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ABSTRACT 

Road fragmentation is a concern for species survival within and adjacent to 
protected areas in the Rocky Mountains of North America. The "barrier-effect" of 
roads was examined for the Trans-Canada Highway (TCH) and 1A Highway in 
Banff National Park (BNP), and the Highway 40 and Smith Dorrien Trail in 
Kananaskis Country, Alberta. Thirteen terrestrial species (carnivores and prey) 
were studied in tandem, during three winter seasons (1997/98 to 1999/2000). 
Habitat preference ratios were examined for each species by a number of temporal 
and spatial scales. Species interactions by biophysical attributes were examined 
using correlation statistics. A decision support system was used to select the best 
focal species, based on how selective each species was for six biophysical 
attributes (slope, aspect, distance to roads, distance to cross-drainages, 
toposhape). The Idrisi GIs and Dempster-Shafer logic were used to identify 
potential linkage zones across all study roads for a set of focal species. The final 
probability surfaces were verified against observed species data and across guilds, 
to determine the level of cross species representation in the focal models. Traffic 
volume on the Trans-Canada Highway in BNP significantly reduces the permeability 
of the landscape for the entire wildlife community. Traffic volume in excess of 300 
vehicles per day may be a threshold to permeability. Correlated species clustered 
into micro-, meso- and macro-carnivore guilds and their respective prey species. 
These clusters were most evident by the attribute aspect. Significant correlations 
varied by the temporal and spatial scale of analysis. The most selective species in 
each guild was marten, lynx and wolf, respectively and these species were used to 
develop linkage zone models (based on probabilities) for the region. The 
verification found that models predict best intra-guild and for relevant prey 
species, versus inter-guild. The model predictive capability was best for wolves, 
then lynx, and finally marten. This suggests there may be GIs resolution-
dependent effects on habitat prediction. A cross-comparison of probability surfaces 
showed that linkages that encompass all three guilds are few and dispersed. 
Thus, species- or guild-specific mitigation efforts on roads are necessary to 
maintain functional habitat connectivity. 
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1.0 CHAPTER ONE: INTRODUCTION 

Road, rail, power and telecommunication networks create a grid upon 

landscapes commensurate to the extent of human endeavour. These networks are 

vital to our economy and provide a means to expand the human experience and 

convenience. Associated with these "benefits" is the ecological cost of habitat 

fragmentation, which occurs when contiguous patches of habitat are divided into 

smaller, isolated units (Andren 1994). Most wildlife species have evolved resilience 

to the extent that they can endure ecological change caused by natural 

fragmentation (e.g. floods, rockslides, rivers) (Weaver et a/. 1996). However, 

human fragmentation tends to occur with an intensity and extent unprecedented in 

natural systems, and some species fail to persist when confronted with this human 

disturbance. 

Of the previously listed corridors, roads carrying traffic may have the greatest 

cumulative disturbance effect. In addition to habitat loss and isolation, vehicular 

traffic can kill animals that attempt to cross between isolated habitats, and may 

cause others to avoid crossing roads for fear of detection. In ecology this 

phenomena is termed "the barrier effect" (Noss and Csuti 1997). The barrier effect 

can alter animal community composition, create meta-populations, reduce biological 

diversity and increase the threat of extinction (Trombulak and Frissell 2000, 

Spellerberg 1998, Forrnan and Alexander 1998, Bascompte and Sole 1996, Reed et 
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a/.1996, McNally and Bennett 1996, Oehler and Litvaitis 1995, Hobbs 1993, Ims et. 

al1993, Stamps et a/. 1987, Wilcox and Murphy 1985, Diamond 1975). Despite the 

previous understanding, studies of road-related barrier effects are scant 

(Trombulak and Frissel2000, Forman and Alexander 1998). 

In recent years, "road ecology" has become more prominent in ecological 

investigation, as shown by conferences such as the International Conference on 

Wildlife Ecology and Transportation (Evink 1999) and the "Roads and Rails" 

workshop series (Columbia Mountain Institute of Applied Ecology 1997). Mitigating 

wildlife mortality on roads has been one focus of previous study, as roadkill can 

pose a serious threat to species with small populations or low resilience. Low 

resilience results from life history traits, which include, among others, late age of 

first reproduction, low reproductive rate, and low fecundity (Weaver eta/.1 996). For 

example, a species that cannot reproduce rapidly enough to offset road mortality will 

suffer population decline. Over time and across space, such adecline couldforce a 

population into extinction. Road fragmentation has been identified as an extinction 

concern for carnivores in and adjacent to protected areas in the Rocky Mountains 

(Noss eta/.1996). Specifically, roadkill has been noted as one of the largest known 

sources of mortality for wolves within and outside of protected areas of the 

Canadian Rockies (Noss et a/. 1996, Banff-Bow Valley Study 1996). 

The creation of linkages between isolated patches of habitat is one method 

for improving biotic exchange across barriers (Forrnan and Alexander 1998, Swart 

and Laws 1996, Fahrig and Merriam 1995). Minta and Kareiva (1994) identified a 

need to measure systematically the patterns of movement among habitat patches 
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such that processes governing local extinction and colonization might be quantified. 

In addition, Tieboult and Anderson (1997) emphasized the need to document 

natural levels of intrinsic connectivity, to quantify anthropogenic disruption of natural 

connectivity and to describe species-specific mechanisms of inter-patch dispersal. 

Doak and Mills (1994) suggested that these types of studies are needed to better 

understand metapopulation persistence. In the present study region (described in 

Chapter 3) few sources of empirical data document multiple-species crossing 

behaviour prior to mitigation, the effects of traffic on wildlife movement or the spatial 

design requisites for linkages. The present research was designed to address 

these deficiencies in knowledge and understanding of landscape connectivity for 

multiple species. 

Moreover, regional mitigation efforts have focused on mega-fauna (e.g. elk 

and grizzly bear). Little attention has been paid to smaller species, such as marten 

(Martes americanus), which are a designated indicator species in the US National 

Forest System and a species whose persistence is a concern in some US regions 

(Buskirk and Ruggiero 1994). Recent publications have emphasized the need to 

address species-specific and scale-dependent effects of habitat fragmentation 

(Debinski and Holt 2000, Tieboult and Anderson 1997, Doak and Mills 1994, Minta 

and Kareiva 1994). The multi-species scope of the present research addresses 

both scale- and species-dependent effects. 

This dissertation makes several important and unique contributions, as 

outlined below. 

1. The research examines how traffic volume affects landscape permeability 
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at a community level, contributing to the disciplines of landscape, 

community and road ecology. 

2. 	 The multi-species scope of the research is unique because it applies a 

consistent methodology simultaneously to a community of species, over 

an extensive area and during three consecutive years. Moreover, 

community ecology studies have relied often on "meta-analytical" 

techniques, using databases that differ in time, place and method of 

collection. As a result, the database created in this study is unique. 

3. 	 The method of calculating permeability with track density ratios is a 

unique approach to the study of the barrier effect, advancing spatial 

analytical methods in ecology and geography. The methods employed 

herein have been subsequently adopted in new road-research efforts 

(e.g. Singleton and Lehmkuhl 1999 and Smith 1999). 

4. 	 The study design allows for inference about the efficacy of using single- 

species in ecosystem planning, contributing to the science of resource 

management and conservation biology. The single-species paradigm 

has been identified as an area in need of empirical testing (Carroll et a/. 

2000, Banff-Bow Valley Study 1996). 

5. 	 The ldrisi Geographic Information System (GIs) (Idrisi 32, Clark Labs 

1999) was used to determine landscape variables that define movement 

requisites of the study species. GIs analysis and visualization techniques 

provided further details on the spatial extent and placement requisites of 



highway crossings structures. 

6. 	 The modelling effort presented in this paper is unique. This work 

provides an original application of Bayesian inference to determine 

optimal road crossing sites (i.e. linkage zones across highways), 

generates additional working hypotheses about the efficacy of wolves 

and lynx as focal species, and creates a platform for the integration of 

spatial wildlife data in highway planning. 

7. 	The quantitative and qualitative GIs techniques used herein are novel to 

the road barrier problem, and have thus advanced spatial analysis. 

1.1 Chapter One Summary 

This chapter introduced the dissertation rationale and topics. Individual 

subjects are discussed in more detail in Chapter Two, including habitat 

fragmentation, landscape ecology, the biological implications of fragmentation, road 

fragmentation effects, wildlife movement corridors, species-based approaches, and 

the problem of scale in ecology. Study area, objectives and hypotheses are 

detailed in Chapter Three. Methodology is presented in Chapter Four and results 

are summarized in Chapter Five. A discussion of results and conclusions follows in 

Chapter Six and Chapter Seven, respectively. The reference section (Chapter 8) 

and appendices are presented at the end of the dissertation. 



2.0 CHAPTER TWO: SUPPORTING LITERATURE 

The following section summarizes the background literature. To begin, the 

basic concepts of habitat fragmentation are explained. The evolution of ideas that 

culminated in the study of fragmentation effects is traced from Island Biogeography 

Theory (MacArthur and Wilson 1967) to Landscape Ecology and its applications 

(Applied BiogeographyILandscape Ecology, Conservation Biology). Issues 

surrounding the "re-connection" of fragmented habitats are reviewed, in addition to 

the problems of scale in ecological analysis. Finally, a summary is provided that 

details how the present research advances landscape ecology, community ecology, 

wildlife corridor management and the use of GIs in transportation planning. 

2.1 Habitat Fragmentation 

Habitat fragmentation is one of the principal causes of our conservation crisis 

(Debinski and Holt 2000, Wilcox and Murphy 1987). The process of habitat 

fragmentation is described commonly in terms of patches and matrices. A patch is 

defined formally as "a nonlinear surface area differing in appearance from its 

surroundings" (Forman and Godron 1986, pg. 83). Patches vary in "size, shape, 

heterogeneity and boundary characteristics" and typically represent "assemblages 

of species" (Forman and Godron 1986, pg. 83). 

Patch types include disturbance, remnant, environmental resource and 

introduced patches. Patches are embedded in a matrix of relatively uniform 

characteristics distinct from the patch. For example, a campsite may be a 

disturbance patch embedded within an old growth spruce forest. Conversely, a 
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matrix may be dominated by disturbance leaving the habitat patch isolated in a sea 

of hostile land (i.e. a remnant patch). Whether a matrix is hostile or not depends on 

the species of concern (see section 2.9 below). 

Humans may transport non-native species, which can colonize and then 

dominate an area, creating an introduced patch. Traffic on roads may disperse 

plants and noxious weeds (Spellerberg 1998). A forest matrix may have embedded 

within it a variety of environmental resource patches. These patches differ from the 

surrounding matrix because of certain environmental conditions. Lakes, rivers, 

bogs, sedges, peatlands and other unique geomorphological phenomena are 

examples of resource patches, each of which may have varying fragmentation 

effects on different species. For instance, a large species (e.g. such as awolf) may 

view a river as a filter between patches, whereas a small species (e.g. marten) may 

view it as an inhospitable patch or barrier to movement. 

Habitat fragmentation begins with a disturbance that creates a gap, which 

reduces the total amount of habitat and creates isolated patches (Meffe and Carrol 

1999, Andren 1984). The patch (gap) to matrix ratio is a measure of the porosity of 

the landscape (Forman and Godron 1986) - the greater the number of gaps the 

more porous the landscape. The more fragmented the habitat, the more likely the 

species will fail to thrive. This "effectn of gaps may be compounded by "edge 

effects", such as light, wind and sound penetration or increased predation by edge 

tolerant species (see examples in Debinski and Holt 2000, Keyser et a/.1998). 

Demonstrating the biological effects of habitat fragmentation is challenging 

because of the difficulty of conducting true replication and the absence of controls in 



8 

ecological research. Debinski and Holt (2000) provide a summary of fragmentation 

experiments, including the biological consequences of fragmentation and species- 

specific responses. The biological consequences of a reduction in habitat area and 

patch isolation include changes in community structure, community composition, 

competitive interactions, and predator-prey dynamics, all of which may have 

negative demographic effects (Debinski and Holt 2000, Mader et a/. 1990, 

Palomares et a/. 1996, Hobbs 1993, Stamps et a/. 1987). These demographic 

changes may be sufficient to drive vulnerable species to local or global extinction, 

depending on the scale of disturbance (Weaver et. al. 1996, Burkey 1989). For 

example, Fahrig and Merriam (1985) demonstrated that white-footed mice 

(Peromyscus leucopus) in fragmented woodlots had lower growth rates and were 

more prone to extinction than those in connected woodlots. 

An increase in edge habitat intensifies the penetration of light and sound 

(Debinski and Holt 2000, Saunders et a/. 1991, Hobbs 1993), and may decrease 

immigration and emigration rates (Forrnan and Alexander 1998, Stamps et a/. 

1987). These "edge effects" alter the composition of the community, change 

predator-prey and competitive interactions, and disrupt inter-specific interactions. 

If the edge-to-area ratio is large, non-resilient (edge-sensitive) species may not 

persist or may move out and be replaced by edge-tolerant species (Weaver et a/. 

1996, Noss 1983). The contrast between the habitat patch and external 

disturbance may decrease the likelihood of individuals or species moving across the 

matrix to alternative patches. For instance, Verbyla and Chang (1 994) found that 

deer did not cross disturbance patches greater than 100 metres in width. If a 
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species will not cross a disturbance patch or corridor, a "barrier effect" has been 

manifested. 

The barrier-effect is a fonn of edge, and may result from physical constraints 

or psychological disturbance (Stamps etal. 1987). Examples of physical barriers to 

terrestrial species are lakes, roads, or rivers, which are species-dependent in their 

effect. In the extreme case physical barriers kill animals that attempt to cross. For 

instance, traffic on roads is a physical barrier because it kills individual animals. 

Psychological factors (i.e. fear) also may cause an individual to avoid crossing such 

a patch. Adult animals that cannot leave a patch may not reproduce, resulting in 

fewer new recruits to a population. Similarly, juvenile animals that cannot disperse 

to new habitat increase the pressure on existing patch resources. This heightened 

pressure may change inter-specific and intra-specific interactions, may alter 

predation rates, and over time may result in extinction or extirpation of some 

species (Wilcox and Murphy 1986, Jackson 1998). 

In terrestrial ecosystems, the study of habitat fragmentation is an extension 

of MacArthur and Wilson's (1 967) Equilibrium Theory of Island Biogeography and 

has evolved into the ecological sub-discipline of Landscape Ecology. Landscape 

ecology is a descriptive science. For fragmentation to have an effect on population, 

it must impose negatively on population demographics. These population effects 

are the topic of Applied Landscape EcologyIBiogeography and Conservation 

Biology, where the principles of landscape ecology have been married with 

population ecology and metapopulation theory to examine population persistence 

(Minta and Kareiva 1994). The evolution of the Equilibrium Theory of Island 
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Biogeography to applied ecology and the study of terrestrial fragmentation is traced 

briefly in the following section. 

2.2 Lessons from the Equilibrium Theory of lsland Biogeography 

MacArthur and Wilson's (1967) seminal work, the Equilibrium Theory of 

lsland Biogeography proposed that the number of species inhabiting an island is a 

dynamic equilibrium between immigration and emigration. MacArthur and Wilson 

(1967) postulated that the size and isolation of an island would affect species 

richness and turnover rates at equilibrium. This theory was expressed in a single 

graph, showing combinations of size and isolation (from mainland source), and 

predicted the number of species decreasing as follows (Forrnan and Godron 1986): 

Large Island, Near > Large Island, Far - Small lsland, Near > Small lsland, Far. 

Turnover rates were also predicted at equilibrium, in decreasing order as 

follows: 

Small Island, Near > Small Island, Far - Large Island, Near >Large Island, Far. 

Brown and Lomolino (1 998, pg 382) provide a summary of the weaknesses 

of lsland Biogeography Theory, which centres on the simplistic assumptions of the 

model: 

1) Insular biotas may not be in equilibrium between opposing rates of immigration 

and extinction 

2) The model assumes that the identities and characteristics of particular species 

can be ignored 

3) Immigration and extinction are treated as independent processes 
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4) The source of island biota may not be simply identified without investigation of 

the systematics and historical distribution of the species 

5) If the insular species are derived by speciation within the island itself, then the 

assumption of immigration and extinction is violated 

6) Area provides only a very general and indirect measure of the capacity of an 

island (i.e. it does not account for heterogeneity of habitats). 

Diamond (1975) extrapolated the lessons of Island Biogeography to the 

design and management of terrestrial reserves. The application of Island 

Biogeography Theory to terrestrial ecosystems has been criticized (Beazley 1997). 

Primarily, the assumption that the island (patch) is isolated in a homogeneous, 

hostile matrix is violated in terrestrial systems. Terrestrial patches are often 

surrounded by heterogeneous habitat of mixed suitability. 

Diamond's (1975) work sparked a ten-year debate on the optimal 

configuration of patches for sustaining wildlife populations, the SLOSS (Single 

Large or Several Small) debate. The debate was reconciled by a joint publication 

between Soule and Simberloff (1986) and is now considered of historic interest. 

Scientists accept that several small reserves can contain as many species as one 

large reserve of the same area, but only at the time of reserve establishment (Brown 

and Lomolino 1998 - pg 565, Pulliam and Dunning 1997 pg - 214). That is, 

consideration must be given to population dynamics and potential extinction that 

can result as the matrix around the reserve area is modified. 

Predicting species extinction requires knowledge of the minimum viable 

population, habitat area and habitat connectivity requisites for individual species. 
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Levin's (1979) Metapopulation Theory was the first modem expression of 

connectivity in populations (Mann and Plummer 1995). His mathematical models of 

a "metapopulation" described a "set of linked populations of species, each in its own 

separate patch of habitat ...the population of which rises and falls over time" 

depending on the ability of animals to disperse between patches (Mann and 

Plummer 1995). The marriage of population ecology with metapopulation theory 

was the foundation for Population Viability Analysis (PVA), which can address such 

questions as mean time to extinction, minimum viable area, minimum viable 

populations (Smith and McDougal 1991, Soule and Simberloff 1986). In fact, PVA 

and metapopulation theory are described as the comerstone paradigm of 

conservation biology, and one of the reasons that the discipline is now accepted as 

a credible science (Beissinger and Westphal 1998, Minta and Kareiva 1994). PVA 

has evolved from deterministic demographic metapopulation models, which 

described fragmented populations as islands within a hostile sea, to spatially explicit 

metapopulation models, which consider the populations to be isolated within a 

heterogeneous matrix of habitat that imposes different levels of friction on the 

movement of species between habitat patches. 

The notion of heterogeneous matrices and their effect on animal movement 

was founded in the discipline of Landscape Ecology and is discussed in the 

following section. 
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2.3 The Study of Landscape Ecology: Integrating Matrix and Species 

Landscape Ecology focuses on the following three attributes of landscapes, 

which are summarized from Forman and Godron (1 986): 

1) "structure - the spatial relationships among the distinctive ecosystems or 

elements present - more specifically, the distribution of energy, materials, and 

species in relation to the sizes, shapes, numbers, kinds and configuration of the 

ecosystem 

2) function - the interactions among the spatial elements, that is, the flows of 

energy, materials and species among the component ecosystems 

3) change - the alteration in structure and function of the ecological mosaic." 

Landscape Ecology a descriptive science with many similarities with the 

study of metapopulations (Minta and Kareiva 1994). It has provided a common 

vernacular from which to describe spatial phenomena resulting from habitat 

fragmentation, an essential requirement for understanding landscape physiognomy 

(i.e. the configuration and shape of habitat patches), the heterogeneity of 

landscapes, and the relationships of wildlife communities to fragmented habitat. 

Minta and Kareiva (1994) argue landscape ecology is predominantly qualitative, and 

thus, significantly different from the mathematical, empirically tested science of 

metapopulations (Minta and Kareiva 1994). 

Landscape Ecology provides spatial metrics useful for judging the level of 

connectivity in a given habitat. Examples of the metrics used to evaluate the 

biological consequences of fragmentation include, number of patches, patch size, 
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patch shape, patch configuration, edge effect, areafperimeter ratio, distance 

between patches, habitat porosity, and habitat connectivity (Forrnan and Godron 

1986). These metrics are also important in the discipline of Geographic Information 

Science (Goodchild 1992). 

This dissertation examines how road fragmentation alters the structural and 

functional connectivity of the landscape. Traffic on roads creates a "distance" 

between useful habitat patches. This distance is not equivalent to the physical 

width of the road surface, but a measure of the traffic volume on the road. The 

distance, perceived (i.e. fear of exposure) or real (i.e. mortality), is a barrier effect 

that alters wildlife movement and can reduce the connectivity of the landscape. The 

barrier-effect created by traffic may be expressed as the road crossing frequency 

(i.e. the flow) of each species, compared to its relative potential crossing frequency. 

Alternatively, this may be termed "landscape permeability1'. 

2.4 Road Fragmentation: When habitat and disturbance corridors collide 

In this dissertation, the focus is on environmental resource (wildlife 

movement) and disturbance corridors (roads), specifically the interface between the 

two. A number of key literature reviews have summarized research on road- 

related, ecological disturbance effects, including Trombulak and Firissell (2000), 

Jackson (1 999), Spellerberg (1998), Forman and Alexander (1 998), De Santo and 

Smith (1993), Bennett (1991) and Andrews (1990). The Proceedings of the 

International Conferences on Wildlife Ecology and Transportation, ICOWET, (Evink 

1998,1999) offer examples of recent advances. Research trends have focused on 
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mortality, pollution/contamination effects, and mitigation. In tum, these 

investigations have focused on mammals, birds and amphibians. Although small 

mammals have been the focus of most fragmentation experiments, large mammals 

have received the greatest attention in road studies. This is likely because the 

consequence of vehicle mortality is more detectable for megafauna. That is, large 

carcasses are more obvious on roadways, as is vehicular damage and human injury 

caused by the impact. The most recent research shows a general change in 

emphasis from ungulates to include more carnivores (e.g. grizzly, black bear, 

wolverine, wolf, and lynx). 

Mitigation design and spatial trends in mortality remain at the forefront of 

road fragmentation studies. Mitigation effectiveness, the barrier-effect and 

placement requisites remain little studied (Spellerberg 1998, Forrnan and Alexander 

1998). Community studies that address barrier effects, movement requisites of 

multi-species are rare or non-existent, with the exception of the present study. The 

use of GIs has featured prominently in the recent Proceedings of ICOWET (Evink 

1998, 1999) and non-spatial decision support systems have become focal in the 

latter year (Alexander 1999, Smith 1999, Maurer 1999). 

2.5 Roads as Barriers to Wildlife Movement 

With specific reference to terrestrial wildlife, Jackson (1999) notes habitat 

loss, degradation of habitat quality (e.g. pollution), habitat fragmentation, road 

avoidance, increased human exploitation, road mortality, reduced access to vital 

resources, population fragmentation, and disruption of ecological processes that 
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maintain populations, as the nine key disturbance effects of roads. Other authors 

concur, listing similar terrestrial and aquatic road-effects (Trombulak and Frissel 

2000, Spellerberg 1998, Forman and Alexander 1998). Of the previous list 

(Jackson 1999), road avoidance, road mortality, reduced access and population 

fragmentation are integral components of the barrier effect, the consequence of 

which is the disruption of ecological processes, such as migration and dispersal. 

Decreases in migration and dispersal show demographic consequences (Trombulak 

and Frissell2000, Jackson 1999, Spellerberg 1998, Forman and Alexander 1999, 

Bascompte and Sole 1996, Reed eta/.1996, McNally and Bennett 1996, Swart and 

Lawes 1996, Oehler and Litvaitis 1995, Hobbs 1993, Ims et. al 1993, Stamps et a/. 

1 987). 

However, proving a demographic effect in wildlife populations is challenging 

as complete population profiles are rare and inferences drawn using meta- 

population and PVA models may be fraught with uncertainty (Beissinger and 

Westphal 1998, Ludwig 1999). These limitations highlight the need to improve 

models with empirical data, which, among other metrics, includes assessing the 

permeability of landscapes relative to each species at the interface of roads and 

habitat corridors (Doak and Mills 1994, Minta and Kareiva 1994). For many 

species, inferences on demographic effects of decreased landscape permeability 

will remain imperfect - research money is scarce, making saturation studies (i.e. 

tagging all members of a population) difficult to conduct. 



2.6 GIs  Applications in Mitigating Road Effects 

Habitat modelling has been advanced by the advent of Geographic 

Information Systems (GIs), which greatly increase the scale, complexity and 

precision of analysis. GIs is an excellent medium for predicting patterns of 

biological diversity, identifying areas of conservation significance and assessing the 

habitat potential of unstudied sites (Lenton etal. 2000). In the study area, studies 

have applied GIs in defining habitat selection by wildlife (e.g. Paquet 1993, 

Alexander and Waters 2000, Gibeau 1999). Relatively few have examined the 

spatial attributes of road crossing sites (Alexander 1999, Singleton 1999). Beyond 

the present research, no studies have examined multi-species interactions by 

biophysical attributes or predicted spatial linkages at a community level. 

GIs analysis has been used to identify mortality hotspots in determining 

placement of highway mitigation. However, mortality hotspots have never been 

demonstrated to reflect crossing preferences. They simply measure mortality, not 

crossing attempts. Intuitively, these sites may reflect road alignment or curvature 

effects, rather than animal preferences. These road features may increase the 

likelihood of vehicle-wildlife collision and give the illusion that more animals cross in 

these sites. 

Modelling the spatial requisites of movement corridors can ameliorate the 

barrier effect, by confirming mitigation sites that have a high probability of selection 

for use by wildlife. Jackson (1 999) summarizes the types of mitigation popularly 

employed including modified drainage culverts, wildlifeldrainage culverts, upland 

culverts, oversize stream culverts, expanded bridges, viaducts, wildlife 
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underpasses, wildlife overpasses and fencing. Efficacy studies have demonstrated 

that species tolerances to structural design are highly variable (Jackson 1999). 

Expanded bridges (open spans), viaducts, and wildlife overpasses appear to be the 

most effective across communities in the Rocky Mountains of Banff National Park 

(Alexander 1999). Placement of mitigation is argued as the most important 

component of mitigation success, followed by mitigation design. Jackson (1999 and 

all included references) lists the following efficacy criteria: size and openness, 

placement, human disturbance, substrate, vegetation cover, moisture, hydrology, 

temperature and light. 

