban areas in Ontario (Figure 10). Representation of sites in the 

heavily agricultural areas of Southern Ontario that stretch from the Bruce Peninsula to Windsor 

and Lake Erie is lower compared to the areas with the Golden Horseshoe that are characterized 

by a mixed-use landscape. Only five sites were located within the Canadian Shield ecoregion 

which generally occurs north of Lake Simcoe.
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Figure 13: Location of the 290 breeding wetlands with anuran acoustic data included in this study



92

Figure 14: Location of the 290 breeding wetlands included in this study distributed across ecodistricts of Southern Ontario



93

Figure 15. Proportion of total wetland study sites across Ecodistricts in Ontario (n=290)

The wetlands of study ranged widely in size from less than one hectare to more than 300 

hectares. About 58% of all wetlands were less than 10 hectares in area, and 17% were greater 

than 30 hectares, leaving only 25% of sites between 10 and 30 hectares (Figure 16). 

Figure 16. Proportion of wetland study site area (ha) (n=290)

Consistent with the diverse geographical distribution of the sites included in this study, 

the landcover compositions surrounding each wetland exhibited a wide degree of variance. 

Within 3000 metres of each site, wetland cover (including swamp, marsh, bog, and fen 

classifications) typically varied between 5% and 35% of all landcover (Figure 17A). When 

limiting to the marsh wetland classification only, 95% of sites contained less than 15% wetland 
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cover. Bogs and fens were relatively rare compared to marshes and swamp and contributed a 

negligible amount to the total wetland composition at the vast majority of sites. 

Figure 17. Proportion of land cover within 3000m of study sites classified as: A) wetland (marsh, bog, 
fen, swamp), B) forest (deciduous, coniferous, plantation, hedgerows), C) vegetated cover (all wetland, 
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forest, agricultural, D) urban, E) agricultural land. Road density within 3000m of study sites is illustrated 
in F). 

Forest cover within 3000 metres of each sites followed a similar distribution to that of 

wetlands with 95% of sites containing less than 40% forest cover which included all types of 

forest such as deciduous, coniferous, mixed, plantation, and hedgerows (but not treed swamp) 

(Figure 17B). When adding together all wetland and forest land cover classifications, the 

distribution moved away from a left-skewed distribution to more of a normal distribution, with 

the highest proportion of sites containing 20-25% forest cover within 3000 metres. Only 5% of 

sites contained more than 60% forest and wetland cover. 

When considering all naturally vegetated and agricultural land covers, including 

undifferentiated classifications (idle land, brown fields, hydro corridors, thickets, forest 

openings), 36% of sites contained more than 90% vegetated land cover (Figure 17C). The 

remaining sites were fairly evenly distributed between 0 and 89% vegetated/agricultural land 

cover. The proportion of agricultural land cover followed a typical normal distribution with the 

greatest number of sites falling in the 45-50% agricultural land cover category (Figure 17E). 

About 70% of the study sites contained less than 20% urban land cover, including both pervious 

and impervious as defined by SOLRIS (Figure 17D). Road density followed a similar pattern, 

with 54% of sites containing between 1000-2500 m/km2 of roads (Figure 17F). 
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Figure 18. Proportion of sites (n=290) with at least one record of each of the six anuran species included 
in this study

Anuran species presence was generally high across study sites (Figure 18). The green 

frog and American toad were the most commonly observed as being present based on acoustic 

surveys, occurring at 95% and 89% of sites respectively. The wood frog was the least frequently 

observed of the six study species, occurring at 60% of study sites. The leopard frog, spring 

peeper, and gray treefrog fell in between, occurring at 76%, 82%, and 78% of wetland sites. The 

average richness at the 290 study sites was 4.75. 
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Figure 19. Years from 1995 to 2019 surveyed for each wetland included in this study. Each line 
represents one site
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Figure 20. Number of wetland study sites that included acoustic monitoring from each year from 1995 3 
2019

Monitoring years took place from 1995 to 2019 (Figure 19) with the years 2012 3 2017 

most frequently monitored at the selected study sites (Figure 20). The number of sites with years 

monitored before 2012 decreased steadily from 2012 - 1995 and decreased forward in time from 

2017 3 2019 (Figure 20). About 20% of all selected study sites were monitored for 4 years or 

less, and 80% of sites were monitored for 12 years or less (Figure 21). The most frequently 

surveyed sites had 25 years of monitoring data, occurring in 3 of 290 sites. 
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Figure 21. Proportion of wetland study sites (n=290) split by number of acoustic monitoring years

The results of the multicollinearity test are detailed in 
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Table 11. There was a high degree of correlation with the surrounding landscape 

composition metrics9 distances. As such, only the landscape composition metrics at the 3000m 

distance were included in the subsequent habitat association modelling exercise. The metrics for 

road density were also highly correlated with the surrounding urban landcover metrics therefore 

only the urban landcover metric was retained for inclusion in the GAM analysis. Despite high 

correlations within the different distances of the juvenile dispersal and overwintering metrics, all 

of them were included in the GAM analysis to better understand their performance for predicting 

anuran species presence. Unsurprisingly, there was also a moderately strong correlation between 

the overwintering metrics and the landscape composition metrics for forest and wetland cover at 

the 3000m distance, although these correlations were not as consistently strong as for the other 

well-correlated variables, therefore they were also retained for inclusion in the GAM analysis. 

There was no consistently best performing metric in terms of deviance explained and delta AIC 

scores among the road crossing survival connectivity metrics at 50, 25, and 5% survival rates, 

therefore only the metrics at the 5% survival rate were retained for the multi-variable GAM 

analysis. 
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Table 11. Pearson correlation matrix of all connectivity and landscape composition metrics explored in this study. Pearson correlations values at or 
above 0.6 or at or below -0.6 are bolded
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Among single variable GAMs (Table 12), performance of the various metrics in 

explaining presence/absence patterns varied between species. Model performances, according to 

the deviance explained values were generally highest for the two Hylid species, Spring peeper 

and gray treefrog. 

For the green frog models, surrounding landscape composition variables exhibited the 

highest deviance explained values, with total area of urban cover within 3000m resulting in the 

strongest model by AIC score. Among the three connectivity metrics, model performance was 

weakest when using metrics at the shortest distances (500m for overwintering; 1000m for 

dispersal and survival) and similar between the two longer distances (1000 and 3000m for 

overwintering; 2500 and 5000m for dispersal and survival). 

For the wood frog models, simple surrounding landscape variables and the overwintering 

metrics were the top models and performed similarly in terms of explanatory strength. Among 

the three connectivity metrics, model performance increased as the distances increased. The 

survival metrics resulted in the lowest performing models. The amount of surrounding forest and 

wetland cover within 3000m was the top performing landscape composition variable. 

For the leopard frog models, model performance was generally low across all metrics. 

The best performing metric was the road crossing survival metric, followed by the juvenile 

dispersal connectivity metric. For both the survival and dispersal metrics, models performed best 

at the lowest distance (1000m) and decreased in performance as distances increased. The 

overwintering connectivity metric and the surrounding forest and wetland landscape composition 

variables explained the least deviance in leopard frog presence. Among surrounding landscape 

composition variables, urban area within 3000m explained the most deviance. 

Model performance was generally lowest for the American toad compared to the other 

five species. There were no observable patterns in model performance based on distance or type 

of connectivity metric. Urban and natural cover within 3000m were the best performing habitat 

metrics, but none of the connectivity or landscape composition variables resulted in significant 

model results at the 95% confidence level. 
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For both the spring peeper and gray treefrog models, the landscape composition variables 

performed best in the single habitat metric models. Of the three landscape composition variables, 

forest and wetland within 3000m explained the most variance in species presence, followed by 

natural area and urban cover within 3000m for both spring peeper and gray treefrog. Patterns 

among the connectivity metric performance were similar between the two Hylid species. The 

overwintering connectivity metric exhibited highest explanatory strength, followed by the 

survival metric and then the dispersal metric. Among all of the connectivity metrics, model 

performance increased as distances increased. The edf values for the road crossing survival 

metrics for the hylid species demonstrated a high degree of non-linearity (Table 12).

Table 12: Single variable Generalized Additive Model results for each of the six species' 
presence/absence. Significant models at the 95% confidence level are bolded.

∆ 
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Among multi-variable models, model prediction was again highest for spring peeper and 

gray treefrog models (See Appendix I for all model results). 

The top performing model for green frog presence/absence included only two variables: 

Disp_2500 and Urban_3000, but 17 other models had a ∆AIC of less than 2, indicating a small 

or indistinguishable difference in model performance (Burnham and Anderson, 2002). Eleven of 

those models included Urban_3000 as an explanatory variable, and the remainder included 

NatAgri_3000 as an explanatory variable. Surv_1000 and Disp_2500 were also common 

explanatory variables. None of the models with a ∆AIC of less than 2 included four explanatory 

variables. Connectivity metrics at 5000m were not included in any of the top performing models. 

None of the explanatory variables in the top performing models had edf values higher than 1.34, 

indicating relationships that were close to linear. Fifty-one additional models had ∆AIC values of 

between 2 and 4, indicating moderate differences in model performance. 

The top performing models for the wood frog explained ~14 3 15% of deviance, similar 

to that of the top performing green frog models. Fourteen models had ∆AIC values of less than 2, 

indicating a small or indistinguishable difference in model performance. Eleven of these models 

included Urban_3000 as an explanatory and significant (p<0.05) variable and with edf values of 

close to 1 indicating that the relationships were linear in nature. Although each of the fourteen 

models with ∆AIC values of less than 2 included some combination of juvenile dispersal 

connectivity and road crossing survival connectivity metrics, Disp_2500 occurred in only 3 

models. In each case, the edf value was 1, indicating a linear relationship. A significant 

overwintering connectivity metric was included in each of the 14 top performing models, though 

there was no obvious distance that performed best. The edf values for the overwintering 

connectivity metrics ranged between 2.54 and 3.18, suggesting a nonlinear relationship with the 

presence/absence data for the wood frog. 

The top performing models for the leopard frog explained ~17-18% of deviance, slightly 

higher than the top performing models for green frog and the wood frog. Only 3 models had 

∆AIC values of less than 2, and all of them were 4-variable models that included Disp_1000, 
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Surv_1000 and Urban_3000 as significant explanatory variables. The Disp_1000 and 

Urban_3000 connectivity metrics had edf values of 1, indicating linear relationships, while the 

Surv_1000 metric had edf values of around 2.7 indicating nonlinear relationships. 

There were 25 models with ∆AIC values of 2 or less for the American toad, varying from 

1 3 4 explanatory variables and an explained deviance of anywhere between 4.75-13%. Of all the 

explanatory variables in all the top-performing models for the American toad, only two 

(NatAgri_3000) were significant at 95% confidence level. The models for the American road 

overall explained the least variance compared to the other five anuran species models. 

The top performing models for the spring peeper explained ~41-43% of variance, second 

highest among the six tested species. Only 4 models had ∆AIC values of less than 2, and all of 

them included NatAgri_3000 as a significant explanatory variable with edf values of 1. All four 

top performing models also included Winter_3000 as a significant explanatory variable with a 

linear relationship (edf of 1). The remaining explanatory variables in the top models included 

Disp_1000, Disp_2500, Surv_5000, and Surv_1000, with Surv_5000 significant at the 90% 

confidence level. A further 26 models had ∆AIC values of between 2 and 4 indicating a moderate 

difference in model performance. One of Urban_3000 and NatAgri_3000 explanatory variables 

were included in each of those 26 models. 