Barrier effects and mitigation efficacy likely will vary by species (Trombulak 

and Frissell2000). For terrestrial mammals, GIs analysis helps identify the spatial 

attributes likely to be suitable for movement corridors for individual species, guilds 

or community assemblages of species. Behavioural studies will be required to 

address species' tolerances to disturbances such as noise and light and are not the 

topic of this dissertation. 

2.7 Restoring Connectivity In Road Fragmented Habitat 

The establishment of wildlife corridors is one method to restore connectivity 

across road barriers. Tischendorf and Fahrig (2000) caution that connectivity exists 

only when both structural and functional attributes are present in the landscape. It 

is possible to have corridors designated in a landscape, which are used only by a 

subset of species in a community. For example, if the measure of corridor efficacy 

is ecological integrity (i.e. intact community pattern and process), and only a subset 



19 

of species use a crossing structure, then structural connectivity has been achieved 

but functional connectivity has not. 

Forman and Godron (1986) contend that many wildlife species move 

through landscapes uniformly along defineable corridors. Forage selection, cover 

quality and ease of movement are some elements that define these corridors. In 

the case of dispersal, migration and foraging a homogeneous corridor allows for 

continuous movement. Barriers, such as roads, disrupt this continuum. The 

restoration of connectivity in landscapes using corridors is an ongoing topic of 

debate (see Simberloff and Cox 1987, Noss 1987). The "corridor connectivity 

debate" is summarized by Mann and Plummer (1 995). 

Theoretical arguments against connectivity centre on the potential for 

immigration of disease, predators, and exotic species, in addition to the potential 

homogenization of metapopulations (Mann and Plummer 1995). Admittedly, these 

are concerns, however corridors have never been proposed to link landscapes not 

previously connected. Many scientists contend that the known importance of 

dispersal to population persistence makes it more ecologically sensible to maintain 

connectivity (Mann and Plummer 1995). Moreover, arguments that corridor studies 

are not useful because they lack empirical basis are unfounded (see Beier and 

Noss 1998). Beier and Noss (1998) reviewed published studies that empirically 

addressed the question of corridor efficacy. In general, they found evidence that 

supports the utility of corridors for conserving animals. Although some studies had 

design limitations, Beier and Noss (1 998) found that 12studies allowed inferences 

of conservation value and no study demonstrated a negative impact of corridors. 



20 

The arguments against connectivity are not relevant with respect to the 

current study of road-fragmented environments. The present scale of analysis is 

such that proposed mitigation will be aimed at restoring historical connectivity that 

was severed by roads. Moreover, the potential for introduction of exotics likely is 

greater on the roads that bisect regional habitat than via the conduits used to 

reconnect adjacent patches (see Spellerberg 1998 for examples). 

Crucial to the success of mitigation corridors is their dimension, vegetative 

structure and placement (see Jackson 1999, Mann and Plummer 1995, 

Lindenmeyer 1992, Saunders and Hobbs 1991, Noss 1987). Because systems are 

dynamic, some latitude must be offered to the various species in the landscape. 

Tieboult and Anderson (1 997) argued for the consideration of patch geometry in 

corridor design, such that species that depend on patches at various stages of 

succession may disperse and persist. Tieboult and Anderson (1997) expressed 

concern that the current "corridor model", in which two habitats are linked by their 

predominant habitat type, does not hold across all species. Moreover, they 

suggested that this static approach to corridor planning may result in species loss. 

These arguments echo those of Holling (1992), Noss (1990), Lambeck 

(1997) and others, who proposed that habitat fragmentation and ecosystem 

management be considerate of the scale. Most notably, Holling (1992) contended 

that species experience fragmentation effects differently depending upon their 

perceptual scale, which correlates with morphology. Factors that influence a 

species' vulnerability to barrier effects are examined in the following section. The 

problem of scale in ecology is addressed later in this chapter. 
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To mitigate the effect of road disturbance it is essential to know the 

movement requisites (habitat needs) of the community of species that occur where 

these transportation and wildlife corridors collide. Habitat selectivity is detailed in 

the next section. 

2.8 Habitat Selection: Spatial Attributes That Define Movement Corridors 

Habitat is defined as "the complex of physical variables on the range in which 

the species exists" (Peek 1986). Habitat modelling is predicated on the assumption 

that wildlife "select", "prefer", or "avoid" specific habitat attributes (e.g. they may 

select closed vegetation for security or avoid roads). The selection of habitat may 

be inferred by examining use versus the availability of habitat. 

Peek (1 986) identified "ultimate factors" and "proximate factors" as two facets 

of habitat selection. Ultimate factors include food, cover or shelter from enemies 

and adverse weather, nesting or denning sites, and inter-specific competition. 

Proximate factors may include stimuli of landscape, terrain, and competitors (Peek 

1986). 

To exemplify metrics that define habitat selection, wolves are used as an 

entry point in this literature review. In a multi-species environment, preferences 

must be explored for individual species. Alternatively, the interactions between 

species may be investigated to determine the degree to which a given focal species 

may act as a surrogate for others. In this dissertation, relationships to habitat 

metrics and the spatial interaction of species are investigated for each study 
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species. This analysis simultaneously allowed inference on which species is the 

"best surrogate species." 

Habitat selection by wolves is described as "a complex interaction of 

physiography, security from harassment, positive reinforcement (e.g. easily obtained 

food), population density, available choice, and distribution theory" (Carroll et a/. 

2000). Suitability criteria for wolves are discussed below, under broad classes of 

ultimate, proximate and anthropogenic factors. In this instance, anthropogenic 

factors are considered an independent class. Human disturbance could be 

considered an ultimate or proximate factor, depending upon the specific effect. The 

rationale for use of each criterion and spatial data required to represent each 

criterion also are detailed below. 

2.8.1 Ultimate Factors 

2.8.1.1 Prey Density 

Ungulate biomass and/or density, and ungulate species diversity is correlated 

with wolf density (Carroll et a/. 2000, Messier 1994, Peek 1986). For example, 

wolves and elk in the Banff area showed a 90% similarity in cover-type use in both 

summer and winter (Paquet et a/.1997, Carroll et a/.2000). Vucetich et a/.(1997) 

showed that the number of packs in an area is positively correlated with moose 

density and Messier (1 994) indicates that predation rate is related to moose density. 

Boyce (1 990, 1995) noted that the effect of elk population dynamics dominates wolf 

population dynamics (Carroll et a/. 2000). Moreover, ungulate winter habitat in 
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Glacier National Park (United States) was identified as a potential limiting factor for 

wolves (Fritts and Carbyn 1995). 

Prey density databases may be available and could be used to identify 

ungulate home ranges. Prey density estimates derived from aerial survey are 

relatively static and may provide better indications of temporal hotspots, than overall 

habitat suitability. Alternatively, pellet counts may be conducted and density 

estimates per vegetation type extrapolated to the region (Weaver 1994). In the 

interest of expedience or when funds are lacking, vegetation biomass could serve 

as a proxy for ungulate habitat suitability. 

2.8.1.2 Vegetation Surrogates for Prey Density 

Vegetation attributes are a good surrogate measure of prey density in Banff 

National Park (Paquet 1993, Paquet et a/. 1996). This predator-prey-biomass link 

suggests there is some utility in using plant biomass to estimate predator habitat 

suitability. There are two preferable options for modelling vegetation biomass 

including the Normalized Difference Vegetation Index (NDVI) and Tasselled Cap 

(TC) metrics of greenness and wetness. Both measures are derived from satellite 

imagery and are used commonly to measure vegetation productivity (i.e. leaf-area- 

index or biomass). NDVI is derived from a ratio of near-infrared (nir) over red 

reflectances. TC is a simple "linear" index produced by taking the weighted average 

of the input bands from a TM Image (Hall-Beyer pers. comm. 1999). TC Greenness 
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is proportional to vegetation density and TC wetness to soil and vegetation 

moisture. 

Although NDVl is widely accepted to correlate with biomass, it is not a good 

direct measure of biophysical properties (Hall et a/. 1994). Moreover, it is 

confounded with separation problems resulting from background reflectance. 

Ancillary data from a DEM (e.g. elevation, slope and insolation) may be included to 

improve vegetation separation (Franklin 1992). 

2.8.1.3 Water 

Water is essential to wildlife survival. In habitat suitability models, patches 

closer to water may be represented as more suitable than those at greater distance. 

Using a distance to rivers and lakes in a suitability model is problematic - humans 

tend to locate facilities and roads close to water or rivers. Many water bodies are 

located in valley bottoms, where it is more cost effective for humans to locate 

transportation corridors and towns. This overlap confounds the spatial relationship 

between wildlife and major waterways. 

Distance to cross-drainages is an alternative metric and may be important in 

determining where species cross roads. This metric is reflected spatially by 

identifying confluences between secondary drainages and roads, and creating a 

distance layer around these points. 

Other metrics of importance in predicting road-crossing sites may be the 

alignment of highways relative to rivers. In the previous case, crossing sites may 

reflect convergence areas between the two linear corridors (roads and rivers). 
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Some species use the river edge as a travel corridor, and if the river and road 

converge in space, this may increase the probability that an animal may cross the 

road at that convergence. The convergence may create a pinch point, which forces 

the animal to cross the river to escape the road, or to cross the road, to continue on 

its current trajectory. The spatial layer used to test this hypothesis should show 

sites of convergence (e.g. where rivers and roads parallel closer than 100 metres) 

buffered by distance bands. 

2.8.2 Proximate Factors 

2.8.2.1 Terrain Ruggedness 

Wolves were found to "select for landscapes with relatively lower elevation, 

flatter terrain, and closer to water and roads than expected based on availability 

inside and outside their home ranges" (Carroll et a/.2000). Mladenoff et a/.(1999) 

also indicated that wolf movement is affected by topography. 

Topographic complexity is represented for wolves as a composite of 

elevation, slope, solar incidence and percent canopy closure. In analysis this is 

defined as terrain ruggedness (Paquet et a/. 1999). Elevation, slope and solar 

incidence can be derived from the DEM (Alexander et a/.1996, Franklin 1992). In 

the terrain ruggedness model, lower elevation and slope angle are represented as 

higher suitability. 

Curvature estimates (Eastman 1999) are an alternative to developing terrain 

ruggedness surfaces, and were used in this study. The estimates include 

operations such as Toposhape in the ldrisi GIs (Eastman 1999). The derivation of 
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topographic shapes is based on polynomial surface fitting of each 3x3 pixel area on 

a DEM (Eastman 1999). Mathematical surface fitting assumes that the shape of 

every pixel can be described by relating it to all adjacent pixels. Shape classes 

include peaks, ridges, saddles, flat areas, ravines, pits, convex hillsides, saddle 

hillsides, slope hillsides, concave hillsides, inflection hillsides, and unknown 

hillsides. These are critical points of a geographic surface (Warntz and Waters 

1 975). 

2.8.2.2 Climate 

Fritts and Carbyn (1 995) note that changes in climate affect the availability of 

key resources, especially vulnerable prey. Messier (1995) also refers to the 

possibility of climatic effects on prey (caribou) fecundity. In the Rocky Mountains, 

snow depth results in vertical down-migrations of prey during the winter months, and 

in restricted movements for wolves (Paquet et a/, 1996, Paquet et a/. in review). 

Representing snow depth in a spatial coverage is difficult for the scale and 

resolution of this analysis, as climate stations are too widely spaced to give an 

accurate continuum of snowfall (personal observation). For example, local pockets 

of snow occurred within the current study area and on some occasions, within the 

treatment area (approx. 30 km x 1 km). Although other studies have modeled snow 

depth successfully at the scale of a small drainage basin (Forsythe 1995), this type 

of effort was not possible given the budgetary constraints of the current research. 

Elevation, slope and aspect are common surrogates for climate (Woodcock 

et a/. 1994). Areas above elevations of 1800 metres (i.e. above the Montane 
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ecoregion) are not suitable for travel during the winter months (Paquet 1993), and 

those areas below 1800 metres increase in suitability with a decrease in elevation. 

Slope suitability decreases with steepness and solar zenith angle is suitable to 

classify those slopes with the greatest exposure to sun. This factor was not 

included herein, as slope and aspect are used for prediction, thereby making 

climate surrogates redundant. 

2.8.3 Anthropogenic Factors 

The effects of human disturbance on wolves are well documented. Wolves 

generally show avoidance of open roads, residential areas, and human use in 

excess of 100 personslmonth (Carroll et a/. 2000, Weaver et a/. 1996, Paquet 

1993). Wolves also appear "to avoid exploiting prey near clusters of human 

habitation and development, especially in narrow rivervalleys" (Weaver etal. 1996). 

2.8.3.1 Roads 

Road density is a "robust predictor" of habitat suitability (i.e. source of 

mortality) for wolves in studies of eastern US wolves (Mladenoff etal. 1999, Weaver 

et a/. 1996). However, the road density relationship to wolf survivorship has not 

been determined in the Rocky Mountains (Weaver et a/. 1996). Mladenoff et al. 

(1999) concur that road density may be contextually relevant to the Midwest but 

does not apply to areas in the westem US, where climate, vegetation, prey and 

topography differ. Carroll et al. (2000) noted that wolves in the Rocky Mountains 
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avoid areas within 500 metres of roads and Weaver et a/. (1 996) found that wolves 

show a slight aversion within 1000 metres of roads. 

An alternative measure to road density may be distance from roads, indexed 

by traffic volume. This requires developing several road layers for different traffic 

volumes, indexing the surfaces at relative weights, and combining them into a 

composite roads layer. Modelling road disturbance is complicated because of the 

"attraction-repulsion" relationship that wolves exhibit for roads. In winter, wolves are 

attracted to roads for ease of travel (Paquet 1993). Readers should also refer to 

the river convergence issue identified under the factor "watef' above. 

2.8.3.2 ResidentiallTownMuman Use 

Human population density and urban areas are factors implicated in the 

persistence of wolves (Carroll et al, 2000). In the Bow River Valley, Alberta wolves 

use disturbed habitats less than expected. Activity levels of 100-1 000 people per 

month may dislocate wolves from sub-optimal habitats. Higher levels of activity 

result in partial displacement but not complete abandonment of preferred habitats 

(Carrolletal.2000). This suggests that wolves are disturbed by moderate levels of 

human use, but will risk exposure rather than abandon highly suitable habitat. 

Human disturbance may be represented using a distance-to-

urbanlresidential-centre metric, similar to that employed by Merrill et al. (1998). 

Merrill et al. (1998) use this metric as a proxy of human density effects on grizzly 

bears. This involves "buffering" UTM point locations that represent residentiallurban 
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sites and assigning increasing suitability values with increasing Euclidean distance. 

This metric was outside the scope of the present research and was not investigated. 

2.9 Defining Focal Species 

Human disturbance works in tandem with other well-documented factors in 

the decline of small populations (Root 1998, Cohen 1997, Noss etal. 1996, Weaver 

et al. 1996, Holling 1992, McDonald and Brown 1991). Those factors include, 

demographic stochasticity, environmental and genetic uncertainty, catastrophes, 

spatial structuring of populations, and social dysfunction of small populations (Brook 

et a/. 1997, Hamilton and Moller 1995, Burkey 1995, Akcakaya et a1 1995, Soule 

and Simberloff 1986, Root 1998). Species whose habitat requirements encompass 

those of other species may be suitable focal species. If the previous species are 

also sensitive to human disturbance, they may prove more effective focal species. 

The criteria that define species' sensitivity are based on life history traits. 

These criteria are listed below and were selected from literature reviews on 

resiliency and indicator variables including Weaver et a/. (1996), Noss (1990), 

Ruggiero etal. (1 994). Additional criteria are listed based on personal observations 

of the author. Miller et a/. (1998) suggested that females are the best choice for 

conservation umbrellas, thus metrics for females should be applied for the following 

criteria. 

1 . Behavioural plasticity (Weaver et a/. 1996, Ruggerio et al. 1994) 

Food switching ability 

2. Demographic compensation (Weaver et al. 1996) 



Reproductive interval (average years between reproduction) 

Reproductive potential (average output) 

Age of first parturition (number of months) 

Food cycles (annual or seasonal) 

Social constraints on reproduction 

Delayed implantation 

Population density (local/current) 

3. Spatial plasticity (Alexander et a/. 2000) 

Gradient switching (elevational) (Alexander et a/. 2000) 

Disturbance encounter rate (Alexander et a/. 2000) 

Home range - avg. female (Weaver et a/. 1996) 

Average dispersal distance (km) (Weaver et a/. 1996) 

Vagility - maximum dispersal distance (km) 

Permanent or seasonal resident (Landres et a/. 1988) 

4. Niche Characteristics 

Number of prime habitats occupied 

Trophic level 

Selectivity (variance of selection across an attribute) 

In this dissertation, focal species were selected based on the degree of 

species habitat specialization, which was defined by a variance score for each 

landscape attribute. For example, if a species had low variance it selected for all 
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classes of an attribute similarly, whereas, if it had high variance it showed marked 

selection or avoidance of attribute classes. See Results (Section 5.0) for details. 

2.9.1 The Single Species Approach 

The single species approach is a "reductionist" strategy. It is used to 

understand the effects of human disturbance on wildlife populations, to assess the 

effects of pollution on system health, to identify areas of high biodiversity, and to 

estimate minimum viable areas for reserve design and management (Caro and 

O'Doherty 1999, Lambeck 1997). This approach involves protecting habitat for 

single species that are sensitive to habitat changes, such as fragmentation, 

pollution, or biodiversity loss (Meffe and Carrol 1997, pg 69). 

Focal species can contribute to conservation planning as keystones 

(ecological definition), umbrellas (management definition), flagships (public relations 

and fundraising), or indicators (monitoring quality). Although the categories are 

functionally different, a species may fall under more than one heading, which 

emphasizes the need to define the purpose of each focal species carefully. 

2.9.1.1 Keystone Species 

Keystone species affect ecosystems disproportionately to their abundance. 


They are often, but not always restricted to higher trophic levels (Power et at. 1996). 


For instance, large carnivores sometimes may hold keystone roles if they regulate 


system dynamics. Keystone species exert an effect through consumption, 
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competition, mutualism, dispersal, pollination, disease, and by modifying habitats 

and abiotic factors (Power et a/. 1996). 

2.9.1.2 lndicator Species 

An indicator species is an organism "whose characteristics (e.g. presence or 

absence, population density, dispersion, reproductive success) are used as an 

index of attributes too difficult, inconvenient or expensive to measure for other 

species or environmental conditions of interest" (Landres et a/. 1988). lndicator 

species are used to examine the "presence and effects of environmental 

contaminants, population trends of other species and habitat quality for other 

species or entire ecosystems", and as an early warning of environmental change 

(Landres et a/. 1988, Noss 1990). The desirable qualities of indicator species 

include a broad geographical distribution, sensitivity to a wide range of stresses, 

cost-effectiveness and ecological relevance (Noss 1990). 

2.9.1.3 umbrella Species 

Umbrella species are those whose "requirements for persistence are 

believed to encapsulate those of an array of additional species" (Lambeck 1997). 

Some species may have natural history traits, such as large home range size and 

high dispersal capability, which translate into the use of broad and varied habitat 

types. It is hypothesized that such species can thus act as "umbrellas", 

encompassing the needs of other species that fall within their niche (Miller et a/. 

1998). 



2.9.1.4 Flagship and Vulnerable Species 

Two other types of species identified as important for conservation (Noss 

1990, Miller et al. 1998) are flagships and vulnerables. Flagship species are 

charismatic species, such as wolves or grizzly bears, that stimulate public awe, 

sympathy and action. Vulnerable species are those that are rare, genetically 

impoverished, have low resilience and are threatened by human persecution. 

Large camivores fall within a number of the previous classes, because of 

their ecosystem effects, large space requirements and sensitivity (Beazley 1997, 

Noss etal. 1996). For example, carnivores can regulate their own numbers through 

social behaviour and in some cases camivores have been shown to regulate prey 

species (Noss et a/. 1996, Messier 1995). Carnivores also help to control 

populations of meso-predators and opportunistic predators (Palomares 1996). In 

addition, camivores may have very large home ranges, spanning areas up to 3000 

km2 and have developed life history strategies that make them sensitive to human 

disturbance. Hence, camivores have pragmatic value as a conservation tool 

(Beazley 1 997). 

2.9.2 Single-Species Approaches in Review 

Single-species approaches are predicated on the assumption that the one 

species is a valid surrogate for many others (Landres et a/. 1988). This assumption 

has been criticized on many grounds (Landres et a/. 1988, Lambeck 1997). For 

example, a single species in a guild may exploit similar resources as other guild 

members, however it may not be alike in breeding characteristics, foraging 
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behaviour, diet or habitat requirements (e.g. the wolverine and lynx) (Landres etal. 

1988). Landres et a/. (1 988) concluded that these differences make it ecologically 

unsound to extrapolate from one species to an entire guild, or more importantly to 

an ecosystem. They contend that ill-applied, single species approaches may end in 

loss of some species. Other criticisms include the inability of a single species 

approach to be conducted at a rate fast enough to deal with urgency of threats and 

that they consume a disproportionate amount of funding (Lambeck 1997). However, 

including all species in management plans generally is not possible because of 

financial constraints (Landres et a/. 1988). Consequently, the focal species 

approach remains popular among resource management agencies, where cost 

effectiveness may underscore decision making. 

Noss (1990) suggests a "top-down" method that represents three principal 

biodiversity attributes including ecosystem composition, structure and function 

(Noss 1990). Composition "has to do with the identity and variety of elements in a 

collection, and includes species lists and measures of species diversity and genetic 

diversity. Structure is the physical organization or pattern of a system. Function 

involves ecological and evolutionary process, including gene flow, disturbances and 

nutrient cycling" (Noss 1990). In Noss' model, indicators of the three attributes are 

selected to represent four hierarchical levels (landscape, community, population- 

species, and genetic). Lambeck (1997) argues that "top-down" proposals that focus 

on the analysis of pattern and process are not suitable to answer questions about 

the rate of acceptable habitat change, without knowledge of species-level impacts. 
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In response, Lambeck (1997) formalizes a multiple focal species approach, based 

on grouping species with similar levels of sensitivity to ecological disturbance. 

There are many considerations in the selection and use of focal species. 

Beyond the limitations of using one species to encapsulate the needs of many, 

there is the problem of variation in representation by context and scale. It has been 

noted that the sensitivity of focal species may change geographically because of 

slight biogeographic changes (Power et a/.1996).Likewise, it should be considered 

that not only may habitat vary subtly across geographic areas, but the responses of 

individuals within species also may vary geographically at local, regional and global 

scales. Moreover, individuals and populations of species may differ in their 

sensitivity to disturbance type. Some species may be more sensitive to road 

disturbance and others to fragmentation that creates large open patches in a matrix 

of forest. 

Carroll et a/. (2000) cautioned that until the efficacy of the focal species 

approach is fully evaluated, managers should employ several complementary 

methods of species protection and exercise caution in prematurely relying on 

protected carnivore-habitat to safeguard associated vertebrates. The present 

research identifies the optimal focal species for three carnivore guilds and examines 

the extent to which corridor needs differ across these guilds. The concept of scale 

is integral to the selection of focal species, and is discussed in the following section. 



2.10 The Problem of Scale in Ecology 

Levin (1992) argued that "the problem of pattern and scale is central to 

ecology." He emphasized that prediction and understanding rests on determining 

what mechanisms underlie observed pattems. Levin (1 992) further argued that 

these mechanisms operate at different scales from the patterns observed and called 

for the study of "how pattern and variability change with the scale of description" 

and the development of laws for simplification and aggregation. Other authors 

concur with Levin (see Bascompte and Sole 1996, Bellehumeur and Legendre 

1998). Poiani et a/. (2000) noted that "current recommendations for biodiversity 

conservation focus on the need to conserve dynamic, multi-scale ecological 

pattems and processes that sustain the full complement of biota and their 

supporting natural systems." The present research attempts to redress these 

deficiencies by examining multi-species patterns of habitat selection at a variety of 

spatial and temporal scales. 

2.10.1 Scalar Organization of Ecosystems 

Both ecosystems and animal populations exhibit complex and dynamic 

pattems in space and time (Poiani et a/.2000, Noss et a/. 1997, Bascompte and 

Sole 1995, McArdle et a/. 1990, Noss and Harris 1986). Poiani et a/. (2000), 

extending earlier research, devised a system of categorizing ecosystems and 

species at four geographic levels of organization, including local, intermediate, 

coarse and regional scales. The organization they provided is presented below and 

is similar to that developed by Lambeck (1 997) and Noss (1990): 
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1) 	At the local scale of metres to thousands of hectares, species include 

those that are dispersal limited or non-vagile, such as the Bay 

checkerspot butterfly (Euphydryas editha bayensis) (Poiani et a/.2000). 

2) 	 Intermediate geographic scales (i.e. hundreds to tens of thousands of 

hectares) have ecosystems that are "relatively discrete, defined by 

distinct physical factors and environmental regimes." Representative 

intermediate scale species are those that "depend on large patch 

systems or multiple habitats", such as a flood-plain-spawning fish (see 

Poiani et a/. 2000 for description). A terrestrial equivalent may be the 

lynx. 

3) 	Coarse level ecosystems and species occur at geographic scales of tens 

of thousands to millions of hectares, such as spruce-fir, hardwood forests 

and their associated successional stages (Poiani et a/.2000). "Species 

at the coarse scale are habitat generalists, moving among and using 

ecosystems at multiple scales", such as the Greater Prairie chicken 

(Tympanuchus cupido pinnatus), which depends on a mix of small 

wetlands and shrublands. 

4) Finally, regional scales occur over millions of hectares, "include natural 

to semi-natural matrix and embedded large- and small-patch 

ecosystems." Regional species include large predators (e.g. wolves) and 

large ranging ungulates (e.g. caribou). 
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Poiani et a/.(2000) further described "three types of 'functional conservation 

areas' - sites, landscapes, and netwoks - defined by the scale of the ecosystem and 

species they are designed to conserve." These are defined on the following page: 

1. 	Functional sites are areas "intended to conserve one or more rare or 

endangered species or uncommon ecoystems, often at the local scale." 

2. 	 Functional landscape "encompass the full terrestrial to aquatic ...g radient, 

and they require a diversity of sustaining ecological processes.. .usually 

exist within a human- or multiple-use context and commonly span diverse 

land ownership." 

3. 	 Functional networks "provide adequate spatial context, configuration, 

and connectivity to conserve regional-scale species with or without 

explicit consideration of biodiversity at finer scales." 

Poiani et a/.(2000) identified four criteria for evaluating the functionality of a 

conservation area, including "composition and structure of the focal ecosystems and 

species; dominant environmental regimes, including natural disturbance; minimum 

dynamic area; and connectivity." With respect to this dissertation, connectivity is 

the principle attribute of concern. Connectivity means that focal ecosystems and 

species have access to all habitat and resources needed for life-cycle completion, 

have the ability to recover following disturbance and have the ability to respond to 

environmental change (Saunders et a/.1991). "Functional conservation areas must 

allow for ...movements by encompassing entire elevational gradients or spanning 

many geological substrates (Poiani et a/. 2000)." The connectivity of a site, 



39 
landscape or network is measured by a species ability to move, disperse, migrate, 

or recolonize, and this varies by species (Poiani et a/.2000). 

2.10.2 Species-Specific and Scale-Dependent Fragmentation Effects 

Lord and Norton (1990) argued that the effect of fragmentation will depend 

on the focal species being evaluated. On a spatial scale, the effect of creating a 

linear trail in a forest will have significantly different effects on the movement of a 

ground beetle, versus the movement of a wolf. The perceptual scale of these 

species is vastly different. Oehler and Litvaitis (1 996) used a multi-scaled approach 

to examine the responses of medium sized carnivores to fragmentation and found 

that responses to edge habitat varied by species and scale. Some species 

responses (e.g. racoons) did not vary their behaviour across scales, whereas, 

others (e.g. fox) varied across spatial and temporal scales. Powell (1994) found 

that fishers selected for habitat on two different scales. On a coarse scale they 

foraged in areas with more pine habitat, lowland conifers and less hardwoods; on a 

finer scale, within the areas they foraged, they selected for lowland-conifer forest 

and avoided open areas, northern hardwood, aspen-birch and hemlock forests. 

Moreover, selection of habitats was stronger for rest sites than for travel, which 

Powell (1 994) argues may introduce a third scale of habitat selection. 



2.10.3 Cross-Scale Morphology and System Organization 

Holling (1992) argued that a select few processes structure terrestrial 

ecosystems, entrain system variables and define ecosystem dynamics. Moreover, 

that these processes operate at specific "frequencies" or spatio-temporal scales, 

and are "discontinuous" - they are organized in clusters. He further argued that 

body size clusters in animal communities mirrors this organization, because of the 

relationship between species morphology and their use of habitat. That is, home 

ranges and resource needs tend to scale with body size, and small species cluster 

together and operate at spatio-temporal scales that are independent of medium or 

large sized species. 

With respect to the current study, Holling's argument provides a foundation 

for using a multi-species or focal species approach. For example, if a few key 

species can be identified to be correlated significantly with others in their body size 

category, then maintaining representative landscape connections for a set of focal 

species (i.e. a set of small, medium and large), will help to achieve functional 

connectivity in the landscape. 

2.10.4 Summary of Scale Effects 

In summary, habitat fragmentation should be examined at various scales 

using the criteria of space, time and functionality. The effects of spatial scale on 

prediction can be tested by comparing predictive output at plot, site and regional 

scales (see Poiani et a/.2000, Oehler and Litvitis 1996 for examples). Temporal 
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dependence is measured by comparing successively larger blocks of time for 

consistency in results; for instance month, year, three year term. Functional scale 

effects can be evaluated by comparing the consistency of predictive attributes 

across species using body-mass as an indication of functional scale (See Holling 

1992 for details). Using the previous definitions, this dissertation examined 

functional landscapes and networks (see Poiani et a12000) across various spatial 

and temporal scales. 

2.1 1 Evidential Reasoning and Bayesian Approaches in Ecology 

Ecologists, among other scientists, are in a period of introspection about the 

use of classical statistics in the evaluation of ecological phenomena (Ellison 1996). 

Ellison (1996) argues that the central assumptions of frequentist statistics are 

violated in ecology. For example, true randomization is difficult, replication is often 

small, misidentified or nonexistent and ecological experiments rarely are repeated 

independently. Alternatives to classical statistical tests have been presented, and 

include variants on Probability Theory (e.g. Bayesian probability, Dempster-Shafer 

Theory) and lnforrnation Theory (Akaike's lnforrnation Criterion; Wade 2000, 

Anderson et a/.2000, Ellison 1996). Of these, Dempster-Shafer Theory is the only 

modelling approach that is developed within a spatial platform, making it uniquely 

suitable to the examination of wildlife-habitat relationships and conservation biology. 

The application of Information and Bayesian theory is popular in current 

research (Anderson et a/.2000). For examples of relevant ecological applications, 

see Bartel(2000), Anderson etal. (2000), Dragicevic and Marceau (2000), Urbanski 
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(1 999), Ellison (1996), Pearl (1 987).The integration of Bayesian theory in GIs is far 

less developed for wildlife management and ecosystem planning. 

A central assumption of these alternative approaches is that testing null 

hypotheses adds little to scientific understanding (Anderson et a/. 2000, Ellison 

1996). Ellison (1 996) argued that we expect to accept the test hypothesis and reject 

the statistical null-hypothesis. Anderson et a/. (2000) add that nearly all null- 

hypotheses are false on apriorigrounds and that p-values are influenced by sample 

size (i.e. with a large enough sample one can always reject a null-hypothesis). They 

argue that the previous points to the difference between statistical significance and 

biological importance. Although testing prior hypotheses (Ellison 1996) or multiple 

working hypotheses (Anderson eta/.2000) have been suggested as an alternative 

to classical statistical approaches, traditional statistics are still required by many 

scientific journals. 

2.11.IBayesian Inference and Wildlife Linkage Zones 

Landscape attributes have been used to predict movement of species across 

the landscape. Research on wolves in BNP has indicated that landscape features, 

such as slope, aspect, elevation and vegetation type can influence movement 

(Paquet 1993). A disproportionate use of certain physiographic attributes is 

assumed to reflect a preference. 

Typically, a statistical evaluation of habitat selection based on wildlife tracking 

or telemetry data requires the development of discrete classes of selection and 

avoidance of habitat. Current techniques, such as logistic regression treat track 
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occurrence as a binary value (Pearce and Ferrier 2000, Mladenoff 1999). This type 

of analysis is less suitable for the analysis of transect-track data, where density of 

tracks is the measure of concern, rather than the binary condition of presence (1) or 

absence (0). In binary analyses a threshold track density is used (e.g. minimum 

acceptable track density) to determine "presence." Sites with track densities that 

exceed the threshold are considered presence (I), those below the threshold are 

"absence" sites (0).The data are then subjected to techniques such as logistic 

regression. However, the imposed thresholds are arbitrarily defined and risk 

discarding low-density track measures that may have ecological significance. This 

type of binary approach does not represent adequately the spectrum of preferences 

observed on the landscape, and needlessly discards useful information. 

Fuzzy set theory is well suited to problems that deal with habitat analysis, 

where there is "no clear separation between areas that are suitable and those that 

are not" (Bartel2000, Eastman 1999, Zadeh 1965). Although typically applied to 

spatial boundaries, such as problems related to soil classification (Dragicevic and 

Marceau 2000), fuzzy set theory is extended easily to describe the fuzziness in 

species associations with habitat types. For example, the probability of track 

detection may be represented as low (0) in areas where tracks occur the least and 

high (1) were they occur the most. Any track density may be represented by a value 

between 0 and 1, depending on where it falls relative to the observed endpoint 

density values (e.g. 1 and 35 trackslmetre). Fuzziness, as a measure of 

inconclusiveness (i.e. lack of clear separation in selection), is handled well with 
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Bayesian probability or its variant Dempster-Shafer (D-S) Theory (Eastman 1999). 

D-S theory was developed by Bayes researchers to handle absence of information. 

The ldrisi GIs (Eastman 1999) is an excellent processing environment for the 

synthesis of habitat use data and probability theory. 

2.12 Chapter Two Summary 

This chapter presented the background literature that was considered central 

to the thesis. The study of habitat fragmentation was presented. Its foundation in 

the Theory of Island Biogeography, Landscape Ecology, metapopulation analysis, 

and conservation biology was examined. The study of road ecology, road 

fragmentation effects, road mitigation requisites, the use of GIs in road mitigation 

and predictive wildlife habitat modelling also were discussed. Habitat modelling in 

GIs was presented as a composite of ultimate, proximate, and anthropogenic 

factors that influence the use of habitat by a given species. An examination of GIs 

coverages representing these factors was provided and used wolves to exemplify 

species needs. The problem of scale in Ecology was addressed, with specific 

reference to the need for multi-species studies and studies that examine the effects 

of varying spatial and temporal scale on predictive modelling in GIs. Finally, a brief 

overview of the emergence of new statistical paradigms, such as Bayesian 

Inference and Evidential Reasoning, was presented. 
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3.0 CHAPTER THREE: STUDY AREA, OBJECTIVES AND HYPOTHESES 

This chapter reviews the study area, and the objectives and hypotheses 

relevant to this research. Location, topography, vegetation, climate and road 

treatment sites also are described. 

3.1 Study Area 

Research was conducted in Banff National Park and Kananaskis Country, 

Alberta (see Figure 1). The study area roads are located in the Bow River Valley of 

Banff National Park (BNP) and in the Kananaskis River and Spray River Drainages 

in Kananaskis Country (KC) and Peter Lougheed Provincial Park (PLPP). 

Banff National Park and Kananaskis Country are approximately 1 10 km west 

of Calgary. BNP is 6640 km2 in area and is the most heavily visited national park in 

Canada with over 5 million visitors per year (Banff Bow Valley Study 1996). In BNP 

developments include the Towns of Banff and Lake Louise, hiking, biking and 

equestrian trails, campgrounds, day use areas, and downhill skiing and golf 

facilities. Kananaskis Country is a 4250 km2 forest landuse zone with hunting, 

ranching, resource development, recreation, and tourism activities. Peter Lougheed 

Provincial Park (PLPP) is a 514 km2 park in the northwestem comer of KC, where 

hunting and resource development are not permitted, with the exception of ongoing 

maintenance of existing hydro-electric projects. Day Use areas, overnight camping 

facilities and limited permanent housing areas also exist in PLPP. 



Figure 1:Study Area 

The study region is characterised by rugged mountainous terrain, steep 

valleys and narrow (2-5 km), flat valley bottoms. Average annual precipitation 

ranges from 455 mm in Montane regions to 763 mm in the upper Subalpine (Paquet 

1993). Accumulations of precipitation vary according to slope, elevation and aspecr. 

Summer precipitation is slightly higher than winter. Monthly precipitation peaks in 

May through July, and snow thickness maximums occur in November-December 
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and March-April (Paquet 1993). Chinook activity is common in the region, resulting 

in intermittent high wind and snow free periods in the Montane region. Elevation, 

aspect, slope, soil and local climate determine vegetation communities in the study 

area. Vegetation can be classified into the three broad ecoregions of Montane 

(1300 - 1600 m), Subalpine (1600 -2300 m) and Alpine (2300 + m). Lodgepole 

pine (Pinus contora), Douglas-fir (Pseudotsuga menziesil), white spruce (Picea 

glauca), aspen (Populus tremuloides) and grasslands are common in the Montane. 

Mature lodgepole pine, Englemann spruce (Picea engelmannil), sublapine fire 

(Abies lasciocarpa) and subalpine larch (Larix lyall~) characterize the Subalpine. 

Tundra vegetation dominates Alpine, including low shrubs, herbs, mosses and 

lichens. 

In BNP data were collected on the non-twinned (2 lane), unfenced section of 

the Trans-Canada Highway (TCH) from Castle Junction to the British Columbia 

border, and along the entire length of the Bow Valley Parkway (Hwy 1A). This 

section is termed Phase lllB of the TCH "twinning project" in BNP. Apart from the 

TCH and 1A, the study area transportation corridor contains the Canadian Pacific 

Railway (CPR) main line, Trans-Alta powerline, and a few seasonal campsites and 

tourism facilities. Neither of the BNP transportation structures under study are 

mitigated to enhance wildlife movement or to reduce wildlife-vehicular collisions (i.e. 

they are not fenced). 

In Kananaskis, research was conducted on Highway 40 (Hwy 40) and the 

Smith DorrienISpray Trail. Highway 40 is a paved two-lane highway with moderate 

traffic volumes, and the Spray Trail is a gravel two-lane road primarily offering 
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access to primitive backcountry activities. Both transportation routes' service areas 

are under pressure for recreation and tourism development, which will result in 

increased traffic volumes. With the exception of wildlife crossing signs, neither 

route is mitigated for wildlife. 

3.2 Summary of Objectives and General Hypotheses 

The summary matrix below specifies the objectives of the research and the 

general hypotheses or methods by which objectives will be met. Hypotheses are 

investigated more thoroughly in the following section. 

1 Ob'ectives 1 1 
I inventory ~ul t ip le~pecies Iin relation r~pec ies  interactions will be analyzed using GIs 
to roads 
Determine if traffic volume affects H,: Crossing Frequencies not related to traffic vol. 
landscape permeability for multiple Ha:Crossing Frequencies related to traffic volume 
species H,: Population density and distribution are not 

related to distance from roads 
Ha: Population density and distribution are related 

to distance from roads 
Identify landscape attributes Species preferences are defined by a probability 

I predicting wildlife movement ( relationship to habitat attributes 
- - - 1  

I Test for Clustering of Species by 1 H,: Species are not-clustered by habitat attributes1 
Habitat Attributes Ha:species are clustered by habitat attributes 

. .Create a Linkage Zone Model Application of IDRlSl GIs and DSS 
I Using ~videntbl Reasoning 

3.3 Specific Hypotheses 

The hypotheses presented below are organized into two sections. The first 

are those pertaining to the measurement of the "barrier effect" of roads on species. 

These hypotheses were tested for the community, and not on a species by species 

basis. In the second section, the hypotheses related to interaction of species by 
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biophysical attribute are presented. These analyses were conducted for all species 

against all species, and are arranged by landscape attribute. These attributes are 

slope, aspect, greenness, distance to roads, distance to cross-drainage and 

toposhape. The final section notes the qualitative analysis conducted to examine 

how consistent the predictive relationships were across spatial and temporal scales. 

3.3.1 Roads as Barriers to Movement (All Species Analysis) 

H,: Road Crossing Frequency is independent of traffic volume 
Ha: Road Crossing Frequency is lower for all species at higher traffic volume 

H,: Road Crossingrrransect Crossing Ratios is independent of traffic volume 
Ha: Road Crossingrrransect Crossing Ratios is lower at higher traffic volume 

3.3.2 Landscape Connectivity Predictors for Multiple Species 

H,: Species track density is not correlated by aspect class 
Ha: Species track density is correlated by aspect class 

H,: Species track density is not correlated by slope 
Ha: Species track density is correlated by slope 

H,: Species track density is not correlated by greenness class 
Ha: Species track density is correlated by greenness class 

H,: Species track density is not correlated by distance to roads 
Ha: Species track density is correlated by distance to roads 

H,: Species track density is not correlated by distance to cross drainages 
Ha: Species track density is correlated by distance to cross drainages 

H,: Species track density is not correlated by toposhape 
Ha: Species track density is correlated by toposhape 

3.3.3 Qualitative Analysis 

Species relationships with Biophysical Attributes are consistent within species 
across temporal and spatial scales. 

Species relationships with Biophysical Attributes are consistent between species. 
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3.4 Summary 

The study area and treatments were detailed in this chapter. Research was 

conducted in Banff National Park and Kananaskis Country, Alberta. Both areas 

exist within the Central Rockies Ecosystem and are characterized by rugged 

mountainous terrain. The treatments were defined by highway traffic volume, and 

included: the Trans-Canada Highway and the Bow Valley Parkway in Banff National 

Park; and, the Highway 40 and Smith-Dorrien Trail in Kananaskis Country. A 

summary of the principle objectives and hypotheses of the research also was 

presented. 



4.0 CHAPTER FOUR: METHODOLOGY 

This chapter details the data collection methods used on road-crossing 

surveys and transect surveys. Figure 2 (next page) shows a flowchart of data and 

analytical procedures. Data storage and standardization are discussed. The 

creation of spatial data layers used in spatial analysis are detailed. Layers include 

Aspect, Slope, Greenness, Distance to Roads, Distance to Cross Drainages, 

Distance to Road-River Convergences and Toposhape. The derivation of the study 

frame also is explained. Data processing techniques that were used to infer habitat 

selection and to test correlation between species are presented also. 

4.1 Data Collection 

Data were collected from November to April during the winters of 1997/98, 

1998/99, and 1999/2000. Winter research was dependent upon snowfall and 

involved monitoring transects and roads for wildlife tracks. Although the bulk of the 

data was collected by the author, three to four field assistants were employed each 

year. The author personally trained and provided detailed sampling protocol was to 

each assistant. Three expert trackers, who were employed during the project, were 

not trained in track recognition skills, but were accompanied on road surveys on 

numerous occassions to verify skills. Where discrepancies arose, the assistants 

recorded all specific track metrics and confered with textbooks and the project 

leader (the present author). These previous efforts were undertaken to minimize 

observer bias. 



Figure 2: Flowchart of Data Collection and Analysis 

Road Crossing Transect Crossing 
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Number of km surveyed + I SPATIAL ANALYSIS 

- -  1 
Impart Standardized Road end 
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3 Years (Region) 
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Annual (Landscape) 
Annual (Region) 
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Barrier Effect 
Kruskal Wallis 
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Determine most selective species for each 
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I 

Multi-Species Interactions 
Spearman's Rank Correlation 
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Define Probability Surfaces 
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Limited financial resources required sampling to be conducted in the winter 

only. However, methodological differences would have made comparison of winter 

and summer data ambiguous. For example, sooted panels might have been used 

during summer months to detect predator and prey compositional differences by 

season. Oehler and Litvaitis (1 996) found that some species "may be reluctant to 

step on sooted panels and are therefore under-represented in surveys." More 

importantly, track panel methods require baiting species to a predetermined site, 

whereas track surveys in snow do not. This disparity is problematic if the objective 

is to compare habitat selection. Oehler and ILitvaitis (1 996) concluded that winter 

track counts provide "a reasonable index of predator activity and relative abundance 

because they were not dependent on an elicited response." 

4.1.1 Road Crossing Data 

Roads were divided into three segments in BNP: B1, Highway 1A East- 

Trans-Canada Highway (TCH) Exit to Castle Junction; B2, Highway 1A West -

Castle Junction to Lake Louise; and B3, TCH - Castle Junction to the British 

Columbia (BC) Border. In Kananaskis Country the roads were divided into four 

segments: K2, Kananaskis Village exit to TCH exit; K3, Highway 40,Kananaskis 

Lakes Trail (KLT) to Kananaskis Village Exit; K4, Smith Dorrien Trail (S-D) - Shark 

Exit to KLT Rd; and K5, S-D - Whiteman's Gap to Shark Mountain exit. See Fig. 1. 

Roads were surveyed not less than 18 hours and not more than 48 hours 

after the end of a snowfall. Tracks entering or exiting the road right of way were 

recorded for coyote (Canis latrans), fox (Vulpes vulpes), wolf (Canis lupus), cougar 
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(Puma concolorj ,bobcat (Felis rufus) ,lynx (Felis lynx), marten (Martes americana), 

fisher (Martes pennant0 ,wolverine (Gulo gulo) ,elk (Cervus elaphus), moose (Alces 

alces),sheep (Ovis canadensis) and deer (Odocoileus virginianus and Odocoileus 

hemionus). Tracks were observed from a field vehicle, while driving slowly (1 5-20 

kmlhr) and verified on foot. Repeat road surveys were conducted, as conditions 

permitted, approximately 3-4 days after initial surveys until the next new snowfall. 

On repeat surveys, only observations of large carnivore crossings were 

recorded, because the frequency of crossings by other species would prohibit 

completing the surveys. No attempt was made to differentiate between the various 

deer species tracks, because of the degree of overlap in track characteristics. 

Data collected at crossing sites included species type, Global Positioning 

System (GPS) location in Universe Transverse Mercator (UTM) and North American 

Datum 1927 (Nad27), direction of travel, travel direction relative to vegetation and 

road, distance travelled on the road, vegetation type and closure estimate, and an 

indication of whether the animal crossed the road multiple times or aborted a 

crossing attempt. If no obvious tracks existed on the road surface, it was assumed 

that tracks enteringlexiting the road surface were crossing attempts. If no 

companion tracks exiting/entering the road were found within 300 metres, the 

crossing was marked as unconfirmed. Same species tracks recorded past that 

interval were identified as separate crossing attempts. The effect of traffic volume 

on landscape permeability was examined statistically by comparing track 

frequencies for each species by road type. Landscape permeability is defined as 

the ease of movement between adjacent habitat patches that are bisected by roads. 
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Higher crossing frequencies would suggest ease of movement and greater 

permeability. 

4.1.2 Transect Data 

One kilometre transects consisting of twenty, 50 metre long sub-transects 

were fixed perpendicular to each road type. Forty transects were surveyed in Banff 

National Park. Transect interval was set according to the smallest carnivore home 

range diameter. In this study, the marten home range is smallest and an interval of 

1.0 km was used. The smallest male marten home ranges recorded in Minnesota 

were 0.8 km2 (Buskirk and Ruggiero 1994). A slightly larger sampling interval was 

selected because carnivores in the Rocky Mountains typically have larger ranges 

than species in non-mountainous areas (Noss et a/. 1996, Paquet pers. comm. 

1998). Moreover, the larger sampling interval was expected to improve the capture 

of movements of large ranging species, such as wolverine, wolf and lynx. Sample 

independence is optimized if the treatment sites are more than 10 km are apart 

(Buskirk and Ruggiero 1994). 

Transects were surveyed randomly between 24 and 120 hours after snow, 

immediately following each road survey. The randomization of sampling involved 

selecting a starting pair of transects for each road section, by sampling without 

replacement. These pairs were used to start the survey and field technicians chose 

the order by which other transects were surveyed. Staffing, weather, snow 

conditions, avalanche hazards and logistical limitations prohibited transects being 

surveyed in a completely random fashion. Transects were surveyed on foot and 
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required an extended survey period relative to the road survey. Within daylight 

hours, a researcher was physically capable of surveying no more than 5 to 7 one 

kilometre (km) transects per day. Transect survey data provided an estimate of 

available migrants and was critical to explaining variances in movement at different 

traffic volumes. 

Tracks were recorded on transects for squirrel, hare, marten, mink, lynx, 

coyote, bobcat, cougar, wolf, wolverine, elk, deer, sheep and moose. A sub-

transect location and approximate distance from the start of each sub-transect was 

used to identify each track for later geo-referencing. Although Thompson et a/. 

(1 988) used a survey period of 12-96 hours, an extended period was used in the 

current research to allow completion of transect surveys. Initial attempts to survey 

>12 hours yielded too little data, hence the start time was reset to no sooner than 24 

hours after snow. An upper bound of 120 hours allowed 4 days to sample after 

each snowfall. After four days tracks of smaller ranging species become too 

numerous to count. 

4.2 Data Storage 

Data were stored in an Access database (MS Office 1997). Point locations 

for all species on roads and transects were exported and saved astext in MS-Word 

and then imported into ldrisi 3.2, using the XYZldris module (Eastman 1999). This 

allowed for data to be imported and stored as an x-y coordinates with a z-value (i.e. 

track density). 



4.3 Data Standardization 

4.3.1 Correcting for Time Lags in Surveys 

Road crossing data were collected from an automobile during the 24 hour 

period following snowfall in all cases, and therefore did not require standardization 

by time since snow. The number of kilometres of transects surveyed by foot 

required a period of survey of up to 120 hours. In order for transect data to be 

commensurate with road crossing data values for transects the former were divided 

by the number of 24 hour periods that had elapsed since snowfall, to arrive at a 

track124 hour value. 

Standardization for time-since-snow was done for all species but large 

ranging carnivores (i.e. coyote, wolf, lynx, cougar and wolverine). Field 

observations in the first year of study confirmed prior hypotheses that larger ranging 

animals typically did not use small spatial sites (eg. 50m transect interval) with 

increasing intensity over 5 days. That is, they tended to pass through an area once, 

or pass in wide sweeping cycles during that time period. Conversely, small ranging 

species (e.g. squirrel, hare, marten) showed higher intensity of movement in small 

spaces with the passage of time. Standardization by number of days since snowfall 

is a common practice to correct this "time effect" (Thompson et a/.1988). 

4.3.2 Correcting for Distance Surveyed 

Road crossing and transect data (standardized by 24 hours) that were to be 

used in the assessment of the barrier effect (see next section) were further 
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standardized by the number of kilometres surveyed, by treatment, but not by 

transect. Track counts were tallied by month for the entire set of transects adjacent 

to each treatment road, and divided by the total distance surveyed in that treatment. 

This allowed for comparison of track counts between treatments, which was 

necessary for the computation of the "barrier effect." 

For spatial analysis of habitat preference, transect and road crossing track 

counts (standardized by time since snow only) were imported with associated geo- 

referenced points into the ldrisi GIs. It was not feasible to further standardize the 

spatial data by kilometres surveyed. The standardization of each transect and road- 

surveys by relative number of surveys per sitelper regionlper year was not 

considered feasible nor necessary given that differences in transect sampling 

intensity was minimal (i.e. with respect to its spatial effect). Notably, the potential 

for any spatial sampling bias would not be a problem for any conclusions drawn 

regarding the three yearllandscape scale data, nor for comparing between species. 

The sampling effect was limited to comparisons within species over space and time. 

This fact is premised on the assumption that the survey effort is consistent for 

every species independent of the number of kilometres covered, which may be 

violated if the probability of detection varies by species. 

4.4 Analysis of Road Barrier Effect 

To examine the barrier effect, road crossing density (number of trackskm for 

each species over time) was divided by transect track density (number of tracklkm 

for each species over time). This technique was used to account for potential 
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migrants on transects, which allows for comparison between treatments. In both the 

previous cases, track density was used as a surrogate for relative populations in 

each road segment and adjacent patch (Thompson et a/. 1988). Mean monthly 

values were calculated by tallying monthly track counts and dividing by the number 

of survey months. Mean annual counts were also tallied for assessing the barrier 

effect. 