The three top-performing models for the gray treefrog explained ~47-48% of variance, 

highest among the six species tested. The NatAgri_3000 explanatory variable was included in 

each of the 3 top models with edf values of 1, indicating linear relationships. Non-linear 

significant relationships were included in 2 of the top models with the Disp_1000 variable, as 

well as with the Winter_3000 variable. Surv_5000 was included in each of the 3 top models with 

edf values of between 1 and 3.22. 
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The aim of this research was to design and compare a range of anuran-specific habitat 

connectivity and landscape composition metrics for predicting the occupancy of six anuran 

species in Ontario. Using Generalized Additive Models, I demonstrated a range of explained 

variance of anuran species presence using the connectivity and landscape composition metrics in 

this study. Differences between the six species were immediately notable, indicating strong 

species-specific responses to landscape composition and connectivity metrics. The clear 

differences in model performance between species indicates that species <richness= 3 in this case 

a simple count of the number of species 3 is a problematic response variable when modelling 

relationships between Ontario anuran species and landscape characteristics. Several research 

studies conducted in Ontario have used species richness as the sole response variable when 

modelling landscape relationships (Knutson et al., 1999; Burne and Griffin, 2005; Chandler et 

al., 2015; Collins and Fahrig, 2017) and the results should therefore be interpreted with caution. 

The extent to which metric performance varied according to species was substantial. The 

presence/absence of the two hylid species in this study 3 the gray treefrog and spring peeper 3 

resulted in the strongest performing models in this study across most habitat connectivity and 

landscape composition metrics. Several reasons can be posited to explain the increase in 

performance, including the physiology of tree frogs, habitat preferences, behavioural differences, 

and species detection. I posit that since they have the loudest and most distinctive breeding 

vocalizations of the six species included in this study and often call in large numbers, choruses of 

spring peeper and gray treefrog can mask quieter species and make it difficult to reliably 

determine the presence or absence of other species (Crouch and Paton, 2002; de Solla et al., 

2005; Genet and Sargent, 2003). Even when calling individually, both of these Hylid species are 

loud and readily identifiable, and this characteristic is particularly important when data is 

collected by surveyors with a wide breadth of experience levels. Given the characteristics of their 

calls, the Hylids may have the most reliable and accurate record of presence in our dataset and 

may contribute to greater model performance. 

Physiologically, the two Hylid species are smaller in size than many of the other species. 

At the newly-transformed juvenile stage, spring peepers and gray treefrogs are much smaller 

than green frogs and leopard frogs. While wood frogs and American toads are also quite small at 

this stage, they lack the ability to climb vertical surfaces like the Hylids. This ability may 
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contribute to the observed differences between the study species. Small juveniles will usually 

have slower average movement speeds, increasing their exposure to the dangers of road mortality 

(Hels and Buchwald, 2001), contributing to the road crossing survival metric9s higher predictive 

power for spring peeper and gray treefrog presence/absence. With regards to juvenile dispersal 

metrics, the hylids9 ability to climb vertical surfaces may allow them to more closely follow their 

original dispersal directions instead of being funneled or redirected by physical obstacles or 

human infrastructure. The juvenile dispersal connectivity metric may also have performed better 

for the Hylid species because they favor marsh wetlands as destination breeding wetlands to a 

greater extent than the other four species. The American toad and green frog can generally be 

considered generalists in terms of habitat and breeding, while the wood frog is typically more 

selective of ephemeral ponds (Homan et al., 2004; Porej et al., 2004), so the juvenile dispersal 

connectivity metric used here may be less suitable for those species in its current format. 

While the GAMs for the two Hylid species exhibited the highest explained variances, the 

American toad GAMs showed almost no association with any of the tested metrics for 

connectivity or landscape composition. Consistent with previous literature (Lehtinen et al., 1999; 

Houlahan and Findlay, 2003; Rubbo and Kiesecker, 2004), the American Toad is an effective 

generalist anuran with the ability to utilize a wide range of land covers, anthropogenic features, 

and remnant natural areas as habitat. Since the American Toad can effectively breed, forage, and 

overwinter in a wider range (and size) of features, it is no surprise that the models performed 

poorly. 

The green frog can also be considered a habitat generalist and tolerant of disturbance 

given its ability to persist and sometimes even thrive in disturbed areas. The explained variances 

of green frog occupancy for the various metrics used in this study were generally the the highest 

next to the Hylid species but were still considered to be only moderately predictive. No issues 

with detection should be considered here as the green frog9s breeding season occurs later in the 

summer, is easily distinguishable, and is reliably identifiable. Curiously, green frogs and other 

ranids are heavily impacted by road mortality and the habitat fragmentation that exacerbates it 

(Ashley and Robinson, 1996; Glista et al., 2008) but seem to have a higher tolerance to this 

component of fragmentation as evidenced by the poor associations with the road crossing 

survival metric. The difference with the green frog compared to the two hylids and some other 
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anuran species like wood frogs and American toads, is that the green frog overwinters in 

permanent ponds, oftentimes the same ponds where they breed. Despite the large numbers of 

road fatalities amongst newly-transformed juvenile green frogs, there may be many cases where 

enough individuals stay in their natal ponds, overwinter, and survive to the next years to breed 

and replenish juvenile numbers. 

Although the green frog is able to persist in many developed areas, it may not be able to 

do so in cases of sustained habitat disturbance and may respond more slowly to habitat 

degradation than some other species like the spring peeper and gray treefrog. It is difficult to 

know with certainty the degree of response on a species-by-species basis, but there is some 

evidence to suggest a lag effect for some anuran species (Hamer and McDonnell, 2008; Metzger 

et al., 2009). Logically, the slow but cumulative pressures of increased human disturbance would 

result in a similarly slow but inevitable decline in species abundance not captured by 

presence/absence data if the disturbance in question was more recent, and if the green frog is 

indeed more resilient to these pressures, it may take up to several decades for true species 

extirpation in any particular wetland to take place. With regards to the metrics tested in this 

study, they may remain useful for the green frog if applied with that consideration in place. 

Concerns of vehicle-induced mass mortality and reductions in safe avenues for population 

replenishment remain valid for the green frog if long-term persistence is desired. 

The wood frog is a frequently studied species (Porej et al., 2004; Coster et al., 2014) 

because of its relatively strong preference for forested ephemeral ponds. Unsurprisingly, the best-

performing connectivity metric was associated with forest cover (overwintering habitat) though 

these metrics explained less than 10% of variance as single variables. The wood frog has a 

relatively quiet call and is an explosive early breeder which may lead to reductions in 

detectability, particularly when populations are small, far away from the survey point, or in 

remote areas which make quick response spring surveys more logistically challenging. These 

issues may also explain why the wood frog was the least frequently recorded species among the 

six included in this study. Assuming the detectability amongst the sites was reliable, the wood 

frog9s model performance may have been compromised by the focus on marsh habitat in the 

juvenile dispersal and road crossing survival metrics and the exclusion of swamps which may 

contain suitable ephemeral breeding ponds. Furthermore, most of the wetlands surveyed in this 
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study 3 and by the Birds Canada protocol in general 3 tend to be larger, permanent wetlands 

favored by other anuran species, whereas wood frogs are commonly found to prefer ephemeral 

ponds. To more accurately explore the relationships between wood frogs and landscape 

characteristics, a more targeted site selection approach may be required. 

Most of the top performing models for the wood frog also used urban cover within 

3000m as an explanatory variable, indicating a strong response to human disturbance at a wider 

radial extent. Metrics at smaller spatial scales (e.g. 1000m) were also common in the top models, 

remaining consistent with our current understanding of the maximum movement distances of 

wood frog which have been recorded in the 430-2530m range (Patrick et al., 2012). 

The sixth species analyzed in this study was the Northern leopard frog. Visually striking 

and among the largest ranids in Ontario, the leopard frog nonetheless has one of the quietest 

breeding calls, a rumbling low call which overlaps with the higher-pitched spring peeper calls in 

early and mid-spring (Birds Canada, 2012). The leopard frog was the second least frequently 

recorded species among the six included in this study. The top leopard frog models performed 

better than the other ranid species, but not nearly as well as the models for the hylids. The 

leopard frog is well known for its affinity for grassy and meadow areas surrounding their 

breeding habitat, and with its strong hind legs is a capable jumper. Curiously, despite the leopard 

frog9s physiological advantages for overland travel and long-ranging maximum dispersal 

distances (Carr and Fahrig, 2001; Patrick et al., 2012), the variables included in the top 

performing models suggest that connectivity measures at shorter distances are better predictors 

for presence/absence. 

Metrics associated with forest cover were also weak for the leopard frog, but this is 

consistent with our understanding of the leopard frog9s habitat preferences. Like the green frog, 

the leopard frog overwinters at the bottom of permanent ponds, and forages in surrounding 

meadows, grassy areas, or agricultural areas (Knutson et al., 2018), suggesting limited life 

history needs for forested areas. Short distance juvenile dispersal, road crossing survival, and 

surrounding urban cover performed well in the top leopard frog models, but other factors such as 

hydroperiod, predatory presence, and foraging habitat (i.e. local vs landscape variables) may be 

more important for determining presence/absence (Houlahan and Findlay, 2003; Weyrauch and 

Grubb, 2004). 
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Regardless of species, model performance was consistently improved when multiple 

variables were included in a single model, suggesting that the specific mechanisms modelled by 

the connectivity metrics are contributing to improved model predictivity when combined with 

general landscape characteristics. Up to 50% of variance was explained for the hylids when 

combining connectivity metrics with landscape composition variables compared to a maximum 

of 37% of variance with single-variable models.

 Additional variance in anuran species presence and absence can be attributed to local 

conditions that were not accounted for in this analysis, including hydroperiod, water quality, 

water depth, and presence of predators. The six species included in this study have different 

habitat preferences for both landscape and local variables. Water depth and hydroperiod in 

particular are important determinants of whether a wetland is suitable for breeding habitat. The 

wood frog, for instance, prefers wetlands with shorter hydroperiod partly as a way to avoid 

predation by fish that could not otherwise survive in bodies of water that are not inundated for 

the full year (Rubbo and Kiesecker, 2004; Weyrauch and Grubb, 2004; Hermann et al., 2005). 

Species like the green frog and leopard frog, on the other hand favour wetlands with longer 

hydroperiods or those that are deeper and reliably hold water the whole year round because they 

can remain as tadpoles over the winter, transforming into adult frogs by the early summer for 

dispersal (Houlahan and Findlay, 2003; Weyrauch and Grubb, 2004). Details about these local 

hydrological characteristics were not provided in the Birds Canada dataset so they could not be 

included in the analysis, challenging the ability of the connectivity metrics to perform at their 

best. Performing separate analyses on short hydroperiod wetlands vs longer hydroperiod 

wetlands would have likely garnered some additional interesting results, particularly at the 

species level. 

Human disturbances of equal spatial footprint can also vary in terms of their intensity and 

pressure on adjacent natural spaces. One such example is the impact that heavy industrial or 

commercial activity can have on neighbouring wetlands because of excessive noise pollution. 

Since successful anuran breeding is reliant on auditory cues, if male breeding calls are obscured 

by anthropogenic noise, then breeding success may be reduced resulting in smaller populations 

and compromised population resilience (Lengagne, 2008; Grenat et al., 2023; Zaffaroni-Caorsi et 
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al., 2023). With all of this in mind, a general landscape composition metric such as the 

proportion of urban cover within a certain distance of wetland edge may not account for the 

types of urban cover in question which can vary from low-density residential to heavy industrial 

uses. Smaller-scale anuran population modelling exercises that are not constrained by the 

limitations of a wide geographic area should aim to account for both the direct (footprint) and 

indirect (e.g. noise, pollution, activity) impacts of human-altered land covers within the anuran 

species9 habitat ranges. 

In constructing these models and selecting sites from the existing Birds Canada database, 

I found what I expected - the size, location, hydrology, and history of the wetlands varied 

substantially from one survey site to another. As with any ecological models, controlling for this 

type of complexity was not possible nor practical and as such was anticipated to lead to 

reductions in model predictability of anuran species presence. Examination of the 290 wetlands 

selected for inclusion in this analysis did, however, reveal some high-level groupings of wetland 

characteristics that are hypothesized to contribute to the variable performance of many of the 

tested connectivity metrics. 

The wetlands in this study spanned from the tip of southwestern Ontario in Windsor up to 

the border of Quebec along the St. Lawrence River. With the abundance of waterbodies in this 

area of Canada, many of the surveyed wetlands occurred along the coast of lakes or along the 

edges of large rivers. In such cases, the interpretability of certain metrics is compromised without 

understanding and/or accommodating the landscape context. For example, the juvenile dispersal 

metric9s output is a value between 0 and 12 representing how many directions of initial travel 

were likely to result in access to other suitable wetland habitats. If a wetland was situated on the 

edge of a large lake, then immediately, 5-6 initial directions are removed from contention, and 

even if the remaining inland terrestrial land cover is ideal habitat for anuran species, the most the 

metric can report is 6/12 for juvenile dispersal connectivity. Contextually, one would have to 

account for the fact that dispersing anurans simply would not disperse out into a major body of 

water or for those that try, would be swept back to shore. 

With regards to wetland selection, it must be noted that because the survey data was 

taken from a repository of anuran acoustic survey data which, in many cases, was collected using 
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citizen science or targeted for certain conservation objectives, then the selection of study sites 

could not be considered random.  It is likely there was an overrepresentation of wetlands that 

were favourable for anuran species presence with the goal of monitoring changes in population 

abundance or composition as opposed to presence or absence entirely. Accordingly, there were 

many large wetlands and wetland complexes included in the dataset, and smaller wetlands or 

those in urban areas with historical habitat degradation were generally less represented. Efforts at 

sub sampling to avoid over representation or certain characteristics could be an avenue for future 

modelling and research, but it is my assertion here that the sheer size and temporal coverage of 

survey data provided sufficient strength to the underlying model data so as to dilute any effects 

induced by wetland selection or bias. Furthermore, I applied my own set of filters to the 

thousands of survey stations from the original dataset to remove problematic, unreliable, or data-

deficient sites.

The role of maximum movement distance remains unclear for most of the species, but 

there is some evidence in the GAMs results to suggest that connectivity metrics at certain 

maximum distances and for certain species provided greater predictive power than others. Part of 

the reason that the role of maximum movement distance may remain uncertain is that our 

understanding of the movement patterns of juvenile and hylid species is incomplete. As 

discussed in Section 2.1.1, each of the six anuran species included in this study has been reported 

with varying maximum movement extents, which also vary according to life stage. These figures 

are also maximum values as opposed to most likely or common movement extents. Maximum 

movement extents can be subject to individual anomalies or movement events assisted by other 

features (e.g. a fast-flowing river may conceivably carry a dispersing juvenile a long distance 

with minimal energy expenditure of the anuran individuals9 end). In addition, hylids such as the 

spring peeper and gray treefrog are notoriously difficult to track given their size and tendencies 

to climb trees, making recovery of tracking equipment challenging. 

Among the two elusive hylid species, the top performing models consistently included an 

overwintering connectivity metric at the 3000m maximum movement extent, a road crossing 

survival metric at the 5000m maximum movement extent, and a juvenile dispersal metric at the 

1000m maximum movement extent. These results are somewhat confounding given the range of 
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distance effects, but as a whole, the picture that is painted points to hylid species responding 

strongly and positively to a large and wide-reaching vegetated landscape. With regards to 

dispersal, I hypothesize that since juvenile hylids are exceptionally small, they require suitable 

destination habitats and wetlands within shorter distances (e.g. 1000m vs 5000m) for newly 

transformed juveniles to stop over at or settle into. 

The top performing presence/absence models for the green frog, on the other hand, 

included no connectivity metrics at the 5000m extent. The most commonly included road 

crossing survival metric in the top models was at the 1000m extent, while the juvenile dispersal 

metric was most commonly included at the 2500m distance. These results would suggest that 

green frogs are less impacted by wider landscape effects compared to the two hylid species. The 

top performing model did not include any significant overwintering metric at any distance. 

Indeed, this is fairly consistent with our understanding of green frog life history dynamics since 

they can overwinter in the same ponds that they breed in and forage in adjacent areas, allowing 

them to persist in relatively isolated wetland habitat for longer periods of time. This may explain 

their relative resilience to surrounding landscape disturbance and why they are so often present 

in disturbed landscapes. 

Consistent with the wood frog9s preference for wooded land covers, the top performing 

models all included an overwintering connectivity metric, although there was no one distance 

that performed better than the others. Curiously, despite being recorded with the farthest 

maximum movement distance among all the species at 5200m (Patrick et al., 2012), the top 

performing models for the leopard frog included road crossing survival and dispersal metrics at 

the 1000m extent. Although the leopard frog may be able to move quickly and jump farther than 

the other species, this might be an adaptation to its preference for grassy areas, meadows, and 

even agricultural fields, and might have less to do with its ability to disperse and migrate across 

the landscape. Furthermore, a maximum movement distance is not necessarily indicative of 

average dispersal distance. The models in this study suggest that the leopard frog is quite 

sensitive to nearby habitat disturbance and therefore may require greater buffers around wetland 

habitat.

Overall, the results suggest that each species has a different preference for landscape 

composition and connectivity to survive and thrive. This result also reiterates that anuran 
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richness as a response variable cannot be reliably used to guide anuran conservation as species-

specific habitat needs will become diluted. 

Dispersal as a movement mechanism in anurans has rarely been incorporated into anuran 

habitat modelling. My attempt at creating a metric that could capture characteristic movement 

patterns of dispersing juveniles is rudimentary and exploratory in nature given the lack of 

previous work to build on. Regardless, there were some promising results, as well as plenty of 

opportunities to improve based on the experiences in the development and implementation of the 

metric presented in this study. 

The dispersal metrics9 performance was variable across the six species, but generally 

explained the lowest or among the lowest variance compared to the other metrics. It was, 

however, included as a significant habitat metric in the top-performing hylid models, leaving 

room for improvement, refinement, and scrutiny with regards to its ability to model juvenile 

anuran dispersal. Two major challenges were encountered while developing this metric: 1) 

deciding the radial width of movement for a dispersing individual, and 2) deciding the type and 

size of wetlands that qualify as appropriate destination areas. 

When deciding the number of <wedges= to include in the juvenile dispersal metric 

models, there were several important considerations, including the amount of leeway to provide 

for side-to-side movements and diversion due to physical barriers (e.g. buildings, steep slopes, 

coastlines). These considerations needed to be balanced with the labour and computational 

capacity of including more wedges. For example, increasing the number of wedges from twelve 

to twenty (thus decreasing the radial width from 60 degrees to 36 degrees) could have provided 

some greater resolution for this metric, emphasizing the directional characteristics of dispersal, 

but increasing the computational time by at least 67% for a metric which in its current format 

required hundreds of hours to compute. The metric used in this study used a 60-degree radial 

width, which provided a substantial margin for side-to-side deviations in movement but may 

have assumed that lateral movement was too wide. Deciding upon the radial width was 

additionally complicated by the lack of tracking data for newly transformed juvenile anurans. 
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Newly transformed juveniles are typically much smaller than adults, particularly in wood frogs, 

American toads, gray treefrogs, and spring peepers, which are usually about the size of a small 

coin. Organisms of this size are extremely difficult to reliably track through telemetric 

techniques due to the weight and size of the transmitters required. Additionally, as juvenile 

anurans disperse, they are often victim to predation, vehicle-induced mortality, or other causes of 

mortality, reducing the efficacy of telemetry and increasing equipment cost. 

Deciding upon what constitutes a suitable destination wetland was also a challenging 

component of crafting the juvenile dispersal metric. The SOLRIS dataset and the provincial 

wetland layer dataset classified wetlands into 4 categories: marsh, swamp, bog, and fen. The 

majority of wetland classifications across the study area were swamp, a land cover where all 

species of anurans can often be found depending on the hydrological characteristics of each area. 

However, they do not reliably have standing water long enough to facilitate anuran breeding, 

therefore it was omitted from the dispersal metric as a suitable destination area. Omitting the 

swamps from the destination pixels was deemed necessary due to their inconsistent hydrological 

regimes, but it may have led to an underestimation of juvenile dispersal connectivity, particularly 

in swamp-dominated landscapes. Fortunately, if applied on a smaller scale, this limitation may be 

far less important, as all wetlands within a small region can be surveyed to determine 

hydrological suitability of anuran wetland habitat before the connectivity models are executed. 

On the scale of analysis in this study, this level of field validation was not viable. 

Similar to the juvenile dispersal connectivity metric, the road crossing survival metric 

generally explained less deviance of anuran species presence compared to the surrounding 

landscape composition metrics but was included in many of the top-performing multi-variable 

models. With this connectivity metric, there is also an opportunity for improvement and further 

research as the pressures associated with road-induced mortality persist and expand in large areas 

of Southern Ontario. 

The road crossing survival metric shared a fundamental challenge with the dispersal 

metric: determining appropriate destination cells. In this metric, marsh was designated as suitable 

destination habitat while swamp was omitted because its classification is not a reliable enough 
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indicator of standing water suitable for anuran breeding. Nevertheless, anurans that cross over 

roads may be doing so to reach destinations other than breeding ponds. For instance, fall 

migration would involve movement of anurans from wetlands or adjacent non-breeding habitat 

(e.g. forests, meadows) to overwintering areas such as permanent ponds, forests with appropriate 

ground cover, or even streams. For simplicity in this exploratory analysis, the road crossing 

survival metric was designed to capture movement behaviours more aligned with juvenile 

dispersal (i.e. movement from a breeding pond to another breeding pond) so as to keep the 

source areas as the wetlands where acoustic surveying took place and the destinations as nearby 

suitable wetlands. Fortunately, this metric need not be restricted to modelling dispersal; it can 

just as easily be applied to regional or local analyses focused on other types of movements and 

destinations, just as it can also be adapted to model the movement of other terrestrial species. 