The data showed non-uniform distributions and heterogeneous variances, 

which required the use of non-parametric statistical techniques. To compare for 

differences between road treatments, the chi-square statistic was not appropriate 

because data were not frequency counts but rather the ratio produced by comparing 

road crossings to transect crossings. This ratioing process created observations 

with values ranging from 0-1. The Kruskal-Wallis H-test was the most appropriate 

alternative (showing 95.5 %effectiveness, as measured by the power of the test (1 -

p), when compared with the F-statistic, when all assumptions are met - Siegel 

1956). The Kruskal-Wallis H-test is a non-parametric one-way ANOVA (Analysis of 

Variance), which like its parametric equivalent can show the researcher if there is a 

significant difference between a group of treatments, but not which treatments 

create this difference. As a consequence, the test was applied first to the entire set 

of treatments within each study area and then in a series of pairwise-comparisons. 

For example, B1,B2 and B3 were compared for statistical differences, and then B1 

vs B2, B1 vs 83, B2vs B3were compared. With larger samples (K>5) the Kruskal- 

Wallis H-test approaches the chi-square distribution (Zar 1999). If the sample K is 

equal to 2, then the test is equivalent to the Mann-Whitney U-test (Zar 1999). 



4.5 Spatial Data Acquisition 

Two series of maps were created for analysis. These included species point 

coverages and predictive attribute surfaces (e.g. slope, aspect, etc.). Species point 

data were collected in NAD-27 (us27tml1) and attribute surfaces were standardized 

to this georeferencing system. NAD-27 was used to be consistent with the 

projection and reference system of the existing GIs base layers. 

The spatial point data represented track density on transects and on roads 

for each species, standardized by time-since-snow (see above section on transect 

and crossing data). Road crossing data were geo-referenced at the point of 

collection with a hand-held Garmin GPS (non-differentially corrected with error 

polygons 50-300m) and transect data were geo-referenced by assigning each 50 

metre transect interval a UTM, collected using a Trimble Pathfinder GPS 

(differentially corrected to within Im). The use of a high precision GPS on road 

crossing surveys was not possible because the acquisition time would be prohibitive 

for completing surveys. Using a hand-held (higher error) for identifying transects 

would be wasteful of the opportunity to be precise. The discrepancy in error 

between road surveys and transect surveys cannot be rectified, but must be 

handled in the GIs study frame. Thus, separate frames of analysis were created for 

roads compared with transects and were based on the maximum error observed. 

The species point data for road crossing and transects were housed in an 

Microsoft (MS) Access database (MSOffice97). Species were assigned distinct 

codes in the Access database, sorted by species and month, to create a series of 

unique coverages for each species. For example, a series of marten coverages 
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was created for each time and spatial scale (see below). Sorted 

(specieslmonthlyear) data were exported to text files, then imported into the ldrisi 

GIs using the XYZldris module. This allowed the imported point to have a UTM 

coordinate and a standardized track density value. Road crossing data and transect 

data were combined into a single image within Idrisi. 

Species surfaces were organized by three temporal scales (i.e.monthly track 

density, annual track density, and 3 year track density) and by three spatial scales 

(i.e. treatment - highway section and adjacent lands, region - major drainagelvalley, 

and landscape - entire study area). 

Landscape attributes useful for predicting movement were selected based on 

empirical study (see literature review section - habitat selection). The following 

basemaps were used to derive predictive surfaces: 

DEM (Alberta Environment, Provincial Base Map, Raster, 30m res., utm-11) 

Roads (Parks Canada, Federal Base Map, Vector, utm-11) 

Greenness (TM-Satellite, Eastern Slopes Grizzly Bear Project, 30m resolution, 

Tasselled Cap Transformation, us27tm11) 

Hydrology (Parks Canada, Federal Base Map, Vector, utm-11) 

All coverages were standardized to us27tm11 reference system, 30 metre 

cell resolution, and windowed to the specific study region. Predictive landscape 

attributes are represented by surfaces derived from the above basemaps and are 

presented in the following sections, 4.5.1 - 4.5.7. 

4.5.1 Aspect (derived from DEM using SURFACE in Idrisi) 
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Aspect was reclassed into 45 degree intervals and assigned a numeric class 

identifier: 

1: ~ 6 r t h  337.5- 0 - 22.5 degrees 
2: Northeast 22.5 - 67.5 

1 4: Southe 

4.5.2 Slope (derived from DEM using SURFACE in Idrisi) 

Slope was represented by degrees 0-90. 

4.5.3 Greenness 

The raw data (from Tassell Capped Transformation) values ranged from -

187to +I63 and were reclassed (i.e. at equal interval 4 units) to a range of values 

from 0-88, which was necessary for analytical purposes. 

4.5.4 Distance to Roads 

Road vectors were reclassed into a boolean image (Road=l :Background=O), 

and then rasterized. The ldrisi DISTANCE module was used to derive the "distance 

to roads" image. This output surface was reclassed into 10 metre intervals (to fit 

exactly within 30 metre pixels but maintain the small grain). 



4.5.5 Distance to Cross Drainages 

The hydrology vector layer was rasterized into a boolean image where 

Rivers=l and Background=O. The river boolean image was multiplied by the road 

boolean image, using the ldrisi OVERLAY module, to derive an image with cells of 

the following values, representing the intercept between the two images: 

Road River Roads Rivers 

This resulting surface was reclassed into a boolean image where cells with 

values 1-1 were assigned a value 1 and all others zero (see last row above and 

circles in cartogarphic depiction). This image represented sites where there 

occurred simultaneously a pixel that was road and river (a cross-drainage). These 

new sites are areas where secondary drainages cross under the roadways to flow 

into the main river drainage (e.g. a creek flowing into the Bow River). The boolean 

image was used to create a "distance to cross-drainage" by using the ldrisi 

DISTANCE module and reclassing the image into 10 metre intervals. 

4.5.6 Toposhape 

Topographic complexity was measured using topographic curvature, as 

estimated by the Toposhape function in Idrisi. Toposhape was derived from the 
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DEM, and estimated from the second order derivative of the polynomial surface that 

was fit to each 3x3 pixel area (Eastman 1999). The second order derivative is 

curvature, which represents the rate of change of a tangent line in the aspect 

direction of a pixel and in the direction orthogonal to aspect. The toposhape 

function produces 12 topo-feature classes. These critical points include: 

Peak 

Ridge 

Saddle 

Flat 

Ravine 

Pit 

Convex hillside 

Saddle hillside 

Slope hillside 

Concave hillside 

Inflection hillside 

Unclassified 


4.5.7 Study Frame 

A study frame was created using transect lines and roads. A boolean image 

of transects buffered by 60 metre (2 pixels) each side and a boolean image of roads 

buffered by 21 0 metres (7pixels) either side were combined (0VERLAY:ADD) and 

reclassed to a boolean "study frame." The disparate buffers are required because 

of different error in GPS acquisition. Post differential correction was not possible for 

road crossings, hence they exhibited greater error. All predictive attribute surfaces 

were windowed to the "study frame" by using the 0VERLAY:MULTIPLY command. 

This procedure resulted in a set of attribute surfaces representative of "available" 

attribute classes and helped to minimize the potential for framing bias in the 

analysis of habitat use. 
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This "study frame" was used in the assessment of species distribution by all 

physiographic attributes, with the exception of distance to roads, for which a 

"transect frame" was used. The latter frame was necessary to depict accurately any 

"road disturbance." The measure of disturbance is distance to roads, and the use of 

a distance buffer to create the study frame heavily skewed the expected counts. In 

the case of all other attributes besides road distance, the histograms of class 

distribution for the study and transect frames were compared and found not to differ 

significantly. 

4.6 Analysis of Spatial Data 

4.6.1 Inferring Selection from Use Density 

Density of track by attribute classes (i.e. track density in each aspect class) 

was determined by using the EXTRACT function in Idrisi. With the EXTRACT 

function, the total track density by each attribute class is summarized in table 

format. These data tables were saved as text files and imported into Excel (MS 

Off ice 97). The boolean study frame image was also used to extract the distribution 

of attribute values in the study frame. The output from this operation provided a 

summary of total cell counts by attribute class. The output tables were also 

imported into Excel. In Excel, the extracted study frame values (i.e. the distribution 

of attributes samples) were used to determine the proportional representation of 

each attribute class in the sampling frame, which was then used to determine the 

expected number of tracks for each attribute class, as a proportion of total tracks 

observed. 
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A value was derived to indicate over and under-use of attribute classes. This 

was derived by subtracting expected from observed and dividing by the expected N 

for each sub-class. See the following example, Table 1, which shows the 

distribution of marten points by aspect class for the 3 years. 

Column numbers are indicated at the top. The first column indicates the 

attribute classes. Column 2 shows the observed values as tabulated from the 

EXTRACT function in Idrisi. Column 3 is the expected track count, the derivation of 

which is discussed subsequently. The fourth column shows the total sampled cells 

for each aspect class, followed by the proportional representation of the total 

number of cells (Column 5). This proportion was used to derive the expected 

(Column 3) by multiplying the proportion by the total number of marten tracks 

observed. The difference between observed and expected appears in column 6. 

Finally, column 7 shows the proportion of observed-expected divided by the total 

expected (from column 3) for each class. This provides a relative index of observed 

versus expected use for comparison between scales of analysis and between 

species. 

This type of table was created for total track counts for each of the 13 

species at the following four temporal and two spatial scales: all 3 years, 1999, 

1998, 1997, and Banff National Park and Kananaskis Country, respectively. 



Table 1:Marten, 3 Years, track counts by Aspect Class 
(See text above for description) 

Background 67 0 0 0 67 0 
North 21 9 263.5402 8031 0.076234 -44.5402 -0.16901 7 
(337.5-22.5) 
Northeast 556 335.1 761 10214 0.096956 220.8239 0.658829 1 
East 285 205.7523 6270 0.05951 8 79.24768 0.3851 61 3 

'aspect I I I 
~ o t a l  13457 13457 1105347 1 

In Table 1, above, overuse is indicated in Column 7 by a positive value and 

underuse by a negative value. Observed-ExpectedIExpected data were used in 

Excel to create graphic representations of each species' use patterns by attributes. 

These comparisons are presented in the results sections "Predictive Attributes" and 

"Interspecific Interactions". Statistical significance of habitat selection was not 

tested. The principal goal of this research was to examine the trends among 

species not to demonstrate habitat selection. It was assumed that over or under- 

representation of tracks by attribute class has biological significance regardless of 

its statistical significance. 



4.6.2 Correlation Analysis 

Spearman's rank correlation (Siegel 1956) was calculated to determine if 

track densitylkm changed consistently among species over time and space. These 

analyses respectively allowed for inferences about which species "track one 

another (i.e. whether abundance is positively or negatively related), which species 

exhibit relationships in track density by habitat attribute over time and space, and 

which predictive attributes hold constant across spatial and temporal scales within a 

sub-set of study species. 

Data followed a non-normal distribution, with heterogeneous variances, which 

required the use of non-parametric statistics. Bivariate non-parametric correlation 

statistics were applied using the SPSS package (Statistical Package for the Social 

Sciences Version 10.0, 2001) to derive a correlation matrix of Spearman's Rank 

Correlations (Spearman's rho), at p<0.01 and pc0.05 significance. Species that 

showed statistically significant interactions over time, space and by attribute were 

summarized in tables, which are presented in the Results section of this thesis. 

These species were ranked by their total number of interactions with other species. 

Interaction rank scores were integrated in a decision support matrix (MATS) 

(Massam 1986) to determine the ranking of species by all attributes. MATS uses 

the Normalized Additive Weighting method to provide a total rank score. Top 

ranking species from each functional level (large carnivores, forest carnivores, 

ungulates, small-prey species) were selected as representatives for use in the final 

DSS models. 



4.7 Weight of Evidence Modelling: Dempster Shafer Theory 

Probability functions describing optimal conditions for habitat linkage zones 

were derived from the index of selection and avoidance. The decision rules and 

probability functions are described in detail in the results section 5.8, for ease of 

interpretation. 

4.7.1 Defining Probability Functions 

In Idrisi, fuzzy sets can be expressed by sigmoidal, j-shaped, linear and user- 

defined probability curves. For each probability curve, an associated hypothesis 

must be stated. "Dempster-Sheafer theory defines hypotheses in a hierarchical 

structure developed from a basic set of hypotheses that form the frame of 

discernment" (Eastman 1999). For example, if the frame of discernment contains 2 

hypotheses [A,B] ,the structure of the hypotheses for which Dempster-Shafer will 

accept evidence includes all possible combinations [A],[B], [A,B]. The first two are 

"singleton hypotheses" -each containing only one basic element, the last is a non- 

singleton hypostheses containing more than one basic element. 

The three hierarchical combinations are recognized because often evidence 

supports some combination of hypotheses. Eastman (1999) presents the example 

of differentiating between [deciduous] and [conifer] forest types. If evidence used to 

classify these vegetation types is a black and white aerial photo, it may only be 

possible to distinguish non-forested from forested areas. Eastman (1999) suggests 

this evidence is support for a hierarchical combination of hypotheses (e.g. 

[deciduous/conifer]). This process is described in more detail in the methodology 



section of this thesis. 

Probability surfaces were constructed for wolves, lynx and marten using the 

Belief module in Idrisi. A combination of sigmoidal, j-shaped and user-defined 

curves were used to assign probability functions. The Dempster-Shafer approach in 

ldrisi combines all images with equal weighting. 

In the first iteration of the model, four attributes were considered in 

developing the linkage zone model (aspect, greenness, slope and toposhape). In 

the second iteration, greenness was removed because of framing bias issues 

(discussed in results and discussion sections below). In the third iteration of the 

model, known focal species sites were used to calibrate the model geographically. 

Calibration was used because the first probability surface was generated using 

habitat associations from 3 year-landscape scale analysis. Analytical results, from 

the predictive attributes section of this dissertation, showed that spatial and 

temporal variations occur, which are not accounted for by the large scale analysis. 

Data assimilation has been used routinely by climatologists (Khattatov 2000) and 

was used to account for these spatio-temporal variations. Known focal prey sites 

were included in a fourth iteration of the model, that did not include known focal 

species sites. All models were evaluated with one carnivore within each focal guild, 

one carnivore in the other identified guilds, and with dominant prey species for the 

focal guild. This is discussed in more detail in the Results Section. 



4.7.2 Intersection between Probabilities 

Probability surfaces were reclassed into boolean images, where areas above 

0.90 probability were assigned class one and all other probabilities were classed 

zero. Marten boolean images were classed as onelzero, wolf boolean images as 

threelzero, and lynx as fivelzero. This scheme was used so that when all three 

surfaces were overlayed, it would be possible to detect which species formed the 

new values on the cells. For instance, if the new cell value was 4, it can only 

represent the combination of 1 and 3 (marten and lynx). This allows managers to 

determine which species have greater than 90% probability of detection in any given 

cell. Presumably, managers should protect corridors with the highest percentage of 

cells that exhibit the sum of all three species (class 9: 1-marten, 3-wolf, and 5-lynx). 

4.7.3 Model Verification 

To test the predictive power of the prob ability surfaces, the following 

procedure was followed. Surfaces had to be converted to integer values for 

analysis. Thus, probability values (0.01 -1.00) were reclassed into percentages I-

100(1 percent intervals). These intervals were reclassed into aggregates of 5% to 

new values 1-20. This reclass was performed on each probability surface 

(identification suffixes are shown in brackets) for all three species: 

Aspect, slope, toposhape ( -ng) 


Aspect, slope, toposhape, observed species sites ( -2) 


Aspect, slope, toposhape, observed prey sites (-3) 
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Cross-tabulations were conducted to tabulate the number of observed 

predator and prey tracks that fell into each percent class on each probability 

surface. For example, wolf points (3 years) were cross-tabulated with the predicted 

values of wolf-ng (see above for surfaces used with suffix -ng, etc.), wolf-2, and 

wolf-3. In addition, observed cougar (3 years) and elk (3 years) were cross- 

tabulated with the same images. 

Lynx points (3 years) were cross-tabulated with lynx-ng, lynx-2, and lynx-3. 

Hare (3yrs), wolf (3 years) and marten (3years) were also cross-tabulated with the 

previous three lynx layers. 

Finally, marten tracks were cross-tabulated with predicted marten 

occurrences from marten-ng, and marten-2. Hare (3years), weasel (3years) and 

lynx (3 years) were also correlated with the previous 2 images. This effort provided 

a means to assess which combination of variables more closely predicts other 

species. 

4.8 Chapter Four Summary 

This chapter detailed the methodology used to collect road crossing and 

transect data. Data storage issues were discussed. Data standardization methods 

were discussed and were required because of varying intensity of sampling between 

treatments. This variability resulted from different periodicity in monthly and annual 

snowfall, and time lags in transect surveys after fresh snowfall. The analytical 

methods used to examine the road barrier effect were presented. The creation of 
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spatial (GIs) data layers for use in predictive-habitat modelling for all species was 

detailed. In addition, the rationale and scope of the GIs based analytical study 

frame was detailed. The observed versus expected occurrence of tracks by 

biophysical attribute were presented graphically. The method for testing for 

relationships among species within each biophysical attribute was presented. 

Finally, the Evidential Reasoning methodology was detailed. This section detailed 

the derivation of probability functions, the tests used to identify spatial intersections 

among species, and the methodology for verifying the final probability linkage zone 

models. 



5.0 CHAPTER FIVE: RESULTS 

The results in this chapter are organized into eight sections. In the initial 

section, a record of road and transect surveys is presented. Data tables showing 

track totals and standardizations are available upon request. 

In the second section, results of the analysis of landscape permeability or 

"barrier effect" are shown. Tables in this section compare mean annual crossing 

frequencies as a ratio of transect-crossing frequencies for each highway section. 

Relationships among species and biophysical attributes are summarized 

graphically in the third section. Corresponding data tables are available upon 

request. Results are organized by species, then attribute, then analytical scale. For 

example, the first species-landscape relationships presented are marten. 

In the fourth section, graphs are presented that compare multiple species 

associations with landscape attributes. These results provide insight into how 

species "track" one another by predictive attribute. Spearman's rank correlation was 

used to determine which species are significantly correlated by attributes. The 

variance of species by attribute class are also presented, to allow inference about 

how well each attribute predicts selection for all species. 

A correlation between species for track density (observed less expected) by 

biophysical attribute is presented in section five. These are presented for the 

following scales of analysis: Landscape scale (i.e. Banff and Kananaskis) at the 3 

year temporal scale (i.e. all years together), Landscape Scale for 1999, Banff for 3 

years, and Kananaskis for 3 years. This sub-set of spatial temporal scales was 
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selected to provide insight into variability of results, while meeting time constraints. 

Correlation results are also shown for multi-species track density values (obs- 

explexp) at the end of section five. 

Track counts observed on road surveys and transects are summarized 

graphically by year and month in the sixth section. The graphs are arranged by 

assemblages of species (i.e. carnivores, lynx and wolverine, small prey species, and 

ungulates). A Spearman's Rank correlation was used to compare changes in track 

density among different species over time. The associated tables list species with 

significant correlations. Tables are presented for annual average track density (all 

treatment areas cumulative for the three years), for monthly average track density 

(all treatments, cumulative for three years), and for monthly average track density by 

highway section (sum density for three years, and 1999 totals). The total number 

of significant interspecies interactions were tallied for each species and a rank order 

detailed below each correlation table. 

The definition of focal species is explained in section seven. This analysis 

was based on species sensitivity ranks as calculated in section 4 (from grand 

variance by attribute) and was determined using the decision support system MATS 

(Multi-Attribute Trade-off System) (Massam 1986). 

Finally, fuzzy decision tables and rules are presented, which were used to 

derive a Bayesian probability surface for optimal movement corridors in the study 

region. These surfaces were derived in the ldrisi GIs and are based on weight-of- 

evidence (Dempster-Shaffer) modelling. 



5.1 Survey Records 

Table 2 summarizes road surveys conducted each year. Survey counts are 

tallied by monthlyear (row value) for each highway section (column title). Surveys 

are divided into full surveys (F: all species) and carnivore surveys (C: large 

carnivores only) indicated by a suffix for each road section (B1, B2, B3, K2, K3, K4, 

K5). Grand totals, which are presented on the bottom row of each annual summary, 

were used to standardize track counts as follows: 

Std tracks/km = [# tracks on road1 (# road surveys * road length km)] Eq. 1 

Table 2: Road and Transect Surveys for Banff and Kananaskis 
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Tables 3 to 8, following, summarize the number of surveys per transect and 

treatment for each survey year. Kananaskis Countryvalues are presentedby year 

(1997198-199912000) in Tables 3 ,4  and 5. Likewise, Banff National Park transect 

values appear in Tables 6, 7 and 8. Transect numbers are shown in the first 

column of each table, the numberof surveys conductedfor eachtransect are shown 

underthe monthlycolumn title, and this is followed by a column indicatingthe total 

numberof 50 metre (sub-transects) representedbythe survey count. Forexample, 

in Table 2 refer to the 1'' row, 2"d column, which shows that transect 1 was 

surveyed2 times in December. The latter represents40 sub-transects (i.e. transect 

1 has 20, 50 metre subtransects). The total annual number of sub-transects 

surveyed is itemized in the right-most column. The bottom section of each table 

shows the breakdown of the number of 50 metre intervals surveyed by each 

highwaytreatment -a re-summary of transects presentedin the uppermost part of 

the table. The total annual number of sub-transects surveyed for the entire study 

area over the year is presented in the bottom right comer. Two grand totals are 

shown, which verify that the above transect total sums to the treatment total. The 

numberof 50 metresub-transectssurveyed is usedto standardizethe track counts 

for each transect, treatment and year to a density estimate of trackslkm as follows 

(an example for 1 transect is provided). 

Track counts were standardized to the number per kilometre for ease of 

comparison with road survey crossing frequency: 

pI {R * 50 m}] * 1000 m/km = trackslkm, Eq. 2 

where: T = number of tracks =total observed/number of days since snow 
R -- # sub-transect replicates 
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Table 3: 1997198 Transect Survey Records for Kananaskis Country 
Number of transect replicates (Reps) and # 50m intervals surveyed 

Hwy Section Number of 50-rn 
/ 

(Treatment) 
intervals surveyed 
annually by transect 

Number of 
replicates by 
transect 

Annual Total for all transects 

I 
and thus, all treatments 

Total number of 50-metre intervals 
surveyed monthly by highway treatment 
(sum of all transects on a treatment) 



Table 4: 1998/99 Transect Survey Records for Kananaskis Country 
(#transect reps / #50m intervals surveyed) 



Table 5: I99912000 Transect Survey Records for Kananaskis Country 
(#Vansect reps 1#50m intervals surveyed) 



Table 6: 199711998 Transect Survey Records for Banff National Park 
(#Vansect reps / #50m intervals surveyed) 
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Table 7: 199811999 Transect Survey Records for Banff National Park 
(#transect reps / #50m intervals surveyed) 
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Table 8: 199912000 Transect Survey Records for Banff National Park (#Wansect 
reps / #50m intervals surveyed) 



5.2 Summary of Annual and Monthly Standardized Track Counts 

In this results subsection, annual track counts are presented for all species 

by each highway section (i.e. treatment). The track density (trackslkm) for each 

treatment (highway section) was calculated as shown in Equation 5.6.1 (for both the 

road crossing and transect track values). Equation 5.6.1 describes the calculation 

of mean annual track density. 

XA=Gjx/N, Eq. 3 

Where, XA= mean track density on treatment (trackslkm) for N years 

i = year number 1 

j= final year in series 

x = mean annual track density on treatment for year I-j 

N = number of years surveyed 

Figures 3 to 6 summarize the mean annual road crossing track density by 

highway treatment. Species are divided into guilds for presentation. Graphs Series 

7-10 show the mean annual transect track density for each of the three study years 

by highway treatment. Species are divided into guilds for presentation. 



5.2.1 doad Crossing Track Frequency (Annual by Hiahway) 

Figure 3: Large Carnivore Road Crossing Track Frequency 
(Annual Trackalkm by Highway Section BNP and KC 1997-1999) 
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Figure 4: Forest Carnivore Road Crossing Track Frequency 
(Annual Trackam by Highway Section BNP and KC 1997-1999) 
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Figure 5: Wolverine and Lynx Crossing Frequency 
(Annual Rd Crossing Trackskm by Highway Section 

BNP and KC 1997-1 999) 
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Figure 6: Ungulate Road Crossing Track Frequency 
(Annual Trackslkm by Highway Section BNP and KC 1997-1999) 
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5.2.2 Transect CrossingTrack Frequency(Annual by Highway) 

Figure7: Carnivore Transect Track Frequency 
(Annual Track Density by HighwaySection, 

BNP and KC 1997-1999) 
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Figure 8: Wolverineand Lynx Transect Track Frequency 
(Annual Track Density by Highway Section, BNP and KC 1997-1999) 
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Figure 9: Ungulate Transect Track Density 
(Annual Track Density by Highway Section, BNP and KC 1997-1 999) 
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Figure 10: Small Prey Species Transect Track Frequency 

(Annual Track Density by Highway Section, 
BNP and KC 1997-1999) 
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5.3 Traffic Volume and Landscape Permeability 

Results in this section examine the "barrier effect" of traffic on roads. All 

tables are organized to show track density for each highway section (columns) by 

each species (rows). Traffic volume data were collected by agencies during the 

study term, but were not consistent enough across time and space to use in the 

analysis. 

Tables 9 and 11 list the mean monthly track density for road crossings and 

road-transect ratios, respectively. Tables 10 and 12 shows Kruskal-Wallis test 

results. Tables 13, 15, and 17 show mean monthly track density by species by 

highway treatment for the years 1 999/2OOO, 1 998/1999, and l997/1998 

respectively. Tables 14,16, and 18 show Kruskal-Wallis test results for Tables 13, 

15, and 17. 

The analysis of differences between track crossing ratios (road 

crossings/transect crossings) by highway section would most appropriately be 

handled using one-way ANOVA. However, data violated the assumptions of 

parametric statistics, specifically for normality. Ratios, such as the rates used 

herein, often suffer from violations of distribution assumptions (Siegel 1956). Thus, 

a non-parametric equivalent test was required. A chi-square statistic was 

unsuitable, because track density values violate sample size assumptions of this 

test (Siegel 1956). 

The Kruskal-Wallis one-way analysis of variance by ranks is a suitable 

alternative "for determining if kindependent samples are from different populations" 

(Siegel 1956). The Kruskal-Wallis ANOVA develops ranks for nominal data and 
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tests the null hypothesis that samples come from identical populations with respect 

to averages. The test assumes a continuous data distribution and requires at least 

ordinal data. In this test, all scores for each sample are combined and ranked in a 

single series. "The smallest score is replaced by rank 1, the next to smallest by 

rank 2, and the largest by rank N.. ..where N equals the total number of independent 

observations in the k samples" (Siegel 1956). The Kruskal-Wallis statistic was 

calculated for the road-transect ratios, which represent the permeability of the 

landscape for each treatment (sample group). 



Table 10: Kruskal Wallis H-Test Results for Table 9
I Comparisons ( Chi-square ( df I Asymptotic Signif. I 



Table 12: Kruskal Wallis H-Test Results for Table 11 
[ Comparisons I Chi-square Idf I Asymptotic Signif. I 



Table 14: Kruskal Wallis H-Test Results for Table 13
1Comparisons I Chi-square I df I Asymptotic Signif. I 

Approximate 

B1 vs 82 vs B3 6.189 2 0.045 

B1 vs B2 4.121 1 0.042 

B1 vs B3 4.767 1 0.029 

82vs B3 0.041 1 0.840 

K2 vs K3 vs K4 vs K5 17.987 3 0.000 




Table 16: Kruskal Wallis H-Test Results for Table 15 
I Comparisons I Chi-square I df I Asymptotic Signif. I 

Approximate 
B1 vs 82 vs B3 6.666 2 0.036 

B1 vs B2 3.241 1 0.072 

B1 vs B3 5.282 1 0.022 

82 vs B3 1.608 1 0.205 

K2 vs K3 vs K4 vs K5 18.676 3 0.000 

K2 vs K3 

K2 vs K4 




Table 18: Kruskal Wallis H-Test Results for Table 17 

Comparisons I Chi-square Idf I Asymptotic Signif. ] 




5.4 Predictive Landscape Attributes 

This section graphically summarizes by species, the over-use and under-use 

of six biophysical attributes (aspect, greenness, slope, distance to roads, 

toposhape, and distance to cross-drainages -see methodology section for details 

and rationale). The data tables associated with these graphs are available upon 

request. Values for selection were calculated as follows: 

Relative Use = (observed-expected)lexpected Eq. 4 

This equation corrects for sample size and provides a means to compare 

within species by the various scales of analysis and between species by attribute. 

The graphic depictions are provided so that the variability or consistency of use 

patterns may be examined visually for each species. 

The results are graphically organized, from section 5.4.1 to 5.4.12, first by the 

species, then by attribute, then by the scales of investigation (i.e. temporal and 

spatial). For marten, hare, lynx, wolf, cougar, wolverine and elk the tables are 

divided into temporal scales (i.e. all years, 1999,1998,1997) and spatial scales (i.e. 

Banff or Kananaskis). Additional scales (i.e. highway treatments) are shown for 

marten and hare, whose sample sizes were appropriate at this reduced scale. For 

all other species (i.e. coyote, deer, sheep, moose, squirrel and weasel), only 

temporal use density trends are illustrated. In each graphic depiction, the 3 year 

total is provided for reference to compare between the two scales of analysis. 

A variance was calculated for all sample values within each class, and a 

grand variance was totalled for the attribute. The summary table of variances is 
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provided at the end of the results section. The variance measure was used to 

quantify the "tightness" of habitat use density between scales of investigation 

(spatial and temporal). This was done in order to ascertain which attributes are 

highly consistent predictors of species track density (a surrogate in this case for 

habitat selection). Moreover, the use of the variance measure provides a means to 

compare and contrast species use by attributes. For instance, variance measures 

suggest that marten use of aspect is highly consistent at temporal scales, less 

consistent at spatial scales, and more consistent overall than wolves. This type of 

information can provide insight for managers, by illustrating the site specific nature 

of habitat selection by different species, or by identifying which species and 

attributes are robust predictors across scales. 

If there is a species that varies in selection between years, then managers 

should reflect this uncertainty in their decisions regarding habitat protection. The 

relationships defined by the graphic trend lines and the associated variances may 

be integrated into a decision support system that reflects this type of uncertainty. 

For example, marten use of slope may be described as a sigmoidal, monotonically 

decreasing probability function, with a threshold of selection and avoidance between 

10 and 20 degrees (see slope graphs in the section on marten, following). The 

threshold in this case is a demarcation point, where the probability of use declines. 

The variance calculated across the scales may be used to define confidence 

intervals associated with this function. The use of probability functions and 

inclusion of uncertainty in decision making is described in more detail in the final 

section of the results. 



5.4.1 Marten 

5.4.4.1 Aspect by Temporal and Spatial Scales 
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Figure 12: Marten Obs vs Exp by Aspect, 
Spatial Scales (BNP and KC 1997-1999) 
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5.4.1.2 Greenness by Temporal and Spatial Scales 

Figure 13: Marten Obs vs Exp by Greenness, 

Temporal Scales (BNP and KC 1997-1999) 


Figure 14: Marten Obs vs Exp Track Density by 

Greenness, 


Spatial Scales (BNPand KC 1997-1 999) 
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5.4.1.3 Distance to Roads by Temporal and Spatial Scales 

Figure 15: Marten Obs vs Exp by Dist. to Roads 

(#I Om intervals), Temporal Scales (BNP and KC 1997-1 999) 
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Figure 16: Marten Obs vs Exp by Dist. to Roads, 

(#lorn intervals), Spatial Scales (BNP and KC 1997-1 999) 
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5.4.1.4 Slope by Temporal and Spatial Scales 

Figure 17: Marten Obs vs Exp by Slope (degrees), 

Temporal Scales (BNP and KC 1997-1 999) 


Figure 18: Marten Obs vs Exp Track Density by Slope 

(Degrees), Spatial Scales (BNP and KC 1997-1 999) 
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5.4.1.5 Toposhape by Temporal and Spatial Scales 

Figure 19: Marten Obs vs Exp Track Density by Toposhape 
(Critical Points), Temporal Scales (BNP and KC 1997-1999) 
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5.4.1.6 Distance to Cross Drainage by Temporal and Spatial Scales 

Figure 20: Marten Obs vs Exp Dist. to Drainage 
(#I0 m Intervals), Temporal (BNP and KC 1997-1 999) 
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Figure 21 :Marten Obs vs Exp by Dist. to Drainage 
(#I0 m Intervals), Spatial Scales (BNPand KC l99Fl999) 
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5.4.2 Coyote 

5.4.2.1 Aspect by Temporal Scales 

Figure 22: Coyote Obs vs Exp Track Density by Aspect 
(45 degree class), Temporal Scales (BNP and KC 1997-1999) 



5.4.2.2 Greenness by Temporal Scales 

Figure23: Coyote Obs vs Exp Track Density by Greenness, 
Temporal Scale (BNP and KC 1997-1999) 



5.4.2.3 Distance to Roads by Temporal Scales 

Figure24: Coyote Obs vs Exp Track Density by Dist. to Roads 

(#I0 m Intervals), Temporal Scales (BNPand KC 1997-1 999) 
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5.4.2.4 Slope by Temporal Scales 

Figure 25: Coyote Obs vs Exp Track Density by Slope 
(Degrees), Temporal Scales (BNP and KC 1997-1 999) 



5.4.2.5 Toposhape by Temporal Scales 

Figure26: Coyote Obs vs Exp by Toposhape, 

Temporal Scales (BNP and KC 1997-1999) 




5.4.2.6 Distance to Cross Drainage by Temporal Scales 

Figure27: Coyote Obs vs Exp Track Density by 
Dist. to Drainage (#I0 m Intervals), Temporal Scale 

(BNP and KC 1997-1999) 
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5.4.3 Wolf 

5.4.3.1 Aspect by Temporal and Spatial Scales 

Figure 28: Wolf Obs vs Exp Track Density by Aspect 
(45 deg. classes), Temporal Scales (BNP and KC 1997-1 999) 
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Figure 29: Wolf Obs vs Exp Track Density by Aspect 
(45 deg. classes), Spatial Scales (BNP and KC 1997-1 999) 
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5.4.3.2 Greenness by Temporal and Spatial Scales 

Figure 30: Wolf Obs vs Exp Track Density by Greenness, 

Temporal Scales (BNP and KC 1997-1999) 
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Figure31:Wolf Obs vs Exp Track Density by Greenness, 
Spatial Scales (BNP and KC 1997-1999) 
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5.4.3.3 Distance to Roads by Temporal and Spatial Scales 

Figure 32: Wolf Obs vs Exp Track Density by Dist. to Roads 

(#I0 rn Intervals), Temporal Scales (BNP and KC 1997-1 999) 


Figure 33: Wolf Obs vs Exp Track Density by Dist to Roads 

(#I0 m Intervals), Spatial Scales (BNP and KC 1997-1999) 
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5.4.3.4 Slope by Temporal and Spatial Scales 

Figure 34: Wolf Obs vs Exp Track Density by Slope 
(Degrees), Temporal Scales (BNP and KC 1997-1999) 

Figure 35: Wolf Obs vs Exp Track Density by Slope 
(Degrees), Spatial Scales (BNP and KC 1997-1999) 
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5.4.3.5 Toposhape by Temporal and Spatial Scales 

Figure 36: Wolf Obs vs Exp Track Density by Toposhape 

(Critical Points), Temporal Scales (BNP and KC 1997-1 999) 
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5.4.3.6 Distance to Cross Drainage by Temporal and Spatial Scales 

Figure 37: Wolf Obs vs Exp by Dist. to Drainage 

(#I0 m Intervals),Temporal Scales (BNP and KC 1997-1999) 


Figure 38: Wolf Obs vs Exp by Dist. to Drainage 

(#I 0 m Intervals), Spatial Scales (BNP and KC 1997-1 999) 
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5.4.4 Lynx 

5.4.4.1 Aspect by Temporal and Spatial Scales 
I I 


Figure 39: Lynx Obs vs Exp Track Density by Aspect 

(45 deg. classes), Temporal Scales (BNP and KC 1997-1 999) 
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Figure40: Lynx Obs vs Exp Track Density by Aspect 
(45 deg. classes), Spatial Scales (BNP and KC 1997-1999) 



5.4.4.2 Greenness by Temporal and Spatial Scales 

Figure 41: Lynx Obs vs Exp Track Density by Greenness, 
Temporal Scales (BNP and KC 1997-1999) 
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Figure 42: Lynx Obs vs Exp Track Density by Greenness, 

Spatial Scales (BNP and KC 1997-1 999) 




5.4.4.3 Distance to Roads by Temporal and Spatlal Scales 

Figure43: Lynx Obs vs Exp by Dist. to Roads 

(#I0 m Intervals), Temporal Scales 


(BNP and KC 1997-1 999) 


+All Years 

>Figwe44.LynxObs vs Exp by Dbt. ta Roads 
(# 10m intervals), Spsltlai Scales(BNP and KC 1397-1W9) 

' +BNP 3yn 
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5.4.4.4 Slope by Temporal and Spatial Scales 

Figure 45: Lynx Obs vs Exp Track Density by Slope 
(Degrees), Temporal Scales (BNP and KC 1997-1 999) 

+All Years 
+All 1999 

- A11 1997 

Figure46: Lynx Obs vs Exp Track Density by Slope 
(Degrees), Spatial Scales (BNP and KC 1997-1 999) 

1.5 

1 
+BNP 3yrs 

-0.5 



5.4.4.5 Toposhape by Temporal and Spatial Scales 

Figure 47: Lynx Obs vs Exp Track Density by Toposhape 
(Critical Points), Temporal Scales (BNP and KC 1997-1 999) 

3.5 , 1 .  ' All Years 
3 -All 19992.5

!? 2 6All 1998 
1.5 All 1997 

-0.5 

-1 




5.4.4.6 Distance to Cross Drainage by Temporal and Spatial Scales 

Figure 48: Lynx Obs vs Exp Track Density by 

Dist. to Drainage (#lorn Intervals), Temporal Scale 


(BNP and KC 1997-1 999) 


I +All Years 

All 1999 

4111998 

.UI 1997 


Figure 49: Lynx Obs vs Exp by Dist. to Drainage 

(#lorn Intervals), Spatial Scales (BNP and KC 1997-1999) 




5.4.5 Cougar 

5.4.5.1 Aspect by Temporal and Spatial Scales 

Figure 50: Cougar Obs vs Exp Track Density by Aspect 

(45 deg. classes), Temporal Scales (BNP and KC 1997-1 999) 


Figure 57: Cougar Obs vs Exp Track Density by Aspect 

(45 deg. classes), Spatial Scales (BNP and KC 1997-1 999) 




-+-All Years 
--CAll .I999 



5.4.5.3 Distance to Roads by Temporal and Spatial Scales 

Figure 54: Cougar Obs vs Exp by Dlst. to Roads 

(#I0 m Intervals), Temporal Scales (BNP and KC 1997- 


1999) 


Figure55: Cougar Obs vs Exp Density by Dist. to Roads 
(#I0 m Intervals), Spatial Scales (BNP and KC 1997-1 999) 
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5.4.5.4 Slope by Temporal and Spatial Scales 

Figure56: Cougar Obs vs Exp by Slope (degrees), 

Temporal Scales (BNP and KC 1997-1 999) 


--+=All Years 

+All 1999 


+All 1998 


Figure57: Cougar Obs vs ExpTrack Density by Slope 

(Degrees), Spatial Scales (BNP and KC 1997-1 999) 




5.4.5.5 Toposhape by Temporal and Spatial Scales 

Figure 58: Cougar Obs vs Exp Track Density by Toposhape 

(Critical Points), Temporal Scale (BNP and KC 1997-1999) 


- - C A I  Years 

- A11 1997 




5.4.5.6 Distance to Cross Drainage by Temporal and Spatial Scales 

Figure 59: Cougar Obs vs Exp Density by Dist. to Drainage 
(#I0 m Intervals), Temporal Scales (BNP and KC 1997-1999) 

Figure 60: Cougar Obs vs Exp Density by Dist. to Drainage 

(#I0 m Intervals), Spatial Scale (BNP and KC 1997-1 999) 


--f-A l  Years 



I 

5.4.6 Wolverine 

5.4.6.1 Aspect by Temporal Scales 

Figure61: Wolverine Obs vs Exp Track Density by Aspect 

(45 deg. classes), Temporal Scales (BNP and KC 1997-1 999) 


+All Years~1 

5.4.6.2 Greenness by Temporal Scales 

Figure62: Wolverine Obs vs Exp Density by GreennW6, 

Temporal Scales (BNP and KC 1997-1 999) 


8 

* 	AHYears 


All 1999 
-All 1908 




5.4.6.3 Distance to Roads by Temporal Scales 

Figure63: Wolverine Obs vs Exp Density by Dist. to Roads 
(#I0 m Intervals), Temporal Scales (BNP and KC 1997-1999) 

I -All Years 
+All 1999i1 A111998 

-All 1997 

5.4.6.4 Slope by Temporal Scales 

Figure 64: Wolverine Obs vs Exp Track Density by Slope 

(Degrees), Temporal Scales (BNP and KC 1997-1999) 




5.4.6.5 Toposhape by Temporal Scales 

Figure 65: Wolverine Obs vs Exp by Toposhape 
(Critical Points), Temporal Scales (BNP and KC 1997-1999) 

5.4.6.6 Distance to Cross Drainage by Temporal Scales 

Obs vs Exp by Dist. to Drainage 

(# 10 m lntervals),Temporal Scales (BNP and KC 1997-1 999) 




5.4.7 Elk 

5.4.7.1 Aspect by Temporal and Spatial Scales 

Figure 67: Elk Obs vs Exp Track Density by Aspect, 
(45 deg. classes), Temporal Scales (BNP and KC 1997-1999) 

1 

Figure 68: Elk Obs vs Exp Track Density by Aspect 

(45 deg. classes), Spatial Scales (BNP and KC 1997-1999) 


@All Years 
I- BNP 3yr9 

KC 3yrs 



5.4.7.2 Greenness by Temporal and Spatial Scales 

Figure69: Elk Obs vs Exp Track Density by Greenness, 
Temporal Scales (BNP and KC 1997-1999) 

All 1998 

Figure 70: Elk Obs vs Exp Track Density by Greenness, 

Spatial Scales (BNP and KC 1997-1999) 
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5.4.7.3 Distance to Roads by Temporal and Spatial Scales 

Figure 71 :Elk Obs vs Exp Track Density by Dist. to Roads 
(# 10 m Intervals), ~ e m ~ o r a l ~ & a l e s  

(BNPand KC 1997-1999) 

-All Years 
All 1999 

All 1998 

-All 1997 

Figure 72: Elk Obs vs Exp Track Density by Dist. to Roads 
(# 10 m Intervals), Spatial Scales (BNPand KC 1997-1999) 



I 

5.4.7.4 Slope by Temporal and Spatial Scales 

Figure73: Elk Obs vs Exp Track Density by Slope 

(Degrees), Temporal Scales (BNP and KC 1997-1 999) 


Figure 74: Elk Obs vs Exp Track Density by Slope 

(Degrees), Spatial Scales (BNP and KC 4997-1 999) 
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5.4.7.5 Toposhape by Temporal and Spatial Scales 

Figure75: Elk Obs vs Exp Track Density by Toposhape 
(Critical Points), Temporal Scales (BNP and KC 1997-1 999) 



5.4.7.6 Distance to Cross Drainage by Temporal and Spatial Scales 

Figure 76: Elk Obs vs Exp Track Density by Dist. to Drainage 

(#I0 m Intervals), Temporal Scale (BNP and KC 1997-1 999) 


Figuren: Elk Obs vs Exp Density by Dist. to Drainage 

(# 10 m Intervals), Spatial Scales (BNP and KC 1997-1 999) 
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5.4.8 Moose 

5.4.8.1 Aspect by Temporal Scales 

Figure 78: Moose Obs vs Exp Track Density by Aspect 
(45 deg. classes), Temporal Scale (BNP and KC 1997-1 999) 

I Years.'AH

/i 1-D-All1999 
+AII 1998 
*All t997 

5.4.8.2 Greenness by Temporal Scales 
1. 


Figure 79: Moose Obs vs Exp Track Density by Greenness, 
Temporal Scales (BNP and KC 1997-1 999) 
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5.4.8.3 Distance to Roads by Temporal Scales 

Figure 80: Moose Obs vs Exp by Dist. to Roads 

(#I
0 m Intervals), Temporal Scales (BNP and KC 1997-1 999) 


* All 1999 

- All 1998 

+All 1997 


5.4.8.4 Slope by Temporal Scales 

C 

Figure 81:Moose Obs vs Exp Track Density by Slope 

(Degrees), Temporal Scales (BNP and KC l997-l999) 


+All Yeaw 
+All 1 999 


All 1998 

.ill 1997
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5.4.8.5 Toposhape by Temporal Scales 

Figure82: Moose Obs vs Exp Track Density by Toposhape 
(Critical Points), Temporal Scales (BNP and KC 1997-1999) 

--tAll Years 
.-.*-All 1999 
-All 1998 

+All 1997 

5.4.8.6 Distance to Cross Drainage by Temporal Scales 

Figure 83: Moose Obs vs Exp Density by Dist. to Drainage 
(# 10 m Intervals), Temporal Scales (BNP and KC 1997-1 999) 

*All 
+All 
+All 

Years 
1999 
1998 





5.4.9.3 Distance to Roads by Temporal Scales 

Figure 86: Weasel Obs vs Exp Density by Dist. to Roads 

(# 10 m Intervals), Temporal S c a b  (BNP and KC 1997-1 999) 


+All Years 

+All 1998 


5.4.9.4 Slope by Temporal Scales 

Figure 87: Weasel Obs vs Exp Track Density by Slope 
(Degrees), Temporal Scales (BNP and KC 1997-1 999) 


+All Years 

-All 1999 


-All"l998 


-All 1997 
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5.4.9.5 Toposhape by Temporal Scales 

Figure88: Weasel Obs vs Exp Track Density by Toposhape 
(Critical Points), Temporal Scales (BNP and KC 1997-1999) 

5.4.9.6 Distance to Cross Drainage by Temporal 

Figure 89: Weasel Obs vs Exp by Dist. to Drainage, 
(# 10 m Intervals), Temporal Scales (BMP and KC 1997-

I+AII 

-All Years 
All 1999 

-All 1998 

1997 



Sheep 

Aspect by Temporal Scales 

Figure 90: Sheep Obs vs Exp Track Density by Aspect 

(45 deg. intervals), Temporal Scales (BNP and KC 1997-1 999) 


5.4.10.2 Greenness by Temporal Scales 

Figure 91: Sheep Obs vs Exp Track Density by Greenness, 
Temporal Scales (BNP and KC 1997-1999) 



5.4.10.3 Distance to Roads by Temporal Scales 

Figure 92: Sheep Obs vs Exp Density by Dist. to Roads 
(# 10 m Intervals), Temporal Scales 

(BNP and KC 1997-1 999) 
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5.4.10.4 Slope by Temporal Scales 

Figure 93: Sheep Obs vs Exp Track Density by Slope 
(Degrees), Temporal Scales (BNP and KC 1997-7999) 



5.4.10.5 Toposhape by Temporal Scales 

Figure 94: Sheep Obs vs Exp Track Density by Toposhape 
(Critical Points), Temporal Scales (BNP and KC 1997-1999) 

5.4.1 0.6 Distance to Cross Drainage by Temporal Scales 

Figure 95: Sheep Qbs vs Exp Density by Dist. to Drainage (# 
10 m Intervals), Temporal Scales (BNP and KC 1997-1999) 



Hare 

5.4.1 1.1 Aspect by Temporal and Spatial Scales 

Figure 96: Hare Obs vs Exp Track Density by Aspect 
(45 deg. classes), Temporal Scale (BNP and KC 1997-1999) 

Figure 97: Hare Obs vs Exp by Aspect Class 

(45 deg. classes), Spatial Scales (BNPand KC 1997-1 999) 


I+All Years 




I 

5.4.1 1.2 Greenness by Temporal and Spatial Scales 

Figure 98: Hare Obs vs Exp Track Density by Greenness, 

Temporal Scales (BNP and KC 1997-1 999) 


All 1998 


Figure 99: Hare Obs vs Exp Track Density by Greenness, 
Spatial Scales (BNP and KC 1997-1999) 



Figure 100: Hare Obs vs Exp Dedly  by to Roads 
(# 10 m Intervals), Temporal Scales (BNP and KC 1997-1999) 

I +All Years 

--+-All 1998 



5.4.1 1.4 Slope by Temporal and Spatial Scales 

Figure 102: Hare Obs vs Exp Track Density by Slope 
(Degrees), Temporal Scales (BNP and KC 1997-1 999) 

-+-All Years 

All 1998 

i--All 1997 

Figure 103: Hare Obs vs Exp Track Density by Slope (Degrees), 

Spatial Scales (BNP and KC 1997-1 999) 




1.5 

5.4.1 1.5 Toposhape by Tem'poral and Spatial Scales 

Figure 104: Hare Obs vs Exp Track Density by Toposhape 

(Critical Points), Temporal Scales (BWP and KC 1997-1 999) 
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5.4.1 1.6 Distance to Cross Drainage by Temporal and Spatial Scales 

Figure 105: Hare Obs vs Exp Track Density by 

Dist. to Drainage (# 10 m Intervals), Temporal Scales 


(BNP and KC 1997-1999) 


8 
7 
6 	 +All Years 

+All 1999 
+All 1998 
+All 1997 

Figure 106: Ware 6bs vs lExp Track Denslty by 

Dist. to Drainage (# 10 m Intervals), Spatial Scales (BNP 


and KC 1997-1999) 


+All Years 
12 +BNP 3yrsr-I 



5.4.12 Squirrel 

5.4.12.1 Aspect by Temporal Scales 

Figure 107: Squirrel Obs vs Exp Track Density by Aspect 

(45 deg. classes), Temporal Scales (BNP and KC 1997-1999) 


+All Years 
+All 1999 

A11 1998 
1111997 

5.4.12.2 Greenness by Temporal Scales 

Figure 108: Squirrel Obs vs Exp Track Density by Greenness. 