Focusing these kinds of analyses on more localized contexts can also improve the realism 

of the traffic rates that are required to determine road crossing survival rates. In this study, road 

traffic rates needed to be generalized across the thousands of road segments across the 290 study 

areas. Realistically, roads of the same provincial classification will vary dramatically in terms of 

traffic intensity based on local conditions, urban context, or function as commuting corridors, 

and these site-to-site details are important for improving model accuracy on a smaller scale. 

A third area of improvement is our understanding and implementation of road crossing 

survival rates. Although empirically sourced data from a limited number of published literature 

was available to determine the relationship between traffic intensity and road crossing success, 

there was a clear lack of research in this particular area. Validating anuran road crossing survival 

rates is extremely difficult since they are small, challenging to track, and typically move around 

at night and in the rain when visual observation is compromised. Mazerolle et al. (2005), among 

others, have conducted controlled road crossing experiments, but they may be compromised by 

the removal of the individuals from their natural habitat and disruption of their natural movement 

cues. Other attempts at determining road crossing survival rates have focused on crafting 

formulas which take into account anuran physiology such as movement speed and body size, 

along with traffic frequency, road width, and vehicle footprint (Hels and Buchwald, 2001). In 

this case, detailed species-specific data is required, which wasn9t available at the time this metric 

was developed. Interestingly, the road crossing survival rates that were inferred from previous 
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field observations in Joly et al. (2003) matched up fairly well with the calculated survival rates 

outlined in Hels and Buchwald (2001). 

The overwintering metric used in this analysis was the least altered from traditional 

connectivity metrics, using a similar resistance-based approach to quantify the accessibility of 

forest habitat in areas surrounding breeding wetlands. Two significant changes to traditional 

resistance models included altering resistance values to be consistent with movement during 

ideal conditions (i.e. at night during periods of increased moisture such as rain or high humidity) 

and including buildings as absolute barriers. The overwintering metric was a significant 

contributor to the top-performing models for the wood frog, spring peeper, and gray treefrog, all 

of which are dependent on forest for overwintering habitat. Minimal challenges were 

encountered when developing or using this metric, but several improvements and considerations 

can be implemented. 

There was little emphasis on including punishing resistance values in this connectivity 

metric in response to the assertion throughout this study that anuran movement occurs during 

times of the day when hostile land cover resistance is minimized or entirely mitigated. There was 

a meaningful focus, however, on including some additional realism with regards to the maze of 

absolute barriers introduced in human landscapes in the form of buildings and other structures. 

Curiously, building footprints are often not included in amphibian connectivity models, but 

certainly most amphibians can not pass through or over, a vast majority of anthropogenic 

structures. Even for the hylids, successfully climbing over any larger human structure like  a 

house would be a unnecessarily complicated, energy-intensive, and rare undertaking during 

movements such as migration and dispersal. While the inclusion of these obstacles was 

important, it was difficult to accumulate and compile data from such a wide geographic area. The 

Provincial datasets with the greatest geographic extent only include buildings of a certain size, so 

additional resolution was needed in the form of municipal and regional building footprint 

datasets. Ultimately, a sufficient degree of geographic coverage was attained and included in the 

model, but there are a couple of considerations to note. 
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The first consideration is that of resolution. When converting the vector building 

footprint layers to a raster format compatible with the rest of the modelling process (15x15m 

pixels), a significant amount of detail is lost. This is particularly pertinent because buildings were 

assigned resistance values consistent with being absolute barriers, so small spaces between 

buildings that could otherwise act as avenues for movement through residential developments or 

other clusters of structures in urban areas may have been lost when resampling to a raster format. 

The consequence of this is that there may have been instances in which shorter travel routes were 

not available when the cost distance functions were executed for the overwintering connectivity 

metric. Nevertheless, the rasterized layers were examined in some detail and for the most part 

major discrepancies were not noted. 

The second consideration is that of other human infrastructure barriers. In addition to 

buildings, there are many other structures that can interrupt anuran movement enough to consider 

them absolute barriers. One example is solid wood fences in residential areas, which due to their 

sprawling nature may create major obstacles for even the smaller hylid species, although this 

particular interaction has not been studied in any amount of detail. Other infrastructure such as 

canals, highway dividers, and industrial activities can present similar barriers to movement. 

However, even natural barriers that impede movement are common across the study, save 

perhaps the sprawling agricultural areas of southwestern Ontario. In all of these cases, such finer 

details are not available and as such may present some additional uncertainty with regards to the 

accuracy of the modelling results in this study in other such connectivity modelling efforts. One 

exception to this is the wide availability of topographical data which provides some insight into 

the presence of steep and difficult to traverse areas. Future improvements to overwintering 

habitat metrics could seek to incorporate such topographical detail to address variations in 

natural cover resistance. 

The motivation behind exploring new anuran connectivity metrics was to address the 

failure of existing anuran connectivity modelling to adequately incorporate the differing 

movement behaviours characteristic of migration and juvenile dispersal in anthropogenically 

disturbed landscapes. Furthermore, anuran movement dynamics are complex and multi-faceted, 

and attempts to include that complexity into a single land cover resistance value are difficult to 
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reconcile with those complexities. Instead of focusing this research on refining anuran land cover 

resistance values, I aimed to deconstruct the resistance modelling approach and address each 

known anuran movement mechanism on its own. As such, refinements to each metric could be 

made individually to examine the effects on a species-by-species basis. Using GAMs to examine 

the explanatory power of each metric individually and combined with other metrics, interesting 

patterns were uncovered, many of which are consistent with our a priori understanding of each 

species9 behaviours. 

As expected, general landscape composition characteristics such as the amount of 

surrounding urban cover or forest cover performed well across most of the species and have long 

been identified as general explanatory variables for anuran species presence and abundance in 

the region of study. The connectivity metrics that were constructed and tested added additional 

explanatory strength to the models. Many avenues for refinement and improvement were 

identified for the connectivity metrics, providing opportunities for future research and model 

exploration. 
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6.0 Exploring Landscape and Habitat Thresholds

Species9 responses to disturbances such as habitat loss are rarely expected to be 

arithmetically linear in nature given the compounding effects and pressures of these changes on 

their life history and physiological requirements. When considering a gradient of disturbance, the 

strength of species9 responses can change gradually or abruptly (Toms and Lesperance, 2003). In 

cases where the species response occurs abruptly, the point at which the change occurs is the 

critical breakpoint, commonly referred to as an <ecological threshold= in ecological research and 

plays an important role in species management (Huggett, 2005; Groffman et al., 2006). The 

presence and identification of these thresholds is challenging due to the complex environmental 

interactions at play between species and their habitats (Suding and Hobbs, 2009). Ecological 

thresholds are likely to be dependent on the broader context of the landscape on interest, the 

quality of the land covers, and the spatial interaction of heterogeneous land cover matrices 

(Olden, 2007; Ficetola and Denoel, 2009; Hillibrand et al., 2023). Nonetheless, if and when 

identified, they may provide an understanding of species9 tolerances to disturbance that can be 

used to guide protections, craft mitigation measures, and work towards long-term conservation 

(Ficetola and Denoel, 2009). 

This theory of thresholds in biological systems and the potential for its complimentary 

implementation in regulatory natural heritage management has contributed to the widespread 

adoption of minimum habitat or land cover protections. In the context of anurans conservation, 

existing regulations in Ontario and in many other North American jurisdictions require minimum 

natural cover buffers or other minimum protections for wetlands (Lee et al., 2004; Schulte-

Hostedde et al., 2007; Sawatzky and Fahrig, 2019), suggesting a fundamental understanding that 

loss of habitat in a surrounding habitat beyond a certain point will lead to accelerated species 

decline and possible extirpation. Whether these minimums are actually addressing the minimum 

habitat needs of Ontario9s anuran species is an important question as development, urban 

expansion, and fragmentation continue to occur across Ontario9s landscape. With regards to 

habitat connectivity, references to preserving movement corridors do not include any suggestions 

of minimum land cover amount, quality, or placement details. This is despite a wealth of existing 

literature regarding habitat connectivity, suggesting a concerning and extended lag in the 
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regulatory adoption of natural heritage recommendations that hinders the effectiveness of such 

regulations for species that are dependent on connected habitat to persist long-term (Schulte-

Hostedde et al., 2007; Sawatzky and Fahrig, 2019). 

In addition to the shortcomings of current regulatory minimums for natural heritage 

management in Ontario, there is the wider and more recent contention that threshold-type 

relationships are poorly evidenced quantitatively (Hillibrand et al., 2020). They are enticing to 

policymakers and those tasked with crafting regulatory objectives because they provide a 

relatively easy to understand and quantifiable goal (Pimm et al., 2019), but they may also vary 

according to local context with the same jurisdictional area, follow more gradual responses, and 

be less effective without considering interaction with other pressures (Carrier-Bellaeu et al., 

2022). Nevertheless, there is no indication that natural heritage regulations in relation to species 

management will shift away from the minimum habitat requirement approach, therefore it is 

important to refine current policies to be consistent with evidence-based biological minimums. 

Relationships between Ontario anuran species presence and habitat metrics have been 

established both in the published literature detailed in Section 2.1.2 and results presented in 

Section 5.3. Several studies have also explored threshold-type relationships among the habitat 

metrics, identifying such critical breakpoints as 44% of habitat cover within 1000m for wood 

frogs (Homan et al., 2004) and 40% of forest cover within 1000m for overall amphibian richness 

(Hermann et al., 2005). These ecological thresholds commonly relate to the amount of suitable 

land cover or habitat within a certain distance of the anurans9 breeding pond. A critical 

component often unexplored is that of connectivity thresholds, and the extent to which 

configurations, accessibilities, and barriers can lead to critical thresholds. The work detailed in 

Section 5 aimed to craft metrics that could quantitatively communicate components of 

connectivity that are informed by anuran movement timing, behaviour, and dynamics. In this 

section, I will explore whether these connectivity metrics and habitat composition metrics 

demonstrate ecological thresholds and discuss what these thresholds mean for broader anuran 

conservation in Ontario.
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The area of interest for this study was Southern Ontario, an area spanning a wide 

geographic area from Windsor to Ottawa. The area is characterized by a wide range of land 

covers, both natural and anthropogenic, including historical heavily urban areas and remnant 

natural wetlands and forests. Most of the population of Ontario lives within a small area along 

Lake Ontario which included the Toronto metropolitan area, although a variety of large and small 

communities are spread out across the breadth of the Southern Ontario region. As such, the area 

has a sprawling and heavily used road network that has fragmented large swaths of the 

landscape. For more information on the area of study, refer to Section 5.2.1.

This area of Ontario is habitat to the highest amphibian richness in Canada, which 

includes eleven anuran species that occur widely in notable numbers. Six anuran species were 

selected for analysis due to their widespread distribution and auditory recognition amongst the 

general citizen science community. The six species are the green frog, wood frog, Northern 

leopard frog, American toad, spring peeper, and gray treefrog. Reasons for excluding certain 

other species from this analysis are discussed in Section 5.2.2. 

Wetland occupancy (presence/absence) was used as a response variable in this analysis. 