Temporal Scales (BNP and KC 1997-1999) 


+All Years- ,All1889 

I , A11 1998 

/- -A11 1997 



5.4.12.3 Distance to Roads by Temporal Scales 

Figure 109: Squirrel Obs vs Exp Density by Dist. to Roads 

(# 10 m Intervals), Temporal Scales (BUP and KC 1997-1 999) 


5.4.12.4 Slope by Temporal Scales 

Figure 110: Squirrel Obs vs Exp Track Density by Slope 

(Degrees), Temporal Scales (BNP and KC 1997-1 999) 
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+All 1999 
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5.4.12.5 Toposhape by Temporal Scales 

Figure 11 1 :Squirrel Obs vs Exp Track Density by Toposhape 

(Critical Points), Temporal Scale (BNP and KC 1997-1 999) 


1.5 
1 
 1 I -AHyears 


5.4.1 1.6 Distance to Cross Drainage by Temporal (#I0 m intervals) 

Figure 112: Squirrel Obs vs Exp by Dist. to Cross Drainage 
(# 10 m Intervals), Spatial Scale (BNP and KC 1997-1999) 

* -All Years 

-All t999 


All 1998 

- -All 1997 
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5.4.1 3 Variance Ranks for Biophysical Attributes (Spatial and Temporal) 

ASPECT, TEMPORAL ASPECT, SPATIAL 

Species Variance Rank Species Variance Rank 

I Deer 1 0.528331 ( 1I Elk 1.402340 1 
Elk 0.544243 1 Marten 2.1 52733 2 

Marten 0.554330 1 

I Coyote1 0.5583981 1 I
I Squirrel 1 1.21 0001 ( 2 1 

Cougar 1.380822 2 
Moose 1.405230 2 

1 Lynx 3.987747 3 

Wolf 4.804804 3 


sheep1 6.5389991 

Weasel 6.900456 


Wolverine 27.38341 


I IGREENNESS, TEMPORAL GREENESS, SPATIAL 

Species Variance Rank Species Variance Rank 

Squirrel 0.34463 1 Lynx 9.61695 1 
Hare 7.44543 1 Elk 39.882 1 

Marten 532.271 3 
Weasel 14.5935 2 Cougar 461 0.57 3 

Elk 14.65002 2 I Hare1 1335531 31 
coyote 1 17.03961 21 


Lynx 20.8375 2 

moose 21.4632 2 


I wolverine 1 42.45041 

Wolf 51.8756 3 


Cougar 41 8.4405 3 

S h e e ~  2291 7.6 3 




- - 

DIST TO ROADS, TEMPORAL DIST TO ROADS, SPATIAL I 1 
Species Variance Rank specie^ Variance Rank 

I sheer,1 12.6098 1 1 I 


Hare 29.4026 1 

Marten 50.1 146 

1 
I sq;;;;l€di 

1 


Covote 1 52.1408 1-
 7 

-I1 Marten 1 287.474 1 3 1 

Weasel 126.295 

Wolverine 783.1 8 3 

Cougar 1830.55 3 


SLOPE, TEMPORAL SLOPE, SPATIAL 

Species Variance Rank Species Variance Rank 

1 

I are 1 0.0361 6 1 1 I 1 wolf 1 0.69965 1 11 


0.155151 

I Sauirrel 1 0.05267 1 1 I 


Marten 0.15772 

y ~ l k i  0.16592Co ote 

cougar 1 90.4663 ( 

I Weasel 1 0.63771 1 

Cougar 0.91 938 3 

Sheep 1.201 73 3 




TOPOSHAPE, TEMPORAL 

Species Variance Rank 
r Hare1 0.571 4 1 11 

Squirrel 1.30256 1 
Deer 1.85742 1 

Elk 2.23092 1 
Moose 5.1 9397 2 

Wolf 7.34902 2 

Weasel 8.441 74 2 


Marten 1 1.044 3 

Sheep 12.3202 3 


Couaar 45.7734 3 

DlST TO CROSS-DRAINAGE, DlST TO CROSS-DRAINAGE, 

TEMPORAL SPATIAL 


Species Variance Rank Species Variance Rank 
Marten 0.61 8660 1 Cougar 0.55133 1 

Elk 1.57746 1 Wolf 8.61023 2 

I Squirrel 1 2.84772 1 1 I 
Lynx 3.55837 1 Lynx 18.2803 2 

Weasel 3.8391 4 1 Marten 24.3185 3 

I cougar 1 5.5471 1 2 1 
Deer 6.46857 2 

Sheep 6.72783 2 
Wolf 7.93978 2 

I wolverine 1 8.62453 1 2 1 
I Coyote 1 10.71 57 1 3 (

Hare 11.116 3 

Moose 15.331 4 3 




5.5 Multi-Species Interactions by Biophysical Attributes 

The graphs provided in this section (Figures 1 13-1 36) simultaneously display 

all species' "selection" or "avoidance" by each attribute. Selection is inferred by 

positive track density (i.e. observed-expectedlexpected)as shown in Equation 5.4.1 

(previous section). The corresponding data tables for species interaction are 

available upon request. 

The multi-species graphs are organized first by biophysical attribute and then 

by the scale of investigation. For example, the first 6 graphs compare multi-species 

selection of all attributes for the entire 3 year period, and across the entire 

landscape (i.e. all data points). The second 6 graphs show the 1999 data 

equivalents of the previous graphs. Finally, the third and fourth set of graphs show 

a sub-set of all species (i.e. hare, marten, elk, cougar, lynx, wolf) compared within 

attributes at the Banff National Park and Kananaskis Country regional scales. 

As with the previous section of results (Predictive Attributes), a variance was 

calculated for every class within each attribute. This variance measures the spread 

of species track density measures by each attribute class (e.g. by aspect North, 

Northeast, East, etc.) For example, refer to Figure 1 13 and the associated Table 

19. Note that the within attribute class is greatest for Southeast. This suggests that 

southeast is the least reliable predictor across all species. 

A greater variance may indicate that the species track less tightly by the 

attribute class, and that the attribute class is a less reliable predictor of multi-species 

use. However, interpretation of the previous variances must be tempered with an 

evaluation of the positive and negative spread of the data. For instance, there may 
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be a high variance where all species are selecting (positive track density vs. 

expected) for an attribute class, and this measure is different than a high variance 

where species break out in selection and avoidance of the same attribute class. A 

summary of variances by attribute for each species follows immediately after the 

graphs in this section. 

A framing bias problem was observed with the Distance to Roads attribute 

(Verbyla and Chang 1994). The frame of +I-300 metres adjacent to roads skewed 

the expected values of distances to roads, creating an artificial "road-effect" zone. 

The frame of analysis was adjusted for this variable -only the transect frame was 

used -and the results of re-analysis are also presented graphically. This framing 

bias is particularly a problem for conclusions drawn about distance to roads, as the 

frame is defined by distance to roads. The framing bias (Verbyla and Chang 1994) 

is an important problem in describing habitat use by vertebrate species. 



5.5.1 Multi-Species Interactions by Biophysical Attributes 


(Landscape Level, All Years Multi-Species Track Density by Biophysical Attribute) 


5.5.1 .I Aspect 

Figure 113: Multi-Species Obs vs Exp Track Density by Aspect ! 


(45 degree classes), 3yrs - Landscape Scale &Tot Hare , I  

. _ . _ _̂_ .-- --.^ - - -.-__----I___.I _. --_-- .- _. +Tot Sq 1 


+Tot Mart ' ' 

j :+Tot Weas , ;  

-*Tot Moos ' '  

+Tot Seep 
+Tot Elk-Tot Deer-Tot Wolver 
0 Tot Coug 

+Tot Lynx 
+Tot Wolf 
+Tot Coy 

Table 1 9: Aspect Table of Values 



1 1  

5.5.1.2 Greenness 

Figure 114: Multi-es Obevs ExpTrackDensity by Greenness 
(Reclasses Wues), 3yrs-bdscape 

-+-Tot Hare 

+TotSq 1 )  
Tot Mart 

+Tot Weas 
*Tot Moos 
+Tot Seep 
+Tot Elk 
-Tot Deer 
-Tot Wolver 
0 Tot Coug 

43Tot Lynx 
+Tot Wolf 
+Tot Coy 



Table 20: Greenness Table of 1 



5.5.1.3 Distance to Roads 

Figure 115: MuitidpeciesObs vs Exp Track Density by Dist. to Roads 
(#I0 m Intervals), 3yrs - LandscapeScale (BNPand KC 1997-1999) 

+Hare 
*Marten 

-Squirrel 
+Weasel 
+Moose 
+Sheep 
+Elk-Deer 
-Wolverine 
4 Cougar 
+Lynx 
+Wolf 
+Coyot,e 

Table 21 : Distance to Roads (Study Frame) 



5.5.1.4 Distance to Roads, Corrected for Frame (Transect Frame) 

Figure 116: Multi-Species Obs vs Exp Track Density by Dist. to Roads 
(# 10 m Intervals),3 Years Landscape Scale (BNP and KC 1997-1999) 

4- Marten 
-t.Squirrel 

' 
-Wolverine 
-Cougar 

Lynx 
Wolf 

Table 22: Distance to Roads Table of Values (Corrected for Framina Bias) 



5.5.1.5 Distance to Cross Drainages 

Figure 117: MultiSpeciesObs vs ExpTrack Density by Dlst. to Cross I 
[)rainage(#I0 mIntervals), 3yrs LandscapeScale (BNP and KC 1997-1999) iI 

2 -	 +Tot Moos 
+Tot Seep

1.5-
-+Tot Elk g 1 - -Tot Deer 

-Tot Wolve89 
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0 -
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- - - 

5.5.1.6 Slope 

Figure 118: Multi-Species Obs vs Exp Track Density by Slope (Degrees), 
3yrs - Landscape Scale (BNP and KC 1997-1999) 

Table 24: Slope Table of Values 

+Tot Hare 
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..-rTot Matt 
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5.5.1.7 Toposhape 

Figure 119: MultiSpecies Obs vs Exp Track Density byToposhape 

(Critical Points), 3yrs - landscapeScale (BNP and KC 1987-1999) 
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5.5.2 	 Multi-Species Interactions by Biophysical Attributes 

(1999 Landscape Track Density by Biophysical Attribute) 

Aspect 

Figure 120: Multl-Species Obs vs ExpTrack Density by Aspect 
(45 degree classes), 1999 Landscape Scale (BNP and KC) - narten 

squlrrel 
weasel 

+I+moose 
+sheep 

w o l v e r i n e  
O cougar 

+lynx 
-A- wolf 

I +coyote 



5.5.2.2 Greenness 

Figure121:Multi-Species Obs vs ExpTrack bmiity by Greenness 
(Reclassed Values), 1999 LandscapeScale(BNP and KC) 



1 

5.5.2.3 Distance to Cross Drainages 

Figure 122: Multi-SpeciesObs vs Exp by Distance to Drainage j 
(#I0 m Intervals), 1999 LandscapeScale (BNP and KC) 

-n-
j -b--wolf 



5.5.2.4 Distance to Roads 

Figure 123: Multi-SpeciesObsvs ExpTrack Densityby Dist to Roads 
(M0 mIntervals), 1999 LandscapeScale (BNPand KC) 

-+Hare 

*Squirrel 

-Wolverine 



5.5.2.5 Distance to Roads, Corrected for Frame 

Figure	1ZA:Wti-Species Obsvs ExpTrack Densityby Mst. To Roads 
(in0 m Intends), 1- LandscapeScale (BNP and KC) I 

-Hare 
- Marten 
.Squirrel 
-weasel 
-Moose 




5.5.2.6 Slope 

flgure 125: Multi-SpedesObs vs ExpTrack Densityby Slope (Degrees), 
1999 LandscapeScale (Wand KC) / +-hare 



5.5.2.7 Toposhape 

Figure 12& IVkrlti-Species Obs vs Exp Track DensitybyToposhape 
(Critical Points), 1900 LamlscapeScale (BW, and KC) 
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-5.5.3 Multl-Species Interactions by Biophysical Attributes 

(Banff Landscape Track Density by Biophysical Attribute) 

5.5.3.1 Aspect 

FigweIn: Banff Track Densbyby Aspect 
(45 degree clawm~),3Years Banff -+hare 

--Cmarten 
elk 

-x-- cougar 
+lynx 
-.-wolf 



5.5.3.2 Greenness 



5.5.3.3 Distance to Cross Drainages 

Figure 129: MultiSpedesObsvs Btpby Distanceto CKIss Mnage I 
i 


(#I0m Intervals),3yrs Banff I 
I 




5.5.3.4 Distance to Roads 



5.5.3.5 Slope 

+--Hare 
+-Marten 
-Elk 

-*cougar 

+Lynx

I +wolf 



5.5.4 Multi-Species Interactions by Biophysical Attributes 

(Kananaskis Track Density by Biophysical Attribute) 

5.5.4.1 Aspect 

Faure 132: Multi-Species Obs vs ExpTrack Denslty by Aspect 
(45 degreeclasses),3 years KananaskisCountry 

,-+-Elk 

/ -X-Cougar 



5.5.4.2 Greenness 

figure 133: Multi-Species Obsvs Exp Track Densii by Greenness 
(Rectassed Values), 3yrsKanovlaskisCountry 



5.5.4.3 Distance to Cross Drainages 

Rgure 134: MultiSpedesObs vs ExpTrack Density by Distanceto Drainage 
(# 10 mIntervals), 3yrs Kananaskis Country 



5.5.4.4 Distance to Roads 

Figure 136: WtispeciesTrack Densityby Mstanceto Roads 
(# 10mIntervals),3yrs KananasldsCountry 



' 5.5.4.5 Slope 

Figure 136: Multi-Species Obs vs Exp Track Density by Slope 
(Degrees), 3yrs Kananaskis Country 

0.6 - -.--'-.. - -- -.--.. - .  -+-Hare 
+Marten 

0.4 - +Elk 

0.2 - -X--Cougar 
+I+Lynx

0 -
0 +Wolf 
a -0.2 - 11g 9.4 -
0 

-0.6 -

-0.8 -

-1 -
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5.6 Correlation Analysis: Species Track Density by Predictive Metrics 

A correlation analysis (Spearman's rank) was used to determine which 

species' track densities were correlated by attribute class. The statistic was used on 

absolute track density, rather than the corrected values shown in the graphs above. 

The correlation did not require standardization of data, as sampling intensity was 

uniform among species. 

Summary tables of correlation statistics are presented in this section. All 

species were compared for the "landscape" scale (all 3 years, all regions), and a 

reduced set of species was compared for the sub-regions (Banff and Kananaskis 

Country), which was selected because the sample size was small for many species 

at this reduced scale. Below each table is a list of species and the associated 

number of significant interactions for each species with others. The list has been 

ordered by the species with the most to the least number of significant interactions. 

These results are presented on the following pages, in Tables 26-46. 



5.6.1 Aspect 

RANK (# Significant Interactions) 
QSquirrel 
3-Elk 
2-Sheep 
2-Marten 
2-Lynx 
2-Hare 

2-Cougar 
1-Wolverine 
1-Weasel 
1-Coyote 
0-W olf 
0-Moose 
0-Deer 



Hare-weasel 0.842 0.842 
Marten-Squirrel 0.806 0.806 
Marten-Weasel 00.758 
Marten-Moose 0.697 
Squirrel-Weasel 0.770 0.770 
Squirrel-Elk -0.806 -0.806 

RANK (# Significant Interactions) 
QSquirrel 
3-Wolverine 
3-Weasel 
3-Moose 
3-Marten 
3-Elk 
3-Deer 
3-Cougar 
2-Lynx 
1-Hare 
1-Coyote 
0-Wolf 
0-S heep 

Table 28 :Track Density -Aspect (All 3 years Banff) 

RANK (# Significant Interactions) 
3-Elk 
2-Lynx 
2-Hare 
2-Cougar 
1 -Wolf 
0-Marten 



Table 29 :Track Density -Aspect (All 3years Kananaskis) 

RANK (# Significant Interactions) 
3-Hare 
U y n x  
1-Elk 
1-Cougar 
0-Wolf 
0-Marten 

In Tables 28 and 29, above, note how the relationships between the two 

"guilds" differ. For instance, in Table 28 the correlations match with one's 

expectations, based on niche and prey selection (i.e. hare and lynx are positively 

correlated; wolf and elk are positively correlated as are cougar and elk; and, hare 

and cougar, and lynx and elk are negatively correlated). These relationships do not 

hold for Kananaskis data. Hare, cougar and elk are all positively correlated in 

Kananaskis Country. This suggests that global spatial models of species may not 

predict well regionally, or that the spatial-relationships among species may change 

under different conditions. 

5.6.2 Greenness 


Table 30 :Track Densitv- Greenness (All 3 vears monthlv averaae) 




RANK (# Significant Interactions) 
8-Hare 
7-W olf 
7-Moose 
7-Marten 
7-Lynx 

6-W easel 
6-Elk 
5-Squirrel 
4-Wolverine 
3-cougar 
2-Coyote 





GREENNESS 1999 CONTINUED 

RANK (# Significant Interactions) 
9-Hare 
8-W easel 
-/-Wolverine 
7-Squirrel 
7-Moose 
7-Marten 
6-W olf 
5-Deer 

There are more significant relationships observed when the scale of analysis 

is reduced from the 3-year landscape" to "1999-landscape." This suggests that 

global temporal models may obscure some relationships. One obvious difference is 

the emergence of significant relationships among deer and other species, which in 

all cases correlate negatively with greenness. 

Hare-marten 0.873 0.873 
Hare-lynx 0.794 0.794 
Marten-elk 0.401 
Marten-lynx 0.816 0.81 6 
Marten-wolf 0.429 
Elk-lynx 0.415 
Elk-wolf 0.591 0.591 
Lynx-wolf 0.560 0.560 

RANK (# Significant Interactions) 
4-Marten 
QLynx 
3-Wolf 
3-Elk 
2-Hare 
0-Cougar 



RANK (# Significant Interactions) 
4-Lynx 
4-Hare 
3-Marten 
2-W olf 
2-Cougar 
1-Elk 

In Tables 32 and 33, above, correlations among all guilds are observed. For 

example, marten, cougar, lynx and the dominant prey species, elk and hare are all 

correlated significantly. This suggests that greenness may not be a good predictor 

for separating out habitat selection at the guild level. 



5.6.2 Distance to Roads 


Table 34 :Track Density- Road Distance (All 3 years monthly average) 


Weasel-cougar 0.833 
Weasel-lynx -0.800 
Elk-wolf 
Elk-coyote 0.933 
Cougar-lynx -0.983 
Wolf-covote 0.933 

RANK (# Significant Interactions) 
7-Marten 
4-Lynx 
4-Hare 
4-Cougar 
4-Weasel 
4-Squirrel 
2-Wolverine 
2-W olf 
2-Moose 
2-Elk 
2-Coyote 
0-Sheep 
0-Deer 

0.833 
-0.800 
0.783 
0.933 
-0.983 
0.933 

The most interesting aspect of Table 34, above, is that all species are 

correlated positively (i.e. where significant relationships exist) by distance to roads, 

with the exception of lynx. In all cases, lynx are correlated negatively with other 

species. No significant interaction was found among lynx and hare. 



Table 35 :Track Density -Road Distance (1999) 

RANK (# Significant Interactions) 
3-Squirrel 
3-Marten 
3-Deer 
2-Wolverine 
2-W olf 
2-Weasel 
2-Sheep 
2-Elk 
2-Coyote 
2-Cougar 
1-Moose 
1 -Lynx 
1-Hare 

Tables 34 and 35, again show an increase in the number of significant 

interactions with a change in analytical scale from "3-years landscape" to "1999 

landscape." As with the metric Greenness, deer emerge and are negatively 

correlated with all other species at the reduced temporal scale. 



Marten-lynx 0.750 
Elk-cougar 0.667 
Lynx-wolf 0.733 

RANK (# Significant Interactions) 
2-Marten 
0-W olf 
2-Lynx 
1 -Cougar 
1-Elk 
2-Hare 

skis) 

RANK (# Significant Interactions) 
1-Wolf 
1 -Marten 
1-Hare 
1-Cougar 
0-Lynx 
0-Elk 

One enlightening observation drawn by reviewing the above 4 tables is 

that relationships among species change, based on the scale of analysis. Some 

interesting examples include: 

Hare and marten are correlated at all scales, but the 1999-landscape scale. 


Cougar and lynx are correlated at the 3 year and 1999 landscape scale, but not 


at the regional scale. 


Wolf and lynx are correlated for the 3-year Banff Scale 


Cougar and wolf are correlated at the 3-year Kananaskis scale. 


Wolf and elk are correlated at the landscape scale for the 3-year and 1999 


scales, but are not correlated on either of the regional scales (Banff or KC). 




5.6.3 Slope 

RANK (# Significant Interactions) 
7-W easel 
7 3  heep 
7-Hare 
7-Elk 
7-Coyote 
6-Wolf 
6-Moose 
4-Wolverine 
3-Cougar 
2-Squirrel 
1-Marten 
1-Lynx 
0-Deer 



RANK (# Significant Interactions) 
QMarten 
QHare 
3-Wolverine 
3-Wolf 
3-Weasel 
3-S heep 
3-Lynx 
3-Elk 
2Squirrel 
2-Deer 
0-Moose 
0-Coyote 
0-Cougar 

Table 40 :Track Density -Slope (All 3 years Banff) 

Marten-cougar 1.OOO 1.OOO 

Marten-lynx 1.OOO 1.000 

Marten-wolf -1.OOO -1.OOO 


Elk-cougar -1.OOO -1.OOO 


Elk-lynx -1.OOO -1.OOO 


Elk-wolf 1.OOO 1.OOO 


Cougar-lynx 1.OOO 1.OOO 


Cougar-wolf -1.OOO -1.OOO 


Lynx-wolf -1.OOO -1.OOO 




RANK (# Significant Interactions) Slope (All 3 years BNP continued) 
5-Marten 
5-Wolf 
5-Cougar 
5-Lynx 
5-Elk 
5-Hare 

Table 41 : Track Density - Slope (All 3 vears Kananaskis) 

RANK (# Significant interactions) 
4-Elk 
3-W olf 
3-Marten 
3-Hare 
1 -Cougar 
0-Lynx 

In Tables 38 to 41, above, species tended to be correlated highly by slope, 

for both positive and negative relationships. At the 3-year landscape scale (Table 

38), hare, weasel, cougar and sheep were correlated negatively with most other 

species. Moose, elk, wolf, coyote, wolverine were similar in their relationships to 

the previous species. This partitioning is expected, based on previous knowledge 

of predator-prey and energetic relationships by habitat attributes (Paquet 1993). 

With the slope variable it is again obvious how relationships among species 

change with the scale of analysis. Some interesting examples follow: 

Hare and lynx are not correlated at the 3-year landscape or 3-year Kananaskis 

scale, but are correlated at the 1999 landscape (Table 39), and 3-year Banff 



scale (Table 40). 

Elk and wolf are consistently correlated at all scales of analysis. 

Marten are correlated with squirrel only at the 3-year landscape scale, with 

moose, sheep and elk at the 1999-landscape scale, with elk, cougar, lynx and 

wolf at the 3-year Banff scale and with elk and wolf at the 3-year Kananaskis 

scale 

These above examples illustrate the variability of relationships among 

species at different spatial and temporal scales. This is strong evidence for the use 

of long-term research, such that the different trends and causal factors may be 

identified. 



5.6.4 Distance to Drainages Intercepting Roads (Cross-drainages) 

onthly 

RANK (#Intercepts) 
4-Hare 
4-Coyote 
3-W easel 
3-Lynx 
2-W olf 
2-Moose 
2-Elk 
1 -Wolverine 
1-Sheep 
1-Marten 
1-Deer 
1-Cougar 
0-Squirrel 



RANK (#Interactions). 
4-Hare 
3-Squirrel 
3-Marten 
2-W easel 
2-Moose 
2-Elk 
1-Wolf 
1-Lynx 
1 -Deer 
1-Coyote 
1-Cougar 
0-Wolverine 
0-Sheep 

RANK- (#Interactions) 
1 -Elk 
1 -Cougar 
0-W olf 
0-Marten 
0-Lynx 
0-Hare 



ananaskis) 

Rank (#Iterations) 
3-Hare 
2-Marten 
2-Lynx 
2-cougar 
1-Wolf 
0-Elk 

Tables 42 to 45 showed significant interactions for species by distance to 

drainage. There appears to be little separation of guilds by this variable. For 

example, at the 3-year landscape scale links are observed among weasel, hare, 

lynx, coyote, elk and wolf. These significant relationships suggest that the variable 

is not useful for discerning spatial relationships among guilds. 



5.6.5 Toposhape 

Table 46: Track Density -Toposhape (All 3 years Kananaskis) 

Squirrelmarten 0.594 

Squirrel-cougar 0.825 

Squirrel-coyote 0.797 

Moose-Sheep -0.699 -0.699 


RANK (#Iterations) 
3-Wolf 
3-Squirrel 
3-Hare 
2-Sheep 
2-Moose 
2-Cougar 
1 -Weasel 
1 -Marten 
1 -Lynx 
1-Elk 
1-Coyote 
0-W olverine 
0-Deer 

Significant interactions were observed for this variable at the 3-year 

landscape scale only. Where sheep were correlated with other species (moose and 

wolf) the relationship was negative. Wolves were correlated only with prey species 

(moose, elk, sheep). This suggests that wolf preference of toposhape classes may 

be driven by prey selection and that toposhape may be useful for predicting wolf 

occurrence. Squirrels were correlated with cougar, marten and coyote; hare were 

correlated with cougar, weasel and lynx. The relationship between marten and 

squirrel is well documented, as is that between hare and lynx. 



5.7 Defining Focal Species 

The basic assumption of the focal species approach is that the needs or 

status of many species may be represented by a single species (Landres et a/. 

1988, Lambeck 1997). Focal species are an important component of reserve 

design, because protecting processes and patterns cannot be accomplished without 

a reference to the species that live in the area. Moreover, assessing the level of 

wilderness quality is difficult without reference to the species most sensitive to 

human disturbance (Miller et a/.1999). 

To rank species by their sensitivity, variance scores were calculated for each 

species by attribute (See Results Section 5.5 on Multi-Species Comparisons). The 

variance score measured the spread of data around the null point (i.e. where 

observed use equals expected use) for the 3 year totals, and was used to rank 

species by degree of specialization. It was assumed that the greater the variance 

around null (uniform selection, or observed equals expected) within the attribute, the 

more specialized the species (See Figure 137, which compares a species with low 

variance score -coyote, with a species with a high variance - lynx). 



Figure 137 

The Multi-Attribute Trade-off System (MATS) was used to combine all six 

individual species-attribute rank scores to determine an overall specialist rank 

(Massam 1986). MATS is a decision support system that optimizes alternatives 

using Normalized Additive Weighting procedures (pers. comm. Massam 1999). A 

decision matrix was created in the following form (Table 47), where cell values are 

the grand variance scores calculated for each species to represent how the 

selectivity of the species varies around zero for each attribute (see Figure 137). 

Table 47: Example Decision Matrix 
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Different attributes showed different top ranking specialists. For example, 

weasel had the highest variability around "uniform selection" for slope, and sheep 

had the highest variability around "uniform selection" for distance to roads. 

The decision matrix compared all species by variance scores for all attributes. 

The relationships among the species were defined by a linear relationship, where 

low variance scores had low ranking and high variance scores had the highest 

ranking. This relationship is defined in the decision matrix as a positive linear 

relationship. This relationship was constructed for all the attributes, to determine 

which species had the highest rank order in specialization across all the variables. 

The procedure used by MATS, normalized additive weighting, makes all the 

variance scales commensurate (standardizes the values to one common scale) and 

then sums the total scores to provide a final ranking. The following list shows the 

rank order from most to least specialized species across all attributes: 

1. Lynx 
2. Weasel 
3. Marten 
4. Wolverine 
5. Hare 
6. Squirrel 
7. Cougar 
8. Sheep 
9. Wolf 
10. Moose 
11. Elk 
12. Coyote 
13. Deer 
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Two guilds (based on Spearman's rank correlations) were identified in the 

previous section, and included meso-carnivores and their prey (lynx, marten, 

wolverine, squirrel, hare, weasel), and macro-carnivores and their prey (wolf, 

cougar, coyote, elk, sheep, moose, deer). 

Lynx scored highest on the sensitivity rank and was selected as the focal 

carnivore for the meso-carnivores. Although cougar have a higher specialization 

rank than wolves, wolves were chosen as the focal species for the macro-carnivore 

guild. Wolves were selected because their home ranges are substantially larger 

than cougar, making this species a better representative of macro-scale habitat. 

Also, wolves tended to be more discrete from lynx in habitat selection than did 

cougar. Marten were selected as the micro-scale focal species, based on their 

selectivity score, sample size and current status as a species of concern (Buskirk 

and Ruggiero 1994). 

Probability models were developed for each of these focal species. The 

development of probability functions and their spatial representation are reviewed in 

the next section. The predictive models were validated against one representative 

from each guild (wolf-cougar, wolf-lynx, lynx-marten) and their dominant prey (wolf- 

elk, lynx-hare). These tests were required to characterize the predictive power of 

the probability surface. 

5.8 Dempster-Shafer Weight Of Evidence Modelling 

An analysis of habitat associations yielded strong evidence that the probability 

of detecting carnivore guilds is a function of aspect, greenness, slope, and 
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toposhape. Probability functions describing optimal conditions for habitat linkage 

zones were derived from the function of selection and avoidance, which is described 

in all the graphic representations in Section 5.5.1. The creation and translation of 

decision rules to probability functions is described subsequently. 

Table 48, following, illustrates the derivation of selectivity data, and shows the 

distribution of marten points by aspect class for the 3 years. Column numbers are 

indicated at the top. 

The first column indicates the attribute classes. Column 2 shows the observed 

values as tabulated from the ldrisi "Extract" function. "Extract" is a procedure that is 

used to extract attribute values associated with a given point in space. These 

attribute values may then be saved in a text format for import into a statistical 

analysis package. Column 3 is the expected track count, based on sampling 

intensity. The fourth column shows the total sampled cells for each aspect class, 

followed by the proportional representation of the total number of cells (Column 5). 

This proportion was used to derive the expected values in Column 3. 

The proportion of observed-expected divided by the total expected in each 

class gives a final preference value, or the standardized proportional use (Column 

7). In Column 7, overuse is indicated by a positive value and underuse by a 

negative value (+ :selection1- :avoidance). 

The positive and negative scores provide insight into where inflection points 

should be placed on a probability curve that describes the species use of an 

attribute. For example, in Table 41, the probability curve (see Section 5.8.1) is 

monotonically decreasing. An inflection point was placed among ranked classes 5 
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and 6, because this is where the values change from positive (selection) to negative 

(avoidance). This inflection will change depending on how the species selects for 

the ranked classes of an attribute. 

Column 8 shows the rank value. In this instance, ranks are assigned for 

marten and aspect from 1 (highest selection) to 9 (highest avoidance). These 

rankings were derived for all species by each attribute and used to define the 

probability functions (n.b. upper and lower bounds are different depending upon the 

attribute). The GIs surfaces were reclassed according to each species-specific set 

of ranks and assigned probabilities according to the rank and sign. 

A diagram illustrating how probability functions were derived is provided in 

section 5.8.1, below. The reader should note that inflection points and rank order of 

attribute classes will vary by species. The associated tables in section 5.8.1 show 

the attribute class ranks and the related sign. Inflection points occur where the sign 

value changes from negative to positive. 

Table 48: Marten, 3 Years, track counts by Aspect Class 
(see text for discussion) 
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The interpretation of whether data supports one hypothesis or another is not 

straightforward. For instance, in the case of slope, there is strong evidence that 

species select for low degree slopes. However, low slopes are not the only requisite 

for suitability. For instance, aspect is important to habitat selection because of its 

link to vegetation type and structure. There is stronger evidence that species avoid 

slopes greater than 30 degrees (i.e. almost uniform avoidance of these values). 

Thus, very steep slopes, regardless of any other attributes likely will preclude a 

species' ability to use the habitat site. Thus, the best information on probability is 

available for the hypothesis of "non-site." 

The tables on the following pages describe the "selectivity" of classes within 

each of the four attributes (aspect, greenness, slope and toposhape). Tables also 

show the rank scores for each attribute class (rank order indicates the relative 

selection and avoidance). The column "sign" indicates selection (+) or avoidance (-) 

and the change point between the two values provides inflection points for the 

probability functions. The tables describe and depict visually the probability 

functions for the three focal species. The diagrams were provided for marten only, 

to reduce redundancy. 

The tables are organized by each of the four final, predictive landscape 

attributes (aspect, greenness, slope, toposhape), then by the representative species 

(i.e. for micro-, meso-, and macro-scales). 
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5.8.1 Defining Probability Relationships for the Biophysical Associations 

The tables in this section summarize the rank order of species "selection" of 

each class within each attribute. Tables are organized by attribute and then by the 

focal species for each scale of analysis. 

Adjacent to the tables is an example of the type of probability function used to 

describe the use of the attribute by the focal species. The inflection point on these 

functions is defined by the change in sign from a positive to a negative, as indicated 

in the third column of the tables below. The inflection points are indicated in each 

image were either manually specified (as in the case of the user-defined symmetric 

function) or specified by adjusting the break point of the monotonic sigmoidal 

functions. 

The types of functions used to describe each attribute varied. In the case of 

aspect, a monotonically decreasing sigmoidal curve was defined. For the attribute 

Greenness, a user defined symmetrical probability curve was developed. This 

curve was the same for all three focal species, as they were correlated significantly 

by this attribute. The slope variable was represented by a "user-defined" 

symmetrical probability curve. In each of the slope images the highest probability 

was a range of 10 degrees, indicated by the highest rank in the tables (column 2). 

Finally, for the toposhape attribute, a monotonically decreasing sigmoidal probability 

function was developed. Again, the inflection was identified where the values 

change from positive to negative in the associated tables. The abbreviated 

toposhape class is indicated under the rank order below the toposhape functions. 

Details on the probability application may be found in the methodology section. 



5.8.1.1 Aspect 

Table 49: Micro-Scale: Marten 
Aspect Rank Sign 
North 7 - Inflection 0.5\INortheast 1 + 

Southeast 4 + 
South 2 + 
Southwest 5 + 
West 8 -
Northwest 9 -
Flat 6 -

Table 50: Meso-Scale: Lynx 

Aspect Rank Sign 

North 2 + 
Northeast 1 + 
East 3 + 
Southeast 6 + 

[ South 14 I + 
Southwest 8 -
West 7 -
Northwest 5 + 
Flat 9 -

Table 51 : Macro-Scale: Wolf 

As~ect Rank Sian 

North 8 -

Northeast 6 -

East 4 -

Southeast 7 -

South 2 + 




5.8.1.2 Greenness 

Table 52: All Scales: Marten, Lynx, Wolf 

Greeness Rank Sign
1 0-65 15 - 1 

5.8.1.3 Slope 

Table 53: Micro-Scale: Marten 

Slope Rank Sign


I 0-10 13 1 + I 

I \ nInflection 
20-30" 

Table 54: Meso-Scale: Lynx 

S l o ~ e  Rank Sian 


Table 55: Macro-Scale: Wolf 

Slope Rank Sign 




5.8.1.4 Toposhape 

Table 56: Micro-Scale: Marten 

IntlectionPoint 
0.50 

lnflection hillside (IH) 1 6 

Unknown hillside (UH) 1 5 + 


Table 57: Meso-Scale: Lynx 

Toposhape Rank- Sign 

Peak 112 

Ridae 11 I + 


I Saddle 19 I - I

I Flat 110 I - I 


Ravine 8 

Pit 11 

Convex hillside 6 + 

Saddle hillside 3 + 

Slope hillside 2 + 

Concave hillside ( 4  ( +  

Inflection hillside 15 I + 


I Unknown hillside 17 I - I 


Table 58: Macro-Scale: Wolf 

T o D o S ~ ~ D ~  Rank Sian 


I Peak 110 I 

I Ridge 13 I + 


Saddle 


Ravine 

Pit
. ..I Convex hillside I 

Saddle hillside 15 

Slope hillside 11 1 + 

Concave hillside 10 

Inflection hillside 6 

Unknown hillside 8 
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Probability surfaces were constructed for wolves, lynx and marten using the 

Belief module in ldrisi. Belief is the ldrisi GIs  module that allows the 

implementation of Dempster-Shafer logic in the derivation of probability surfaces. 

"Belief constructs and stores the current state of knowledge for the full hierarchy of 

hypotheses" (Eastman 1999). Belief can aggregate new evidence and creates a 

probability map output for "belief, plausibility or belief intervals associated with any 

hypothesis" (Eastman 1999). The belief interval represents the total support for an 

hypothesis, plausibility represents the degree to which an hypothesis cannot be 

disbelieved, and the belief interval represents the degree of uncertainty in 

establishing the presence or absence of the hypothesis (Eastman 1999). 

Multiple hypotheses, or lines of evidence, can be used in the Belief module. 

These lines of evidence are probability surfaces that reflect, in this case, the use of 

a given attribute (i.e. aspect) by a particular species. Four attributes were 

considered in developing the current linkage zone model. A combination of 

sigmoidal, j-shaped and user defined curves were used to assign the probability 

functions (see discussion above). 

In the ldrisi GIs, fuzzy sets can be expressed by probability curves of the 

following type: sigmoidal, j-shaped, linear and user-defined (Eastman 1999, Zadeh 

1986). For each probability curve, an associated hypothesis must be stated. 

"Dempster-Shafer theory defines hypotheses in a hierarchical structure developed 

from a basic set of hypotheses that form the frame of discemment"(Eastman 1999). 

For example, if the frame of discernment contains 2 hypotheses [A,B] , the 

structure of the hypotheses for which Dempster-Shafer will accept evidence 
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includes all possible combinations [A],[B], [A,B]. The first are "singleton 

hypotheses" - each contains only one basic element, the last is a non-singleton 

hypotheses containing more than one basic element. 

The three hierarchical combinations are recognized because often evidence 

supports some combination of hypotheses. Eastman (1 999) presents the example 

of developing a land cover surface that includes classes [deciduous] and [conifer] 

forest types. If evidence used to classify these vegetation types is a black and white 

aerial photograph, it may only be possible to distinguish non-forested from forested 

areas, and not the forest type. He suggests we use this evidence to support a 

hierarchical combination [deciduous/conifer] and notes that this represents a 

statement of uncertainty. 

5.8.2 Probability Surfaces: Belief 

Portrayed below in Figures 138 and 139 are examples of slope probability 

images for two ecological scales of analysis (meso:lynx; macro:wolf). Other 

attribute surfaces are not shown, however the final probability surfaces for both 

scales of analysis are presented subsequently, in Figures 140 and 141 on the 

following pages. Probability surfaces were constructed using 4 attributes together 

(aspect, greenness, slope and toposhape). A lack of clear linkages was evident, 

and maps were re-analyzed without greenness. 

A second series of probability maps was developed without greenness (i.e. 

the three attributes aspect, slope, toposhape), and are also presented. Greenness 

was removed because it is highly correlated for all species, and the initial probability 
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image showed little variation in greenness within one kilometre of roads. The lack 

of separation observed suggests that the greenness image may not be a reliable 

predictor, in its current form. 

Data assimilation techniques were used to improve the identification of 

corridors (linkage zones). See Figure 142. Data assimilation techniques involve 

using regional data to "fine-tune" global models. Climatologists frequently use this 

method to enhance global weather models (Khattatov 2000). In the current model, 

known sites were used to calibrate the final model geographically. This calibration 

was used because the first probability surface was generated using habitat 

associations from the 3 year-landscape scale analysis, a global model. Data 

assimilation was used to account for possible spatio-temporal variations that may 

not be represented by the global analysis. The belief surfaces for this calibration 

regionally are shown in Figures 143 - 145 on the following pages. 

All images from Figure 143, include marten to illustrate the smallest scale of 

analysis. Figure 146-1 48 on the following pages were enhanced, by zooming in on 

a section of the Trans-Canada Highway (Phase IIIB), and show the highest 

probability linkage zones for marten, lynx and wolves, respectively. Figures 149-1 51 

illustrate linkage zones along the Highway 40 and Smith Dorrien Trail in Kananaskis 

Country, for marten, lynx and wolves, respectively. Finally, Figures 152-1 54 show 

linkage zones for marten, lynx and wolves along the Canmore Bow Valley Corridor. 

Figures 156-1 59 show the interception of the highest probability zones for all three 

species. These sites of overlap indicate where there is greater than 90% detection 

of all three species, and every possible combination of the three focal species. 
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Figure 138 and 139, next page, show the probability of detecting lynx and 

wolf, respectively, by the attribute slope. As indicated in the titles, this slope 

probability image supports the hypothesis nonsite. The evidence as observed in the 

slope relationships showed that use decreased as slope increased. However, 

slopes above 30 degrees received no use. This evidence suggests that slope 

affects presence, but may not singularly be enough to determine habitat use. As a 

result the evidence supports the hypothesis of the non-site (i.e. sites >30 degrees), 

and the zones of highest probability of detection are those indicated by the zero 

(0.00) probability class. 

The most evident disparity between the slope probability image for lynx, 

Figure 138, and that for wolves, Figure 139, is the level of fragmentation of suitable 

habitat. The highest probability lynx habitat, based on slope is fragmented and 

dispersed, whereas that for wolves is less fragmented and more contiguous. 

However, the slope probability image shows that wolves are topographically 

constrained to low elevations, whereas lynx are not. This point is handled in the 

discussion section, and indicates that wolves may be at higher risk from 

disturbances that occur in the lowest elevations, such as roads and residential 

areas. 



Figure 138: Probability &iynx by Slope (hypothesis:nonsite) 
BNP and KC 1997-1 999 



Figure 139: Probability of Wolves by Slope (hypothesis:nonsite) 
BNP and KC 1997-1 999 



Figure 140: 	Probability of Detecting Lynx (Meso Scale) 
BNP and KC 1997-1 999 

Four Attributes: Aspect, Slope, Greenness, Toposhape 

Figure 140, above, represents the final probability surface for lynx developed 

using slope, aspect, greenness and toposhape attributes. Figure 141, below, 

shows the highest probability habitat for wolves from the same four attributes. 

These images support the hypotheses (site) and therefore, the highest probability of 

detection is represented by the legend value 1 .OO (1 00% probability). Notably, the 

images have low separation, which makes difficult the identification of linkage 

zones. 



Upon revisiting all the. individual probability images (i.e. slope, aspect, 

greenness and toposhape), it was evident that the greenness image had low 

separation in the valleys. A re-analysis of the knowledge base showed that 

greenness was responsible for the overall lack of separation in the valley. 

Figure 141 :	Probability of Detecting Wolves (Macro Scale) 
BNP and KC 1997-1 999 

Four Attributes: Aspect, Slope, Greenness, Toposhape 



- Figure 142: Model Calibration with Distance to Known Wolf Sites 
(3 Years: Landscape Scale) 

Figure 142, above shows a sample of known wolf sites, along the Bow Valley 

Parkway (B1,B2) and the Trans-Canada Highway (83).These points were used to 

calibrate the wolf model. The probability of detection is represented as a decay 

function from the observed wolf-point a distance of 300 metres. The same 

approach was used for lynx, but the lynx-sites' image is not shown here. 



Figure 143: Probability of Detecting Marten (Micro Scale) 
BNP and KC 1997-1999 

Four Attributes: Aspect, Slope,Toposhape, Marten Sites 

The belief image shown in Figure 143, represents the seconc J iteration of the 

knowledge base for marten. In this iteration, greenness was removed because of 

the separation problems, and the known marten sites assimilated. This re- 

calculation was also conducted for lynx and wolves, and the output of the new 

models are presented respectively in Figures 144 and 145 below. 
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When these images are viewed at a finer scale (i.e. zoomed to a specific 

site), it becomes apparent that the calibration added little to the model. The overall 

trends in connectivity were the same, and minor changes occurred within the large 

scale linkages. 

Figure 144: Probability of Detecting Lynx (Meso Scale) 
BNP and KC 1997-1 999 

Four Attributes: Aspect, Slope,Toposhape, Lynx Sites 



Figure 145: 	Probability of Detecting Wolves (Macro Scale) 
BNP and KC 1997-1 999 

Four Attributes: Aspect, Slope,Toposhape, Wolf Sites 

Figure 145, above, shows the wolf belief image that includes the calibration 

data (wolfsites). This image strongly shows the level of constraint imposed on 

wolves by the topography of mountainous terrain, compared with the other two focal 

species. The images below, Figures 146 to 148, are enhancements of the previous 

three images. These are "zoomed" views of the Trans-Canada Highway (Phase 

IIIB), the Hwy 40 and Smith Dorrien Trail, and the Trans-Canada Highway (through 

Canmore). 



These enhanced images are provided to better illustrate potential linkage 


zones for each focal species. The maps are presented by location, and then by 


focal species for that location. Dates refer to the years of data collection (i.e. 1997 


is winter season 1997-1 998, 1999 is season 1999-2000). 


5.8.2.1 Banff Linkage Zones 

Figure 146: Linkage Zones for Marten: 

Trans-Canada Hwy IIIB, 1A East 1997-1 999 


Figure 146, above, shows the Phase lllB linkage zones for marten. Sites that 

are indicated with circles are those that provide linkage across the,entire valley. 

Evident from this image and Figures 147 and 148, below is that the smaller species 

have a greater number of through-linkages. The number of full linkages decreases 
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with the larger species. This shows that marten are perhaps a more generalist 

species than wolves, but operate at a finer scale. Figure 147 below, shows linkage 

zones for lynx along the Trans-Canada, Phase 1118. Cross valley connections are 

identified by the circles. As with the sites identified in Figure 146, those linkage 

zones below are potential sites for mitigation during the future twinning of the TCH. 

Figure 147: Zones for Lynx -Zoom to 
Trans-Canada Highway IIIB, 1A East 1997-1 999 

--m-



Figure 148: Zones for Wolf -Zoom to 
Trans-Canada Highway IIIB, 1A East 1997-1 999 

Figure 148 illustrates the linkage zones for wolves across the Trans-Canada 

Highway (TCH), Phase 1118. Cross-valley linkages above 95% probability are 

infrequent. The highest probability for wolf use aligns well with the existing 1A (Bow 

Valley Parkway). This finding suggests that fewer connections are needed across 

the TCH for wolves, relative to other species, butthat the placement of these sites is 

critical. Moreover, the findings highlight the importance of maintaining contiguous 

undisturbed habitat along the northern side of the Bow Valley, particularly along the 

1A Highway. 



Figure 149: Linkage Zones for Lynx (Meso Scale) on TCH Phase IIIB: 
(1997-1 999) Lynx (Red) and Wolf (Blue) 

Figure 149shows the probability surface for lynx. Observed wolf sites (blue) 

and observed lynx sites (red) are superimposed on the image. This process is 

used, with the ldrisi Extract module, to verify that the model is predicting well. 

Visually, it is evident that wolf points occur often in the lowest quality lynx habitat 

(indicated by probability 9.00). The verification process was detailed in the 



methodology section of this thesis (Section 4.7.3). 

In the following sections, 5.8.2.2 and 5.8.2.3, the linkage zones for 

Kananaskis Country (Hwy 40 and Smith Dorrien Trail) and Canmore (TCH) are 

identified by circles on the images. 

5.8.2.2 Kananaskis Linkage Zones 

Figure 150: 	 Linkage Zones for Marten (Micro Scale) 
Hwy 4O=Spray, Kananaskis 



Figure 151: Linkage Zones for Lynx (Meso Scale) 

Hwy 40, Spray - Kananaskis 1997-1999 




Figure 152: Linkage Zones for Wolves (Macro Scale): 
Hwy 40, Spray - Kananaskis 1997-1 999 



5.8.2.3 Linkage Zones for Canmore Region 

Figure 153: Linkage Zones for Marten (Micro Scale): 

Trans-Canada Highway - Canmore 1997-1 999 


. Figure 154: Linkage Zones for Lynx (Meso Scale) 

Trans-Canada Hqhway - Canmore 1997-1 999 




Figure 155: Linkage Zones for Wolf (Macro Scale) 
Trans-Canada Highway Canmore 1997-1 999 



5.8.2.4: lntersection between Belief Images for Three Focal Species 

Figure 156: Intersection of >90 % Probability of Detection of Guilds 
Banff (TCH 111) (1 997-1 999) 

Legend: marten (I), wolf (3), lynx (5), wolf and lynx intersection (8), 3 focal 
species intersection (9) 

Figure 156, above, shows areas that have greater than ninety percent 

probability of detecting marten (1) wolves (3), lynx (5), and the regions where there 

is >90% probability of detecting all three focal species (9:yellow). A similar image 

(Figure 157) is provided for Kananaskis Highways (Hwy 40 and the Smith Dorrien). 

Figures 158 and 159 are "zoomed" images that enhance the identification of zones 

of overlap for the three species. Evident in Figures 156 to 159 is the limited 

frequency and high dispersion of sites where all three focal species have greater 

than 90% probability of crossing (i.e. the yellow sites on all images). 



Figure 157: 	Intersection of >90 % Probability of Detection of Guilds 
Kananaskis (1 997-1 999) 

Legend: marten (I), wolf (3),lynx (5),wolf and lynx intersection (8), marten, lynx 
and wolf intersection (9) 



Figure 158: Intersection of >90 % Probability Banff Zoom (1997-1999) 
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Figure 159: Intersection of >90 % Probability Kananaskis Zoom (1 997-1 999) 



5.8.2 Verification of Probability Surfaces 

Tables 59, 60 and 61 summarize the verification of the three different final 

belief surfaces. Belief constructed from slope, aspect, and toposhape was identified 

with the suffix "-ng"; Belief constructed from slope, aspect, toposhape and known 

focal species sites was identified with suffix "-2"; and Belief constructed from slope, 

aspect, toposhape and known dominant prey species sites with suffix "-3". Tables 

59, 60 and 61 present marten, lynx and wolf, respectively. 

The verification process involved cross-tabulating the observations for the 

three years for the given species (e.g. marten vs marten probability) and for a 

representative of immediately higher or lower order guilds (e.g. marten vs weasel -

lower; marten vs lynx -higher). 

In the first column of each table (See Table 59 for example), the 5% 

probability class is represented by the values 1 to 20% probability. It was useful to 

aggregate data to identify a trend in prediction. In the subsequent columns, the 

values indicate the track density within each class. For example, see Table 59, 

where the number of marten tracks from the surface created without greenness 

(-ng) has 559 marten tracks where the probability of detecting marten is 0-5%. 

Likewise, there were 588 tracks observed in the probability class 20, which 

represents the probability value 95-1 00%. These cross-correlations provide insight 

into which surface combination predicts the best for a given species and its prey 

species. That is, the greater alignment of observed tracks with the highest 

predicted probability class, the better the combination of variables. 
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Table 59: Probability of Martenvs Species-3yrs 

In Table 59, above, a marten probability surface was not developed that 

included its dominant prey. It was assumed that the dominant prey was microtine 

species. However, the marten surface was tested against two different scales of 

carnivores (i.e. lower - weasel and higher - lynx) in addition to a potential prey 

species, hare. 

The results in the table (see first row) show a high number of points occurring 

in classes with very low probability of detecting marten ( 4  % probability). This 

occurs because a large number of marten tracks were recorded on roads, where 

there is little topographic variation (low slope, flat aspect). These sites inherently 

will not correspond to highly suitable marten habitat, as the species tends to use 

northern aspects and higher slopes. 
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It is not surprising that marten occur in low quality habitat, as they may have to 

cross a low quality habitat matrix to reach high quality habitat patches. In addition, 

some error is expected given that the model was developed for global preferences, 

and there was geographic variabiltty in the preference data for marten. However, the 

magnitude of the predictive error may suggest that the current surface needs to be 

enhanced with the use of alternative metrics (e.g. coarse woody debris). This 

metric or its surrogate are not currently available or have not been tested. 

With respect to prey species, the addition of "known marten sites" (i.e. all 

comparisons with suffix -2) improves the fit of all cross-tabulated species, 

compared with the surface that uses only slope, aspect and toposhape. 



Table 60: Probability of Lynx vs Species-3yrs 
(suffix tells which map combination used for cross-correlation) 

Table 60, above, compares the lynx predictive models with lynx points, the 

dominant prey species (hare) and with upper and lower level carnivores (i.e. wolf 

and marten, respectively). The addition of lynx sites improved the fit perfectly for 

lynx, which was to be expected. 

The addition of hare sites improved the fit for lynx with the highest class of 

probability from 36% to 69% occurrence. Similar improvements were seen for 

marten, which was anticipated given that marten showed correlation to hare at 

certain spatial scales. However, the inclusion of hare sites did not improve the fit of 

the lynx model for wolves -there was little increase in the alignment of observed 

wolves with high probability lynx sites, predicted using hare (37.9 O/O vs 37.3% 
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occurrence of wolves in the highest probability class for the lynx model that included 

hare sites). These results support the previous correlations, which snow that lynx 

and wolves are members of statistically different guilds. Given the lack of 

correlation between wolves, one should expect that the addition of any species that 

is correlated with lynx should have little impact on the match with the predictive 

surface. 

Finally, there were occurrences of lynx in the lowest predictive category (0-

5% probability of detecting lynx). These occurrences did not change regardless of 

the addition of other species. This re-emphasizes that the global model may have 

limitations when used to predict regionally, that species may at times be required to 

use non-suitable habitat (hostile matrix), and that there may be other metrics that 

would improve the probability model. Importantly, this probability model has a better 

fit with the data that was observed for marten. This suggests that the resolution of 

the surfaces may affect its predictive capability. 
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Table 61:Probability of Wolves vs Species-3yrs 


(suffix tells which map combination used for cross-correlation) 


coug-3 elk-ng 

o a 
o a 
0 32 

0 11 

1 ae 
4 261 

2 85 

2 17s 

2 8E 

9 192 

11 292 

7 125 

19 27s 

19 194 

9 20s 

21 71 

20 212 

23 107 

26 C 

137 802 

In Table 61, above, the performance of the wolf probability model is verified 

against wolves, elk, cougar and lynx. As was found with the previous two models, 

the addition of wolf sites improved the predictive fit over the first iteration of the 

model (aspect, slope, toposhape). 

The inclusion of elk sites enhanced the fit for cougar and lynx more than the 

integration of wolf sites. All iterations of the wolf model predicted better for cougar 

than lynx, but only marginally. For instance, in the third iteration wolf model 

(including elk sites) 43% of cougar tracks occurred in the 95-100% wolf probability 

classes, compared with 41% of lynx tracks. Similar differences were found for the 

1'' and second iteration maps. 
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With respect to elk the inclusion of wolves into the model (2"diteration of 

maps) improved the fit minimally. For example, 21% of elk tracks occurred in the 

95-100 %wolf classes for the first iteration maps (aspect, slope, toposhape), versus 

25.7% in the 2"d iteration (aspect, slope, toposhape, wolfsites). However, the 

inclusion of elk improved the fit of the wolf model from 56% to 97% of points 

occurring in the 95-100% probability class. Thus, elk are a better spatial predictor 

for the presence of wolves, than vice versa. 