Data regarding the presence or absence of breeding anurans was derived from the Birds Canada 

Great Lakes Marsh Monitoring Program database. This repository includes anuran auditory 

survey data from thousands of wetlands across Ontario collected over more than 25 years using 

the standardized survey protocol detailed in the Marsh Monitoring Protocol document (Bird 

Canada, 2008). Details regarding the collection of this data is included in Section 5.2.3. The data 

was accessed in 2019 and therefore any additional data from 2020 onwards was not included in 

this analysis. Presence of any of the six anuran species included in this study was confirmed at a 

wetland site if at least 2 individuals were recorded calling. A single calling individual across all 

monitoring years was deemed insufficient to warrant a confirmed species presence. 

Wetlands were determined to be appropriate for inclusion in this analysis based on 

several criteria. The first requirement was that the wetland needed to be surveyed for at least 

three years (even if non-consecutive) to ensure that issues related to population turnover, variable 
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calling timing, and detectability were minimized. The second requirement was for the wetland to 

be naturally occurring and not an anthropogenic feature such as a stormwater pond. The third 

requirement was that the wetlands have clear and defined boundaries such that those that were 

part of larger hydrological features or unusual environmental contexts were omitted. After the 

application of these criteria, 290 wetlands were deemed suitable for inclusion in the analysis.

Three connectivity metrics were constructed to model anuran movement processes and 

life histories. The first metric addressed the dispersal mechanism which occurs when a newly 

transformed juvenile anuran leaves its natal pond and searches for new habitat. The metric 

quantified the number of directions (out of twelve) that included suitable wetland habitat after 

accounting for three maximum dispersal movement distances, and theoretical nighttime land 

cover resistance values for each species. Details on the construction and workflow for this metric 

are included in Section 5.2.7.1. 

The second metric addressed the availability of overwintering forest habitat available for 

anurans in the area surrounding each wetland study site. This metric quantified the accessibility 

of adjacent forest habitat after accounting for maximum migration movement distance and 

theoretical nighttime land cover resistance values. Details on the construction and execution of 

this metric are included in Section 5.2.7.2.

The third metric addressed the mechanisms of road crossing mortality by applying a 

multiplicative penalty to survival when crossing over a road, proportional to the probability of 

survival of crossing that road. Road crossing mortality is applicable to both dispersal and 

migration movement for anurans. The road crossing survival metric quantified the amount of 

wetland that is accessible by at least 5% of initial moving individuals from the source wetland 

after accounting for several maximum movement distance, theoretical nighttime land cover 

resistance values, and variable road crossing mortality rates depending on traffic intensity. 

Details on the construction and execution of this metric are included in Section 5.2.7.3. 

The final groups of metrics were more general in nature and characterized the 

surrounding land use composition. The proportion of 1) forest and wetland, 2) urban cover, 

including low and high density, and 3) vegetated land cover including agricultural land cover, 
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were calculated for each survey site within a surrounding area of 500, 1000, and 3000 metres. 

Table 13 summarizes the naming conventions for the connectivity and landscape connectivity 

metrics used in the threshold analysis.

Table 13: Naming conventions and descriptions of connectivity and landscape composition metrics used 
in the threshold analysis

Variable Name Description
Surv1000 Road crossing survival metric with a maximum movement distance of 1000 

metres
Surv2500 Road crossing survival metric with a maximum movement distance of 2500 

metres
Surv5000 Road crossing survival metric with a maximum movement distance of 5000 

metres
Overwinter500 Overwintering habitat connectivity metric with a maximum movement distance of 

500 metres
Overwinter1000 Overwintering habitat connectivity metric with a maximum movement distance of 

1000 metres
Overwinter3000 Overwintering habitat connectivity metric with a maximum movement distance of 

3000 metres
Disp1000 Juvenile dispersal connectivity metric with a maximum movement distance of 

1000 metres
Disp2500 Juvenile dispersal connectivity metric with a maximum movement distance of 

2500 metres
Disp5000 Juvenile dispersal connectivity metric with a maximum movement distance of 

5000 metres
ForWet500 Proportion of forest and wetland land cover within 500 metres 
ForWet1000 Proportion of forest and wetland land cover within 1000 metres 
ForWet3000 Proportion of forest and wetland land cover within 3000 metres 
Urban500 Proportion of urban land cover within 500 metres
Urban1000 Proportion of urban land cover within 1000 metres
Urban3000 Proportion of urban land cover within 3000 metres
NatAgri500 Proportion of vegetated land cover within 500 metres
NatAgri1000 Proportion of vegetated land cover within 1000 metres
NatAgri3000 Proportion of vegetated land cover within 3000 metres

For each variable in the analysis, bins of an equal number of data points were created. 

Both deciles and 20-bin quantiles were calculated so that the proportion of sites within each 

division with confirmed anuran species presence could be determined. Since the dataset was 

large (N = 290) and many variables9 values spanned a wide range, 20-bin quantiles were 

included and tested to add additional resolution to the threshold analysis. Only thirteen values 
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were possible for the dispersal metric so in lieu of determining deciles or 20-bin quantiles, each 

value was treated as its own quantile. The road crossing survival metric at the 1000 m distance 

was limited to 17 bins for the 20 bin quantile analysis because there was a high number of values 

that were exactly zero.

A piecewise regression analysis was performed for each species and each 

variable/distance combination. Piecewise regression has been previously shown to correctly 

identify breakpoint positions (Ficetola and Denoel, 2009) so it was selected for use in this 

analysis. The r.segmented package was used to run the analysis. Breakpoints were first estimated 

visually and inputted into the r.segmented analyses for use in guiding breakpoint estimation by 

the piecewise regression software. Since each decile and 20 bin-quantile division was a range of 

values (except the dispersal metric), many of which did not increase linearly, the deciles and 20-

bin quantiles were assigned numbers corresponding to the order of their bins. Davies p-value (p 

= 0.05) was calculated to determine the significant of the breakpoint by testing for a non-zero 

difference between the slope parameters of the two linear models.  

All breakpoint analysis results are graphically presented in Appendix II.

Green frog

For the decile analysis (Table 14), only one significant breakpoint was identified amongst 

the connectivity metrics (Overwinter3000) at the 1764 3 2680 range, indicating that when the 

forest habitat accessibility score was less than 1764 at a 3000m maximum movement distance, 

the proportion of green frog presence drops at an accelerated rate, although the proportion of 

presence remained high at 76% in the lowest decile representing sites with 0 3 751 accessible 

forest habitat scores. A breakpoint was identified for the 20-bin quantile analysis as well (Table 

15), but it was insignificant at the 95% confidence level (p = 0.081). The only significant 

breakpoint identified amongst the connectivity metrics in the 20-bin quantile analysis was with 

Surv5000 at the 2671 3 3320 range indicating that at less than 2671 pixels (equivalent to about 

150 acres) of accessible wetland reachable with a minimum 5% survival rate with a maximum 

movement distance of 5000m, rates of green frog presence decreased at a quicker rate. 
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Further significant breakpoints in the decile analysis were identified in all of the 

landscape composition metrics except ForWet1000. For the urban landscape composition 

metrics, breakpoints at which green frog presence decreased at a faster rate occurred when urban 

cover was greater than 10.4% of 500m radius surrounding land cover, 20% of 1000m radius 

surrounding land cover, and 24% of 3000m radius surrounding land cover. Presence rates were 

never lower than 78% at the lowest deciles across the three distances. In the 20-bin quantile 

analysis, these breakpoints occurred at 55%, 71%, and 74% respectively, with the lowest 

presence rates at 64%. 

Table 14: Results of the decile breakpoint analysis for the green frog using the r.segmented package 
(n=290). Bold values indicate significance at the 95% confidence level

Table 15: Results of the 20-bin quantile breakpoint analysis for the green frog using the r.segmented 
package (n=290). Bold values indicate significance at the 95% confidence level
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Wood Frog

Many breakpoints were identified overall for the wood frog, but only a few of these were 

identified as significant. For the decile analysis (Table 16), a significant threshold was identified 

for the Urban3000 metric at the 6.3 3 9.0% range, indicating that at sites with greater than 9% 

urban cover within 3000m, wood frog presence decreased at a faster rate to a low of 25% 

presence at the highest decile. Additional breakpoints in the decile analysis were identified at 

98% and 92% natural landcover for the NatAgri500 and NatAgri3000 metrics. 

Table 16: Results of the decile breakpoint analysis for the wood frog using the r.segmented package 
(n=290). Bold values indicate significance at the 95% confidence level
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For the 20-bin quantile analysis (Table 17), only two significant breakpoints were 

identified. The first was for the Surv2500 metric, at which below 1739 pixels of accessible 

wetland reachable with at least 5% survival rate with a maximum movement distance of 2500m, 

rates of wood frog presence decreased at a faster rate. The other significant threshold was 

identified for the Urban3000 metric at the 7.5 3 9.2 % range. 

Table 17: Results of the 20-bin quantile breakpoint analysis for the wood frog using the r.segmented 
package (n=290). Bold values indicate significance at the 95% confidence level.

Leopard Frog

Significant thresholds were identified for the leopard frog with all urban and natural land 

cover metrics in both the decile and 20-bin quantile analyses. For the decile analysis (Table 18), 

breakpoints at which leopard frog presence decreased at a faster rate occurred when urban cover 

was greater than 18.6% of 500m radius surrounding land cover, 20% of 1000m radius 

surrounding land cover, and 24% of 3000m radius surrounding land cover. Presence rates for the 
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leopard frog were 44% at their lowest decile across the three distances. In the 20-bin quantile 

analysis (Table 19), these breakpoints occurred at 23%, 20% and 24% respectively, with the 

lowest presence rate at 21%. 

Table 18: Results of the decile breakpoint analysis for the leopard frog using the r.segmented package 
(n=290). Bold values indicate significance at the 95% confidence level.

For the decile analysis, breakpoints at which leopard frog presence decreased at a faster 

rate occurred when natural land cover was less than 85% of 500m radius surrounding land cover, 

70% of 1000m radius surrounding land cover, and 56% of 3000m radius surrounding land cover. 

In the 20-bin quantile analysis, these breakpoints occurred at 74%, 70%, and 69% respectively. 

The only connectivity metric with a significant threshold identified was the Surv1000 metric. For 

the decile analysis, a significant threshold was identified at which below 442 pixels of accessible 

wetland habitat reachable with at least 5% survival rate with a maximum movement distance of 

1000m, rates of leopard frog presence remained stable. For the 20-bin quantile analysis, this 

threshold occurred at 360 pixels with a similar pattern of presence.
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Table 19: Results of the 20-bin quantile breakpoint analysis for the leopard frog using the r.segmented 
package (n=290). Bold values indicate significance at the 95% confidence level.

American Toad

Among the six species in this study, the threshold analysis identified the second fewest 

significant breakpoints for the American Toad. In the decile analysis (Table 20), three significant 

thresholds were identified in the landscape composition metrics. The first was at the 9-13% range 

for urban land cover at the 3000m distance. Upon visual inspection, toad presence generally 

increases in proportion from 0 3 9% urban land cover and then starts generally decreasing when 

urban land cover exceeds 13%. The other two significant thresholds were identified for 

NatAgri1000 and NatAgri3000 at the 26 3 42% range and 80 3 87% range respectively. Visually, 

the relationships between American toad presence and NatAgri3000 followed a similar pattern of 

increase and decrease past the breakpoint as the Urban3000 metric. 
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Table 20: Results of the decile breakpoint analysis for the American toad using the r.segmented package 
(n=290). Bold values indicate significance at the 95% confidence level.

In the 20-bin quantile analysis (Table 21), three significant thresholds were identified. 

The first was in the Disp2500 variable (and the only significant threshold identified for a 

connectivity metric), in which a significantly faster decrease in American toad presence was 

noted at sites with less than 3 connected directions. The other two significant thresholds were 

identified in the Urban3000 and NatAgri3000 variables at the 11.4 3 12.8 % range and 60.8 3 

69.0% range respectively. Visual inspections revealed weak threshold relationships, although 

there is some indication that American toad presence is accelerated with more than 92% 

vegetated land cover within 3000m (NatAgri3000). 

Table 21: Results of the 20-bin quantile breakpoint analysis for the American toad using the r.segmented 
package (n=290). Bold values indicate significance at the 95% confidence level.
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Spring Peeper

For the decile analysis (Table 22), only one breakpoint was estimated for the spring 

peeper among the connectivity metrics, which was also identified as significant via the Davies 

Test. This threshold was identified in the Surv5000 connectivity metric at the 2671 3 4052 decile. 

Visual inspection confirmed that with less than 2671 pixels of connected marsh reachable with at 

least 5% survival rate within 5000m, the rate of spring peeper presence drops precipitously to 

37% in the lowest decile. All of the landscape compositions variables had significant breakpoints 

identified. For the ForWet variables, breakpoints at which spring peeper presence decreased at a 

faster rate occurred when forest and wetland cover was lower than 16.3%, 22.4%, and 12.1% of 

total land cover within 500, 1000, and 3000m respectively. For the Urban variables, breakpoints 

at which presence decreased at a faster rate occurred when urban cover was greater than 18.6%, 

20.0%, and 23.5% of total land cover within 500, 1000, and 3000m respectively. For the NatAgri 

variables, significant breakpoints at which spring peeper presence decreased at a faster rate 

occurred when natural cover was less than 62.1%, 42.2%, and 41.3% of total land cover within 

500, 1000, and 3000m respectively. Spring peeper presence was lowest at 17.2% in the lowest 

decile for NatAgri3000m.

Table 22: Results of the decile breakpoint analysis for the spring peeper using the r.segmented package 
(n=290). Bold values indicate significance at the 95% confidence level.



144

For the 20-bin quantile analysis (Table 23), four significant breakpoints were identified 

for the Spring pepper among the connectivity metrics. Two of these thresholds were with the 

road crossing survival metrics at which spring peeper presence decreased faster when the amount 

of accessible marsh habitat at a minimum 5% survival rate was less than 442 pixels at the 1000m 

maximum movement distance and 2671 pixels at the 5000m maximum movement distance. 

Additional significant breakpoints were identified for the Disp5000 variable in which spring 

peeper presence decreased faster when fewer than 3 directions were connected to marsh habitat 

at the 5000m maximum movement distance. Visual inspection of this variable revealed that this 

breakpoint is likely an artifact of no sites with 2 connected directions and likely occurs at 7 

directions instead. The last connectivity metric with a significant threshold identified was the 

Overwitner3000 variable in which presence decreased faster when the accessible forest habitat 

score was less than 1800 pixels. 

Table 23: Results of the 20-bin quantile analysis for the spring peeper using the r.segmented package 
(n=290). Bold values indicate significance at the 95% confidence level.
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For the 20-bin quantile analysis, all of the landscape compositions variables had 

significant breakpoints identified. For the ForWet variables, breakpoints at which spring peeper 

presence decreased at a faster rate occurred when forest and wetland cover was lower than 5.1%, 

10.9%, and 12.2% of total land cover within 500, 1000, and 3000m respectively. For the Urban 

variables, breakpoints at which presence decreased at a faster rate occurred when urban cover 

was greater than 18.6%, 15.8%, and 17.0% of total land cover within 500, 1000, and 3000m 

respectively. For the NatAgri variables, significant breakpoints at which spring peeper presence 

decreased at a faster rate occurred when natural cover was less than 68.6%, 49.3%, and 41.3% of 

total land cover within 500, 1000, and 3000m respectively. Spring peeper presence was lowest at 

6.7% in the lowest decile for NatAgri3000 and ForWet3000.

Gray Treefrog

For the decile analysis (Table 24), three significant breakpoints were identified for the 

gray treefrog among the connectivity metrics. Two of these significant thresholds were with the 

road crossing survival metrics at which gray treefrog presence decreased faster when the amount 

of accessible marsh habitat at a minimum 5% survival rate was less than 1452 pixels at the 

2500m maximum movement distance and 4052 pixels at the 5000m maximum movement 

distance. The third significant breakpoint was identified for the Overwinter3000 variable in 

which gray treefrog presence decreased faster when the accessible forest habitat score was less 

than 7264 at a maximum movement distance of 3000m. 
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Table 24: Results of the decile breakpoint analysis for the gray treefrog using the r.segmented package 
(n=290). Bold values indicate significance at the 95% confidence level.

Also for the decile analysis, 9 out of 10 landscape composition variables had significant 

breakpoints identified. For the ForWet variables, breakpoints at which gray treefrog presence 

decreased at a faster rate occurred when forest and wetland cover was lower than 34.7% and 

21.2% of total land cover within 1000 and 3000m respectively. For the Urban variables, 

breakpoints at which presence decreased at a faster rate occurred when urban cover was greater 

than 54.8%, 20.0%, and 12.6% of total land cover within 500, 1000, and 3000m respectively. For 

the NatAgri variables, significant breakpoints at which gray treefrog presence decreased at a 

faster rate occurred when natural cover was less than 62.1%, 42.1%, and 55.8% of total land 

cover within 500, 1000, and 3000m respectively. 

For the 20-bin quantile analysis (Table 25), four significant breakpoints were identified 

for the gray treefrog among the connectivity metrics. Two of these significant thresholds were 

with the road crossing survival metrics at which gray treefrog presence decreased faster when the 

amount of accessible marsh habitat at a minimum 5% survival rate was less than 1452 pixels at 

the 2500m maximum movement distance and 4052 pixels at the 5000m maximum movement 

distance. The other two significant breakpoints were identified for the overwintering habitat 



147

variables in which gray treefrog presence decreased faster when the accessible forest habitat 

score was less than 38 at a maximum movement distance of 500m and less than 7258 at a 

maximum movement distance of 3000m. 

Table 25: Results of the 20-bin quantile breakpoint analysis for the gray treefrog using the r.segmented 
package (n=290). Bold values indicate significance at the 95% confidence level.

Also for the 20-bin quantile analysis, all of the landscape composition variables had 

significant breakpoints identified. For the ForWet variables, breakpoints at which gray treefrog 

presence decreased at a faster rate occurred when forest and wetland cover was lower than 5.1%, 

34.4%, and 21.2% of total land cover within 500, 1000, and 3000m respectively. For the urban 

variables, breakpoints at which presence decreased at a faster rate occurred when urban cover 

was great than 45.7%, 30.8%, and 23.6% of total land cover within 500, 1000, and 3000m 

respectively. For the NatAgri variables, significant breakpoints at which gray treefrog presence 

decreased at a faster rate occurred when natural cover was less than 62.0%, 49.3%, and 55.2% of 

total land cover within 500, 1000, and 3000m respectively. 
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Using a piecewise regression statistical approach to breakpoint estimation, many 

breakpoints were identified amongst the connectivity and landscape composition metrics 

included in this study. The six anuran species of interest in this research exhibited a range of 

threshold-types responses to habitat composition, configuration, and effect distance, suggesting 

fundamental differences between species-habitat relationships. Several statistical shortcomings 

were also identified in this analysis, highlighting the importance of visual examination, critical 

interpretation of piecewise regression results, and an understanding of the nature of the data 

being used to describe wildlife habitat. The following sections will discuss these topics in greater 

detail as they relate to this research and the implications for research moving forward. 

Statistical analysis and interpretation

The large sample size of this study allowed for both deciles and 20-bin quantiles (i.e. 

twenty bins of equal number of observations) to be investigated. Given the sample size of this 

study (N = 290), 14 3 15 samples were able to be included in each 20-bin quantile, which was 

deemed a sufficiently large of a sample size for each bin to minimize the impact of one or more 

outliers/discrepancies. In some cases, the greater resolution of the 20-bin quantile analysis led to 

a <smoothing= of the relationship curve, with the result of changing the estimated breakpoint, a 

change which was sometimes slight, but other times quite dramatic. This smoothing 

phenomenon, however, was not consistent across all variables, and in several cases the added 

resolution of the 20-bin quantile analysis also led to the introduction of local maxima or minima 

and breakpoints estimates which were visually not as accurate (e.g. Overwinter_3000, 

ForWet_3000, and ForWet_1000 for Spring Peeper). In either case, one of the shortcomings of a 

simple breakpoint analysis of this sort is that when prompted to only identify one breakpoint, it 

can wrongly identify local maxima or minima as overall breakpoints. In each case, it is important 

to examine the visual quantiles before confirming whether breakpoint estimates are accurate. 

It is also worth commenting on the extent to which the species included in this study were 

frequently present in the chosen wetland sites. The least commonly observed species 3 the wood 

frog 3 was still present at 60% of study sites. This skewness of the data towards presence may be 

something to be wary of when interpreting the results because as much as presence of the anuran 

species is required to determine which landscapes are suitable for long-term persistence, absence 

of these same species would provide a similar utility by giving examples of landscapes which are 
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unsuitable for anuran persistence. Rarely did the relationships in question result in decile or 20-

bin quantile values (i.e. proportion of anuran presence) of zero or close to zero. Conversely, there 

were many instances where decile or 20-bin quantile values were at or close to 1, consistent with 

the skewness of the data towards anuran presence. If there was a more equal distribution of sites 

with presence and those with absence, greater resolution could be achieved towards the other end 

of the relationship and identification of breakpoints may have been improved. Restricting 

suitable wetlands for analysis to those with at least three years of monitoring data provided 

confidence that absence of any species from a wetland wasn9t due to a lack of data. 

Although the piecewise regression analysis identifies significant breakpoints, it is also 

important to look at the shape of the relationships of interest. Some of the relationships were 

linearly positive and then flat after the identified threshold (e.g. Spring peeper and gray treefrog 

with the Surv_5000 metric in both decile and 20-bin quantile analyses). In other cases, 

relationships started flat, and following an identified significant threshold, increased linearly and 

positively (e.g. Wood frog with Overwinter_1000 and Gray treefrog with Disp_5000 and 

Leopard frog with Surv_1000). In a few cases,  the relationships increased linearly and 

positively, then decreased linearly following an identified threshold (Wood frog with 

Urban_3000 in the 20-bin quantile analysis, and Leopard frog with NatAgri_1000 in the decile 

and 20-bin quantile analysis). Given the variability in the relationships, it is critical to interpret 

the thresholds carefully when applying them to management, landscape design, and planning. 

Since there were no breakpoints identified across all the variables in which anuran species 

presence plateaued at zero, this may not necessarily provide answers to the question of what is 

the bare minimum of land cover/distribution that is needed to avoid complete habitat degradation 

and associated population extirpation. 

As explicated in Spake et al. (2022), the observational scale of the underlying data plays 

a significant role in the detection of ecological thresholds. Relevant to this research, the 

organizational level of the data, the study extent, and the analytical scale may all have played a 

role in whether thresholds are detected and where. For example, if species richness was used 

instead of individuals species presence/absence as a response variables, thresholds may have not 

been detected visually or statistically, particularly when clear species-specific relationships had 

been noted. The analytical scale of this research may also be pertinent to the detection of 



150

thresholds as discussed earlier with the skewness of the data towards species presence, and the 

division of the data into quantiles. Finally, the temporal context of, and focus on, the last 25 

years may limit the ability of the analysis to detect larger scale responses. For example, whereas 

the last 20 to 30 years has been characterized by widespread urban expansion in Southern 

Ontario, similarly disruptive land change patterns from 50-100 years ago may have similarly 

imparted pressures that can change the distribution of anuran species across the landscape. 

Interpretation of Thresholds

Regardless of whether the deciles or 20-bin quantiles were used in the analysis, there 

were many cases where there was agreement on where there were significant 

breakpoints/thresholds. The landscape compositions variables were consistently identified as 

having critical breakpoints for many of the individual anuran species, and in many cases they 

were statistically significant. Previous studies in Eastern North America have identified 

thresholds related to the simple proportion of forest cover and urban cover within a range of 

distances from source wetlands (Gibbs, 1998; Homan et al., 2004; Hermann et al., 2005). Here 

too, I have identified significant breakpoints at all three distances of forest/wetland and urban 

cover (500m, 1000m, and 3000m) for several species, including the spring peeper and gray 

treefrog, which also tested strongest in the GAM analysis in Section 5. These minimum 

thresholds of forest covers were identified to be around the 14 3 16% range for the Spring Peeper 

and 23 3 25% range for the gray treefrog at the 3000m radius. For urban land cover, the 

maximum coverage was estimated at 23 3 24% for the spring peeper and 12 3 14% for the gray 

treefrog at the 3000m radius. These statistically identified thresholds hold well to visual 

confirmation, and it seems clear that there is a certain level of forest/wetland cover and urban 

cover that is integral for maintaining stable and thriving hylid populations. Reductions of those 

land covers beyond a certain amount threaten a steep drop in the likelihood of persistence and 

should therefore be considered as target landscape composition amounts while conducting larger 

regional planning exercises. 

Consistent with one of the guiding assumptions of this study that otherwise hostile 

landcovers can be suitable or even conducive to anuran movement patterns at night, I included a 

landscape composition variable that is often not considered in published habitat association 
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analyses in the form of NatAgri, which includes all vegetated land covers including agriculture. 

With the understanding that anurans execute their migrational and dispersal movements at night 

in favourable weather conditions (i.e. rain, high humidity, and low wind), agricultural land cover 

should be an important consideration in landscape conservation modelling. 

In this research9s study area in particular, agricultural land often the most commonly 

occurring land cover. In addition to its potential benefit for anuran movement, if the 

forest/wetland thresholds occurred at 14 3 25% of land cover for the two hylid species, and the 

urban land cover thresholds occurred at 12 3 24% of land cover, then there is about 50% of 

remaining land cover that must certainly play a role in the overall anuran habitat matrix, and the 

majority of this 50% for many of the study sites was agricultural land. In the threshold analyses, 

significant thresholds at 49 3 56% of vegetated land cover for the spring peeper and 61 3 69% of 

vegetated land cover for the gray treefrog (3000m radius) were identified, under which hylid 

presence decreased steeply. Not only do planners need to consider a limit to how much urban 

cover is appropriate for the continued presence of these species, but they must consider an upper 

limit of how much vegetated land can be removed. The presence of these statistically significant 

and visually notable thresholds for the NatAgri variables suggests that agricultural lands are 

important contributors to the habitat and life history functions of these species, likely in the form 

of allowing for relatively safe and unobstructed movement for migration and dispersal.

The connectivity metrics had generally fewer significant thresholds associated with them. 

For the road crossing survival metric, several significant thresholds were identified for the 

hylids, particularly at the 5000m distance. These thresholds occurred at 2671 pixels of accessible 

marsh for the spring peeper and 4052 pixels of accessible marsh for the gray treefrog. Both of 

these thresholds used a minimum survival cutoff of 5%, meaning that an accessible unit of marsh 

habitat is one in which there is at least a 5% chance of successfully reaching it when accounting 

for road-induced mortality. In planning terms, 60 and 91 hectares of marsh habitat reachable with 

a 5% survival rate for the spring peeper and gray treefrog respectively must be distributed within 

5000m of accessible land cover for these species to persist without steep declines in persistence 

rates. Connecting habitat amount with a component of accessibility and accounting for major 

barriers to movement and survival probability brings us another step closer to including species-

specific landscape connectivity functions in landscape planning. 
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The threshold analyses for the overwintering metric generally resulted in fewer 

significant breakpoints identified, at least by the r.segmented program. Visually, obvious 

breakpoints were also difficult to distinguish for many species in both the decile and 20-bin 

quantile analyses. However, the lack of thresholds does not necessarily indicate insignificance or 

unsuitability as a connectivity metric. For a species that is well-known to thrive and require 

upland forest like the wood frog, clear relationships were visible at all three distances and both 

quantile analyses. A strong association between accessible forest and wood frog presence is 

therefore reasonably present even with the lack of a defined breakpoint at which presence 

declines more steeply. For the two hylid species, near 100 percent presence occurs when sites 

have overwintering habitat values of over 6,160. Visually, such a plateau would indicate a 

threshold, and a significant one at that, but the exact placements of the significant breakpoint by 

the r.segmented program (2,308) was much lower for the spring peeper due to a local maxima. 

The overwintering metric was slightly different from the others in that each accessible 

cell was scaled based on the remaining energy an anuran would have after reaching it. For the 

other connectivity and landscape metrics, such a scaling did not occur, so this should be 

considered when interpreting not only the metric results, but the thresholds relationships. It also 

distinguishes it from the ForWet landscape composition metrics to a greater extent by providing 

some additional context about accessible forest proximity. Unfortunately, this scaling could also 

introduce some difficulties in that two or more different scenarios could be true for a single 

overwintering metric value. When it comes to interpreting any potential threshold values 

associated with overwintering habitat using this metric, therefore, this could involuntarily lead to 

unintended outcomes for habitat management. It is therefore important to consider all 

connectivity and landscape metrics and thresholds in habitat management so that all components 

of anuran life history are considered. 

Although a few significant thresholds were also identified for the dispersal metrics, these 

were the least well defined visually among all of the metrics. Many local maxima and minima in 

the 13 quantiles likely contributed to some debatable breakpoints being identified by the 

r.segmented program. Reasons for why the juvenile dispersal metrics ended up with less smooth 

relationships compared to the other variables is subject to some discussion. Since the dispersal 

metric only allowed for a total of 13 possible values, corresponding to how many directions 
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contained accessible marsh habitat (including 0), there was less of an opportunity for smoothing 

to take place, unlike in the other metrics which had a greater range of possible values. For this 

same reason, 20-bin quantiles could not be created or tested because there was a maximum of 13 

possible values. Furthermore, this characteristic of the metric did not allow for the equal 

distribution of data points across each quantile, and for this reason the dispersal metric could not 

be said to have been processed as a quantile analysis at all. The consequence of this unequal 

distribution is that some dispersal values had very few sites associated with them, while other 

had more than 50. In the case of the 5000m dispersal metrics, several dispersal value categories 

had 0 sites associated with them, leading to some visual and statistical anomalies. 

The juvenile dispersal metric was also the most experimental of the three connectivity 

metrics and so was subject to the greatest degree of uncertainty, contributing to its overall weak 

performance for many species in the GAM analyses in Section 0 and in the threshold analyses 

performed here. Refinements of this metric in ways that are discussed in Section 5.4.2.1, 

including increasing the number of wedges (i.e. movement directions) would likely be beneficial 

for both habitat association and thresholds analyses performed in the future. This metric is also 

among the most important to continue developing as it is the only one that attempts to take into 

account the selection of non-optimal land covers during movement and auto-correlated 

movement (see Unnithan Kumar et al., 2022). Most resistance-based connectivity analyses fail in 

this one crucial component, oftentimes outputting <optimal= movement routes that anurans 

would be unlikely to discover and utilize according to their movement behaviours, which can 

lead to concentrations of necessary habitat in a small radial width. For anurans which are known 

to disperse in all directions from a breeding pond and frequently travel across hostile land covers, 

this can result in mass mortality of newly transformed juveniles whose survival is crucial for the 

distribution of genetic diversity and replenishment of depleted populations in other habitats. 

With these dynamics in mind and the results presented in this research, it is likely that 

there are many examples of wetlands in the Ontario region where the necessary amounts of 

forest or vegetated habitat are present within a certain distance from an anuran breeding wetland 

but are present in such an orientation that long-term presence is compromised. Petrovan and 

Schmidt (2019) have previously noted that amphibian juveniles and their crucial role in 

population integrity through dispersal is neglected not only in the policy realm, but also in the 
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academic literature and research. The consideration of the role of habitat distribution is one that 

needs to be critically examined, modelled, and applied to conservation practices if vulnerable 

terrestrial organisms whose movement dynamics are threatened are to be protected in the long-

term. Although relatively simple in its application of directionality, my dispersal metric does 

allow for the rudimentary identification of breakpoints in the presence/absence relationship and 

the communication of tangible targets for habitat orientation in the landscape. 

The research presented in this chapter demonstrated that ecological thresholds for anuran 

species in Southern Ontario are common across various types and scales of habitat and 

connectivity metrics. The widespread presence of these breakpoints suggests that on spatial 

scales ranging from 500m to 5000m from breeding pond edge, anuran species exhibit varying 

levels of threshold-type responses to changes in habitat composition and connectivity. The 

identification of these thresholds, particularly for metrics that were previously identified as 

explaining notable amounts of variance in species presence/absence relationships, has important 

implications for species habitat management and regulatory planning in Ontario. Current wetland 

regulations are focused on preserving small buffers of natural greenspace in the wetlands9 

immediate radius. The relationships demonstrated here show widespread and significant 

relationships on much wider scales, meaning that conservation planning should consider a wider 

landscape context for a group of species that demonstrate frequent and long-range movement. 

Furthermore, many significant thresholds were identified for connectivity metrics which aimed 

to incorporate components of habitat distribution and arrangement, which can provide a more 

meaningful basis for habitat management in fragmented landscapes. 

Nevertheless, caution must be taken when interpreting these critical breakpoints by 

confirming relationships visually and understanding the underlying spatio-temporal and 

analytical scale of the analysis. By continuing to explore and refine our understanding of 

ecological thresholds with regards to anuran species, we can develop ecologically meaningful 

conservation targets that address the complex and heterogeneous habitat needs of these often-

overlooked species. As important indicators of ecological health and users of both aquatic and 

terrestrial habitats, anurans can be used as a blanket target species for protection, and if their 
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habitat is adequately protected for long-term persistence, a similar long-term protection can be 

simultaneously achieved for a wide range of other species. 

Bird Studies Canada (2008). Marsh Monitoring Program Participant9s Handbook for Surveying 

Carrier‐Belleau, C., Pascal, L., Nozais, C., & Archambault, P. (2022). Tipping points and 

3
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habitat loss for two vernal pool‐breeding amphibians.

uggett, A. J. (2005). The concept and utility of 8ecological thresholds9 in biodiversity 

Sawatzky, M. E., & Fahrig, L. (2019). Wetland buffers are no substitute for landscape‐scale 
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7.0 Conclusion 

In the face of the ongoing desire to improve, expand, and densify human infrastructure, 

considerations for ecological connectivity are typically secondary in nature. This is neither 

surprising nor insidious, as our social systems strive to improve the conditions and standards of 

living for our own species. In the urban and suburban context, areas are planned with primary 

objectives such as transportation connectivity, housing, and economic optimization in mind. 

Existing regulatory minimums 3 including those related to natural heritage 3 are generally 

treated as barriers to those primary objectives and are implemented in a piecemeal fashion, 

making it challenging for regional or larger scale objectives of landscape connectivity to be 

achieved (Schulte-Hostedde et al., 2007). Consequently, if ecological considerations such as 

connectivity are finally confronted, they are challenging to address. In most cases, landscape 

matrices cannot be restored to their previous permeability once human infrastructure is already in 

place. Wildlife corridor networks, when prioritized and properly crafted with science-based 

ecological thresholds in mind, can provide effective movement networks, and habitat for 

foraging, breeding, and overwintering. The benefits of a robust natural corridor network extend 

in many ways to adjacent human systems as well by providing ecosystem services that contribute 

to positive social, economic, and health outcomes. In this concluding chapter, I will summarize 

the implications of the previous sections and discuss the benefits to human system outcomes of 

implementing science-based ecological thresholds for anuran habitat.

Anurans were selected as a study species due to their potential for consideration as an 

umbrella species for conservation and the availability of a spatially and temporally robust 

monitoring dataset. In section 3.0, I determined that a minimum of 3 years of acoustic data is 

required to reliably determine presence for anuran species in Ontario. I applied this result to craft 

a series of habitat composition and connectivity metrics, detailed in Sections 4.0 and 5.0, which 

were tested for performance in predicting individual species occupancy, and identified landscape 

characteristics of importance for Ontario anuran species. In Section 6.0, I identified significant 

breakpoints in the relationships between individual anuran species presence and the habitat and 

connectivity metrics. The ecological thresholds identified generally point to a corridor network 

that has large core areas, permeable, low-mortality-risk movement corridors in many directions 

from source breeding wetlands, and accessibility between woodlands and wetlands. In general, 
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these characteristics are consistent with the requirements for other species groups. While the 

exact arrangement and quality of habitat can vary according to geographical and species context, 

the implementation of these characteristics would generally result in more vegetated land covers 

(whether natural or agricultural).

With a robust and connected wildlife corridor network in place, human land uses would 

need to be concentrated in the remaining areas, catalyzing a number of planning approaches with 

a suite of resulting economic benefits. An urban matrix with a greater focus on density and 

concentration of development around wildlife connectivity networks could likely contribute to 

lowered costs for infrastructure construction and maintenance (Burchell et al., 1998; Savitch, 

2003; Trubka et al., 2010). With wildlife corridors restricting unnecessary sprawl, naturally 

forming human corridors would be more likely to emerge, which favours high quality, high 

frequency, and functional public transit opportunities (Dagonzo, 2010; Trubka et al., 2010). By 

maintaining accessible and functional connections between habitats, wildlife is also less likely to 

be forced into negative interactions with urban areas (Soulsbury and White, 2015). 

Evidence of increased health benefits and outcomes for humans in areas with higher 

natural land cover is also widespread and far-reaching. By maintaining the natural land covers 

necessary to facilitate a robust and ecologically connected landscape, individuals have a greater 

opportunity of interacting with, being exposed to, and benefitting from the many direct and 

indirect effects of adjacent natural spaces (James et al., 2015; Van den Bosch and Sang, 2017). 

From a biophysical perspective, adjacent natural spaces perform a number of valuable ecosystem 

services including thermal regulation and air quality 

purification . Negative outcomes from urban heat island 

effects and air pollution, if unaddressed or inadequately addressed. include higher mortality rates, 

health degradation, and lower education outcomes stemming from compromised development in 

children (Clifford et al., 2016). The cost to address these issues once they are prevalent in any 

given society are high and can restrict the availability of funds to other policies that can improve 

quality of life (Landrigan and Fuller, 2015). If robust wildlife corridors are identified and 

retained before intensive development takes place, the associated natural land covers can be well 

worth the opportunity costs of not developing them. 
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From the policy standpoint, setting aside the necessary natural land covers in strategic 

places to preserve wildlife corridors can have secondary benefits by contributing to fulfilling 

commitments related to pollutant control, greenhouse gas reductions, and biodiversity protection. 

Greenspaces, particularly those that are well established and have a strong native plant 

composition, can contribute to enhancing and improving stormwater retention systems by 

filtering out pollutants ( . Other hydrological 

processes that planners and policy makers consistently consider when development takes place 

include flooding and groundwater recharge. Both of these processes can be concurrently 

addressed by the same natural land covers that are providing connectivity for wildlife 

( . From a biodiversity standpoint, many levels of 

government have objectives regarding the protection and recovery of species at risk. 

Unsurprisingly, many such species in Ontario are at risk from urban expansion-induced mortality 

and habitat loss (Gunson et al., 2016). Reserving natural land cover to meet the minimum habitat 

requirements for an umbrella group of species such as anurans can strategically address the 

recovery of many at risk species which have been threatened by the encroachment of hostile land 

uses and sprawling road networks. 

In the Southern Ontario context, natural land cover has long been absent from much of 

the landscape, replaced in large part with agriculture. From the anuran perspective, relatively 

isolated wetlands 3 given adequate size and quality 3 can facilitate strong populations, 

suggesting that agricultural land can be suitable for long3range movement and dispersal 

processes (Koumaris and Fahrig, 2016). Indeed, when grouping forest, wetland, and agricultural 

land use together, strong associations with anuran presence were demonstrated in this research 

(See Section 5.3.2). Furthermore, the landscape composition metrics which included agricultural 

land exhibited some of the strongest threshold-like relationships among all connectivity and land 

use metrics (See Section 6.3). Unfortunately, agricultural land is generally disregarded in the 

literature and in planning as a valuable land cover for terrestrial wildlife populations and is 

usually the first land use to be converted to more intensive urban land covers with little 

consideration of how, or if, it can facilitate movement of anurans (or other wildlife) from one 

habitat patch to another (Clucas et al., 2018). Agricultural areas are also characterized by lower 

road density, lower traffic volumes, and reduced noise and light pollution. As such, there needs to 
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be a re-evaluation of the role of agricultural land in mapping, implementing, and maintaining 

landscape connectivity for wildlife (Kremen and Merenlender, 2018). 

Ontario is a province rich in natural spaces but is challenged to continue its expansion of 

urban spaces as its population increases. With fragmentation and habitat loss one of the greatest 

threats to wildlife in this landscape, maintaining and planning for landscape connectivity is 

critical. From a regional planning perspective, there are long-standing efforts to identify, protect, 

and steward the remaining forests, wetlands, and other natural habitats scattered across Southern 

Ontario. Many large municipalities and regional authorities have identified natural heritage 

systems in their jurisdictions. Protection for these systems varies to some extent but in general 

restricts development in significant woodlands, wetlands, and watercourses. This in itself 

contributes to some extent to maintaining remnant wildlife habitat and the connections between 

them, though thresholds related to habitat and connectivity are largely absent from planning 

guidelines and poorly represented in literature. The landscape composition and habitat 

connectivity thresholds identified in this thesis can contribute to an increased understanding of 

how much, what kind, and in what orientation, habitat for anurans is required for stable 

persistence in landscapes slated for imminent alteration. 

Our approach to understanding wildlife habitat connectivity on a regional scale needs 

improvement, and more importantly, requires an incentive for improvement. The lure of low-cost 

greenfield areas for development has proliferated sprawl in Ontario and elsewhere, and increased 

pressure on wildlife through habitat loss, increased matrix impermeability, and higher road 

mortality. There is, however, a financial and societal case for exercising restraint and reserving 

land for wildlife corridors. A robust wildlife corridor network built around data-driven ecological 

minimums can have long-term and wide-reaching positive impacts on society and individuals, 

with minimal cost for maintenance or stewardship. This thesis aimed to garner a greater 

understanding of what constitutes a reasonably connected landscape for an umbrella group of 

species whose effective long-term conservation can indirectly protect a wider range of wildlife 

threatened by habitat loss and land alteration pressures. By applying these minimum habitat 

requirements earlier on in the expansion and development process can encourage planning 

bodies to produce a denser, more efficient, and more equitable landscape for both humans and 

the wildlife populations living alongside them. 
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Table 1: Generalized Additive Results for Green Frog
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Table 2: Generalized Additive Model Results for Wood Frog
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Table 3: Generalized Additive Model Results for Leopard Frog
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Table 4: Generalized Additive Model Results for American Toad
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Table 5: Generalized Additive Model Results for Spring Peeper
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Table 6: Generalized Additive Model Results for Gray Treefrog
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9.2 Appendix B – Piecewise Regression Results



Figure 1: Deciles for Surv_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, and 
F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence.  
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Figure 2: Deciles for Surv_2500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, and 
F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 3: Deciles for Surv_5000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, and 
F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 4: Deciles for Overwinter_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 5: Deciles for Overwinter_1000 for A) Green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 6: Deciles for Overwinter_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 7: Deciles for ForWet_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, and 
F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 8: Deciles for ForWet_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 9: Deciles for ForWet_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 10: Deciles for Urban_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, and 
F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 11: Deciles for Urban_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 12: Deciles for Urban_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 13: Deciles for NatAgri_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 14: Deciles for NatAgri_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 15: Deciles for Urban_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring peeper, 
and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented piecewise 
regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed presence. 
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Figure 16: Quantiles (n=13) for Disp_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 

229



Figure 17: Quantiles (n=13) for Disp_2500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 18: Quantiles (n=13) for Disp_5000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 19: Quantile (n=20) for Surv_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 20: Quantiles (n=20) for Surv_2500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 21: Quantiles (n=20) for Surv_5000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 22: Quantiles (n=20) for Overwinter_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) 
spring peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 23: Quantiles (n=20) for Overwinter_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) 
spring peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 24: Quantiles (n=20) for Overwinter_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) 
spring peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 25: Quantiles (n=20) for ForWet_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 26: Quantiles (n=20) for ForWet_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 27: Quantiles (n=20) for ForWet_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 28: Quantiles (n=20) for Urban_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 29: Quantiles (n=20) for Urban_1000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 30: Quantiles (n=20) for Urban_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 31: Quantiles (n=20) for NatAgri_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 32: Quantiles (n-20) for NatAgri_500 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) spring 
peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence. 
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Figure 33: Quantiles (n=20) for NatAgri_3000 for A) green frog, B) wood frog, C) Northern leopard frog, D) American toad, E) 
spring peeper, and F) gray treefrog. Dashed red lines indicate the location of non-significant breakpoints identified by the r.segmented 
piecewise regression. Bold red lines indicate the location of significant breakpoints. Y-axis is the proportion of sites with confirmed 
presence.
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