The wolf probability surface showed no points occurring within the 0-5% 

probability class. In fact, the wolf model tended to predict better overall than the 

other two focal species' surfaces. This is expected as most sites of intercepting 

wolves are along roads, where the slope is low and the aspect flat. These sites are 

most preferred by wolves. This reconfirms the degree to which wolf movement is 

constrained to lower elevation habitats. Moreover, it suggests that this resolution of 

spatial analysis works well with the largest scale species. 

5.9 Summary 

The results of analysis were presented in this chapter. A summary of road and 

transect surveys was presented for each study area and road treatment. Secondly, 

a summary of annual and monthly track counts for road crossings and transect 

crossings was provided in graphic form. The "barrier effectn data and corresponding 

statistical comparisons were provided subsequently. In the fourth section, the 

standardized species-use of biophysical attributes were shown for each study 

species. Sections were itemized by species and a graphic depiction of standardized 
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use was provided for aspect, greenness, distance to roads, slope, and toposhape. 

Graphs were shown in pairs by temporal and spatial scales. The results of multi- 

species interactions by biophysical attribute were also provided for Landscape (all 3 

years), Landscape (1999), Banff (all 3 years) and Kananaskis Country (all 3 years) 

scales. The multi-species interactions were compared with correlation analyses 

and the results were presented in the sixth section. The selection of focal species 

was detailed, and their use in weight of evidence modelling summarized. Finally, 

the method of verifying surfaces was explained. In the next chapter a discussion of 

the previous results is provided. 



6.0 CHAPTER SIX: DISCUSSION 

The chapter begins with a discussion of trends in track density across 

treatments and time. In the second section, the barrier-effect analysis is explained. 

In the third section, the relationships between each species and biophysical 

attributes are described. A detailed discussion of habitat associations is provided 

for the carnivore species only. The habitat relationships for small prey and 

ungulate species are presented in brief. In the fourth section, the interactions 

between species for each biophysical attribute are reviewed. This section examines 

the "tightness" of prediction for each class of each attribute, the correlation among 

species by each attribute, and the ranked level of specialization of each species for 

each attribute. The latter measure is based on the variance of selection by each 

species for each attribute. The optimal focal species, as determined using the 

Multi-Attribute-Trade-off System (MATS) are presented in the fifth section. In the 

final section, a discussion is provided about the results of the probability modelling 

effort, which was used to identify linkages across roads in the study area. 

6.1 Summary of Trends in Track Counts by Species 

Annual trends in track density for each species were presented by highway 

section. An evaluation of monthly trends showed high correlation between all 

species for all months. This result seems suspect. Sampling intensity was variable 

between months and although data were standardized, there is a need to evaluate 

the potential for sampling bias before continuing with the analysis of monthly results. 
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Fluctuations in road crossings and transect crossings were not consistent 

within species across all treatments. For example, marten increased steadily on B2 

transects from 1997 to 1999, but decreased on the B1 transects from 1997 to 1998 

and increased in 1999. These disparities may reflect factors such as different 

snowfall levels in each treatment. A topic of future research will be to examine the 

relationships between climate and track counts on roads versus transects. 

6.2 Landscape Permeability: "The Barrier Effect" 

The barrier effect is discussed in two sub-sections below. In the first section, 

the comparisons of annual average road crossings/km are discussed for all species 

by each highway treatment. In the second section a discussion of the "permeability" 

effect is presented. In the former, road crossings were presented alone, whereas in 

the latter, the road crossings were presented as a ratio of the possible migrants (i.e. 

permeability=road crossings/transect crossings). This distinction is made because 

a comparison of road crossing frequency alone does not account for habitat 

potential adjacent to the roads. This is because higher habitat potential (measured 

by track density) may increase the probability of detecting crossings and thus affect 

the analytical results. 
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The Kruskal-Wallis H-test was used to determine statistical differences 

between highway treatments. The results discussed are those with p-value < 0.05, 

and are first discussed for each region (Banff and Kananaskis) and then 

comparisons between the two regions are presented. For reference, the following 

traffic volume classes (Annual Average Daily Traffic) correspond to the listed 

highway treatments: 

B1: low-moderate (approx. 3,000 vehicles per day) 

B2: low-moderate (approx. 3,000 vehicles per day) 

B3: high (approx. 14,000 vehicles per day) 

K2: moderate-high (approx. 5,000 vehicles per day) 

K3: moderate-high (approx. 5,000 vehicles per day) 

K4: low (approx. 2,000 vehicles per day) 

K5: low (approx. 2,000 vehicles per day) 

The above values are rounded. Winter traffic volume was not recorded in 

Kananaskis Country in the winters 1997-2001, and was extrapolated from previous 

counts (Donelon, pers. comm. 1997). 

In Banff, winter traffic volume is much lower than summer volume. For 

instance, in the year 1999-2000, the average winter daily traffic on the Banff 

treatments was 290 vehicles on B1 (1 A East of Castle Junction), 240 vehicles on B2 

(1A West of Castle Junction), and 5152 vehicles on B3 (Trans-Canada Highway 

Phase 1118). A similar trend in Kananaskis Country was assumed. 
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Originally, exact traffic counts were to be used in the analysis, but traffic data 

loggers were not functional in Kananaskis and data loggers in Banff were non- 

functional on some days, weeks, and months, due to damage from vehicles and 

snow. This made it difficult to link crossing counts to traffic counts that occur within 

the sample period. As a result, only general traffic volume. In the future, exact 

traffic counts will yield more detailed results and will allow the use of parametric 

regression techniques, if the assumptions of the statistics are met. 

6.2.1 Comparison of Road Crossing Frequency by Highway Treatment 

This first section of the barrier-effect discussion examines mean monthly 

crossing counts, for each road section. The values that were compared were the 

monthly average over three years. A discussion of the comparison road crossings, 

as a ratio of potential crossings, is the subject of the following section of this 

discussion (i.e. Road-Transect Crossing Ratio). In the latter, the comparisons of 

mean monthly permeability, summed for all three survey years (3 years) are 

discussed. Subsequently, the mean monthly permeability measures are compared 

for each year of study (1997, 1998, and 1999). 

6.2.1 .I Banff Road Crossing Frequency 

In a three-way comparison, all sections of highway in Banff differed 

significantly (pc0.05). See Table 10 in the Results Section. The Kruskal-Wallis 

comparison between multiple samples does not provide an indication of which 

treatments contribute to the significant differences. Hence, a series of paired 
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comparisons was conducted, for which significant results are discussed below. 

A significant difference in highway crossing frequencieslkm was found only 

between highway section 61 (1A East) and 63 (Trans-Canada Highway) (p = 

0.025). This difference was expected, as B1 has low traffic volume and 63 has very 

high traffic volume. Highway sections 61 (1A East) and 62 (1A West) did not differ 

significantly. The latter result is expected, as 61 and B2 experience very similar 

traffic volumes. However, there was a lack of significant difference between 

sections B2 and B3, which was not expected given that 62 has substantially lower 

traffic volume than 63. One explanation for this lack of significant difference is that 

the habitat potential may vary between these sites (i.e. 62 may have low habitat 

potential and this may present itself as low crossing indices). 

Although 62 and 63 did not differ significantly (by statistical estimation), 62 

exhibited three times the crossings/km when contrasted with B3. Moreover, 

experience and other data (not evaluated statistically) indicated that species 

entering the road surface on B2, used the road surface for travel and crossed it 

multiple times. When the same animal or group of animals was crossing multiple 

times (i.e. tracks were present continuously and seen to cross from one side to the 

next recurrently), only the point of entry was marked during the field survey. These 

multiple crossings were noted during data collection, but were not included in the 

analysis to avoid pseudo-replication in the analysis of spatial predictors, see Figure 

160 on the following page. In contrast, crossings on 63 tended to be singular and 

the road surface and rights-of-ways were not used as travel corridors. The previous 

observations point to the need to consider ecological significance, in addition to 



statistical significance, when determining the barrier effect. 

Figure 160: Movement at Low vs High Traffic Volume 


Low Traffic Volume :Movement Observed (Bow Valley Parkway, Smith Dorrien) 


6 

I Crossing Point Recorded I 

High Traffic Volume :Movement Observed (Trans-Canada Highway) 

, I e.g. 1 Crossings/27 krn 

I ICrossing Point Recorded 

6.2.1.2 Kananaskis Country Road Crossing Frequency 

These results are presented in Table 10 in the Results Section. A significant 

difference was found between K2 (Highway40) and K5 (Smith Dorrien). There was 

a lack of significant differences between all other highway sections in Kananaskis 

Country. This result was unexpected, given that the traffic volume is different 

between highway treatments. Moreover, the result suggests there may be other 

factors than crossing frequency that explain statistical variation between highway 

treatments. For example, habitat suitability likely varies between the sites, and the 

comparison of road crossing values does not include this variability. Habitat 

potential is addressed below in Section 6.2.2. 



6.2.1.3 Banff vs Kananaskis Road Crossing Frequency 

In the paired comparison between Banff and Kananaskis Country, a 

significant difference in highway crossing frequency was found between B1 (1A 

East) and K2 (Hwy 40). See Table 10 in the Results Section. The previous result 

was expected given that B1 is classed as low traffic volume and K2 experiences 

moderate-high traffic levels. However, the lack of significant difference at (a<0.05) 

for all other treatments was not expected, assuming that traffic volume has an effect 

on crossing frequency. The previous result suggests that conclusions drawn about 

the "barrier-effect" of roads may be spurious without consideration of the potential 

number of migrants adjacent to roads. The results of comparing road crossings as 

a ratio of potential migrants (i.e. transect crossings) is the topic of the following 

section. 

6.2.2 Comparison of Road-Transect Crossing Ratios by Region 

The need for correcting road-crossing counts, by habitat potential, was 

presented in the introduction to the discussion section. This need was reconfirmed 

during analysis of crossing frequencies, as discussed in the previous section. The 

present section focuses on differences in highway section permeability, which is the 

ratio of road crossings over the transect crossings. The corrected values are 

evaluated for each year, and are presented following this section. Results of 

comparisons, in all the following sections, are discussed by region (Banff and 

Kananaskis) and inter-region (Banff vs Kananaskis). 



6.2.2.1 Banff Highway Road-Transect Ratios 

A significant difference in permeability was found across all treatments (B1 vs 

B2 vs B3) (p=0.005). Refer to Table 12 in Results Section. This result was 

expected given the differences in traffic volume between treatments. The multiple 

Kruskal-Wallis comparison does not attribute significant differences to any one 

treatment, thus a series of paired comparisons were conducted. B1 (1 A East) 

differed significantly from 82(1A West) (p=0.019), which was unexpected given the 

traffic volumes are of the same class, and the crossing indices have been adjusted 

for habitat potential. One possible explanation follows: although B1 and B2 have 

similar traffic volumes they vary topographically, B1 has a greater ratio of meadow 

habitats adjacent to the roads, and B2 tends to be closer in proximity to the river 

and the railway. These effects were not quantified, but may renderthe two sections 

(B1 and B2) ecologically unequivalent, despite their similar traffic volumes. 

The permeability of B1 and B3 (Trans-Canada) differed significantly 

(p=0.003), which was expected as B1 has much lower traffic volumes. B2 (low 

volume) and B3 (very high volume) were not significantly different (p = 0.223) and 

given these widely disparate traffic volumes, this result was not expected. Despite 

the lack of significant difference between B2 and B3,82 had three times the road- 

crossing rates of B3 and there were more complex movement patterns on B2 (see 

Figure 160). This higher rate of movement may have some biological significance 

that is not reflected in the statistics. 
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6.2.2.2 Kananaskis Country Road-Transect Ratios 

Permeability did not differ significantly by traffic volume in Kananaskis 

Country at p~0.05. (Refer to Table 12 in Results Section). Comparisons with K2 

(Highway 40-North) were removed because there were insufficient transects on this 

road section to measure permeability adequately. Differences were expected 

between K3 (Highway 40 - South) and sections of the Smith Dorrien (K4 and K5). 

At a narrower confidence interval (90% rather than 95%), K3 varied significantly 

from K4 (p=0.01 I ) ,  but not from K5. A condition that may have contributed to the 

lack of statistical difference between K3 and K5 was poor snow survey conditions 

on K5 (the road was sometimes wind-blown and tracks were obscured). 

6.2.2.3 Banff vs Kananaskis Country Road Transect Ratios 

Permeability on B1 (1A East) differed significantly from K3 (Hwy 40 - South) 

(p=0.038). Refer to Table 12in the Results Section. This significant difference was 

expected given that K3 experiences moderately higher traffic volumes than B1. 

Differences were not found between B3 and K21K3, suggesting that moderate-high 

traffic volume may be a threshold that creates a barrier to movement. B3 was found 

to differ significantly from section K4 and K5 (p=0.014, p= 0.002), which was 

expected given that B3 has very high traffic volume compared with the Smith 

Dorrien. 
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6.2.3 Mean Monthly Road-Transect Ratio (199912000) 

The results of statistical comparisons were the same for 1999/2000 as for the 

3-year annual mean monthly comparisons (see immediately above), with the few 

exceptions that follow. (See Table 14 in Results Section). K3 (Hwy 40 -South) was 

statistically different from K5 (Smith Dorrien - North). Also, at a narrower 

confidence interval, K3 differed significantly from K4 (Smith-Dorrien - South) 

(p=0.11). The previous was expected as K4 and K5 both experience lower traffic 

volume, compared with moderate volume on K3. In addition, the comparison 

between study regions showed that B3 (Trans-Canada Highway) differed 

significantly from K4 (p=0.10) at a 90% confidence interval. This is expected given 

that traffic volume on B3 is very high relative to K4 (low volume). Relative to the 3- 

year annual comparisons (previous section), the present results are more consistent 

with what was expected given the associated traffic volumes. 

Finally, road crossings on B1 were eight times greater than the 62or B3, 

which reconfirms that there may be environmental effects that were not quantified, 

which cause B2 and B1 to differ significantly despite their similar traffic loads. 



6.2.4 Mean Monthly Road-Transect Ratio (1 99811 999) 

The 1 998199 results were identical to the above (1 99912000), except that B1 

did not differ significantly from B2 (at ae0.05) and B3 varied significantly from K4 

(p=0.004), but not from K5. (See Table 16 in Results Section). The lack of 

significant difference between B1 and B2 supports more strongly the expectation 

that similar traffic volume roads should have similar permeability. At a narrower 

confidence interval (go%), B1 and B2 differed significantly. 

As with the previous evaluations, the relationship between B3 and K4lK5 

changed with a narrowing of the confidence interval. Moreover, track crossings on 

K4 and K5 exceed those on B3 by four and eleven times, respectively (1 99912000) 

and eleven and six times respectively in 199811 999. 

As indicated above, there were substantial differences observed in track 

crossing frequency between low and high traffic volume roads, despite the lack of 

significant difference between treatments. This difference may have biological 

implications related to increased movement. 

6.2.5 Annual Road-Transect Ratio (1 99711 998) 

Statistical results were identical in I99711998 to those observed in 

199912000. (See Table 18 in Results Section). The reader should refer to section 

6.2.3, above, for interpretation. This consistency in results between years suggests 

strongly that the results of the barrier effect analysis are robust. 
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6.3 Predictive Relationships between Species and Biophysical Attributes 

This section examines the observed habitat selection for each study species. 

Selected attributes are presented for all study species, but discussion is limited to 

carnivore-habitat associations. Major prey species (elk, sheep, moose, hare, and 

squirrel) are considered with reference to their dominant predator. 

Species-habitat associations were examined for a set of proximate factors, 

including aspect, greenness, distance to roads, topographic complexity (toposhape), 

slope and distance to cross-drainages. These six attributes may act as surrogates 

for ultimate factors such as food, shelter, nesting or den-sites, or inter-specific 

competition (Peek 1986). For example, greenness may be a predictor of elk 

density, which in tum may predict wolf selection (Carroll et a/.2000). 

Track density for each of the study species was distributed non-uniformly 

within each of the six biophysical attributes. Statistical non-uniformity was not 

tested herein, as the purpose of this thesis was to examine interactions among 

species within attributes, and to assess the consistency of selection across 

analytical frames. However, a chi-square analysis of 1998199 track density for 

wolves, elk, marten, lynx and hare showed a significant non-uniform distribution by 

all attributes (Alexander and Waters 2000). 

In the interpretation of results, habitat selection was inferred by comparing 

observed to expected track density for each class of every attribute. Relative over- 

use of an attribute class was considered to infer "selection"; under-use to represent 

non-selection or avoidance (see Methodology Chapter for details.) 

The variable "distance from roads" was confounded by a framing bias. Further 
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discussion of this variable focuses on the analysis conducted with a reduced frame 

(i.e. the transect frame). Figure 161, on the following page illustrates the framing 

bias. 

Figure 161: Framing Bias and Variation in Predictive Results 

Variance scores represent the "tightness-of-fit" of species selection for 

different attributes across time and space. Track density was analyzed for each 

species by year for all study areas (landscape scale), and for each study area (3 

year time scale). Variance scores were calculated for each species by each 

attribute across time (3 years) and across space (i.e. study frames - Banff, 

Kananaskis, Banff and Kananaskis). Variances were first determined for each class 
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of an attribute (e.g. south, southwest), and all class variances were tallied for a 

grand variance for the attribute (e.g. aspect). These variances were presented in 

Section 5.4.3. The different attributes had a large spread of variance scores. For 

example, aspect variance ranged from 0.07 to 0.52, whereas greenness variance 

ranged from 0.34463 to 22917.6. Consequently, variance scores were assigned a 

rank 1-3 to represent low, moderate and high variance within the range of scores 

specific to an attribute. This provided a means to compare variance across 

biophysical attributes. It was hypothesized that the lower the variance between 

scales, the more robust the predictive capability of a variable for any given species. 

Selectivity of habitat attributes is described by species in this section of the 

discussion. Variances in track density by temporal and spatial scales of analysis are 

discussed also by species. 

6.3.1 Marten 

Marten are considered a specialist species, occupying only a narrow range of 

habitat types (Thompson and Harestad 1994, Buskirk and Ruggiero 1994). Field 

research on habitat preferences and human disturbance effects on marten has 

been relatively abundant (Carroll et a/.2000). However, the interactions of marten 

with other vertebrate species in their community are not understood well (Buskirk 

and Ruggiero 1994). 



6.3.1.1 Aspect 

Marten were found consistently more often than expected on Northeast, 

East, Southeast, South and Southwest aspects, across temporal scales. Across 

spatial scales, the one consistently selected aspect class was Northeast. 

The use of northeast and east facing slopes supports previous research, 

which indicated that marten associate with mature or over-mature forest stands and 

mesic conifer stands (Thompson and Harestad 1994, Carroll et a/.2000, Buskirk 

and Ruggiero 1994). 

Regionally, southern aspects receive higher solar incidence and tend to be 

dominated by drier plant community associations (Jensen 2001). Consequently, the 

selection of southem aspects appears to contradict the hypotheses that marten 

narrowly select mesic, complex conifer stands. One explanation for marten selecting 

southern aspects may be the association of prey, such as hare and squirrel. In 

winter, voles, mice, hares and squirrels were found to dominate the diet of marten 

(Buskirk and Ruggiero 1994). 
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Alternatively, the data resolution of the GIs is coarse and may have obscured 

micro-climatic regimes or fine-scale terrain variation. For example, there may be 

sites where southern aspects exhibit pockets of mesic habitat, or where deadfall 

and blowdown are prevalent (personal observation). Because the GIs pixel 

resolution is 30 metres, micro-sites may be averaged out of the final pixel value. 

Fine scale terrain and vegetation data were collected during this study and will be 

examined in the future. As newer, finer scale images are created, re-analysis may 

be conducted. The attribute "toposhape" examined below, also may provide greater 

insight. 

Moreover, winter selection has been observed in marten for stands 

characterized by high levels of coarse woody debris (CWD) (Carroll et a/. 2000, 

Buskirk and Ruggiero 1994), which may influence the presence of prey species that 

select habitat with abundant sub-nivean access points. High rates of coarse woody 

debris are not limited to mesic stands in the study region (personal observation), 

and may explain the use of southern aspects by marten. 

A multivariate approach may yield more insight into the selection of southern 

aspects, as it may be the interaction between aspect and another variable that 

explains the observed preference. 
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Marten showed low variance across temporal scales and moderate variance 

across spatial scales of analysis. Buskirk and Ruggiero (1994) note that similar tree 

types can yield different site and structural attributes, which may account for 

variations in vegetation selection across space. The high level of consistency at 

temporal scales suggests that marten habitat associations are robust. However, 

when taking management action, it would be important to examine fine-scale 

properties, such as the amount of complex woody debris, to account for spatial 

variation. This type of feature may be more important than aspect in the 

identification of sites suitable for reconnecting fragmented habitats. 



6.3.1.2 Greenness 

Refer to the Methodology Section for details on reclassification of the 

greenness image. Across temporal scales, more marten tracks than expected were 

found in Greenness classes 25-33 (reclassed 53-55), 49-57 (rcl59-61) and 89-97 

(rcl69-71). Across spatial scales selection occurred in greenness classes 25-33 (rcl 

53-55), 49-57 (rcl 59-61), and 121 -1 29 (rcl 77-79). Selection at temporal scales 

showed low variances, whereas selectivity values had high variance at the various 

spatial scales. 

Greenness is considered a surrogate for habitat and has predicted well for 

grizzly bear habitat use (Mace etal. 1999). Greenness can be highly influenced by 

atmospheric conditions at the time the satellite data are collected (e.g. moisture 

content, cloud cover) (Franklin 2001, pers. comm.). As a result, the high variability 

of this metric as a predictor across spatial scales is not surprising. The low 

variability across temporal scales suggests greenness may be a good broad scale 

predictor of marten presence. However, Greenness is not sensitive to structure 

(Franklin 2001), which is an important predictor of marten presence. 

6.3.1.3 Distance to Roads 

Marten selected for distances between 0-100 metres. A framing bias 

prohibited accurate interpretation of regions beyond 100 metres (see the Methods 

Section). Variance at temporal scales was low and at spatial scales was high. A 

high variance across spatial scales was expected because of different habitat 

configurations adjacent to roads. 



6.3.1.4 Toposhape 

Marten selected pits, ravines, and convex hillsides uniformly across temporal 

scales. Variance in selection was high across temporal scales. The consistency of 

prediction across spatial scales was not evaluated for this attribute. 

The selected terrain features may confer conditions of higher moisture, 

greater deadfall, and higher complexity in understory (personal observation). In this 

case, the selection for these topographic features is consistent with pervious 

findings that link marten to complex, mesic conifer stands (Buskirk and Ruggiero 

1994, Carroll et a/. 2000). These features reflect variability in the landscape and 

may explain the use of southern aspects (see aspect section above). 

6.3.1.5 Slope 

At different temporal and spatial scales, marten selected for slopes between 

0 and 20 degrees. Marten showed moderate levels of variance across temporal 

and spatial scales of analysis. Slopes between 0 and 20 degrees are energetically 

less costly to use than steeper slopes (Paquet 1993) and may explain the 

preference of marten for these regions. Low slopes also may be associated with 

areas of standing water, or the development of mature tree stands, which may 

influence marten abundance (personal observation). However, low slopes may also 

indicate other habitat types and structures, such as dry pine with low complexity in 

understory. This suggests that low slope is not sufficient to predict habitat selection 

by marten. However, there is strong evidence that sampled slopes greater than 30 

degrees were not used by marten. Slopes above 53 degrees were not within the 



study frame, and thus were not sampled. 

Slopes between 0-20 degrees overlap partially with areas selected by hare 

(20-40 degrees) and squirrel (0-30 degrees), which are two dominant prey species 

of marten (Buskirk and Ruggiero 1994). In some regions, the association of marten 

and squirrel has been argued to be symbiotic -squirrels provide middens, which are 

suitable for natal and maternal den sites and winter refugia for marten (Buskirk and 

Ruggiero 1994). In this research, marten slope preference was determined to be 

exclusive of lynx (20-30 degrees), which supports niche apportionment hypotheses. 

For example, this discrete habitat use may reflect competitive exclusion of marten 

by lynx in regions where higher slope angle and elevation may result in greater 

snow depth. 

6.3.1.6 Distance to Cross-Drainage 

Marten selected for habitat between 200 and 700 metres from drainages that 

intercepted roads. This selection was consistent for temporal and spatial scales. 

Marten showed low variance in selectivity at temporal scales and high variance at 

spatial scales. 

It was expected that areas closer to drainages should yield higher densities 

of all species, as water is an ultimate factor in species survival. Moreover, marten 

were found to select for topographic features that are consistent with drainages 

including ravines and pits (see toposhape section above). 
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The avoidance observed between 0-200 metres of drainages may be a 

consequence of framing bias. The study frame includes a 300 metre buffer of 

roads. This may have biased expected counts within 0-300 metres of cross- 

drainages. Moreover, the metric may be confounded by the potential for species 

alienation near roads. 

6.3.2 Coyote 

The coyote has high ecological resilience compared to other carnivore 

species. Coyote resilience is conveyed through life history traits such as early 

parturition, high birthrate, and high behavioural plasticity (including high rates of 

prey-switching) (Alexander et a/.2000, Carroll et a/.2000). 

6.3.2.1 Aspect 

In the present research, coyotes selected for south and northwest aspects 

and variance in selection across temporal scales was low. Habitat attributes, such 

as lagomorph habitat (high stem density) and ungulate abundance have been 

associated with coyotes (Carroll et a/. 2000). Higher densities of elk have been 

associated with southern aspects in Banff (Paquet 1993), and the current research 

showed a strong affiliation of elk with northwestern slopes. Thus, the selection of 

these two aspects may be tied to prey availability, which supports conclusions 

drawn by Carroll et a/. (2000). Hare, sheep, deer and moose also selected for 

south and northwest aspects in this study. These observations suggest that 

coyotes may be using these areas to maximize their encounter rate with prey. 
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Interestingly, lynx and cougar, but not wolves select northwest aspects. The 

discrete selection of habitat shown between wolves and coyotes may support the 

competitive exclusion principle, or reflect avoidance of wolf dominated habitat by 

coyotes (on temporal or spatial scales). For instance, coyotes have declined in 

Yellowstone since the reintroduction of wolves (Crabtree and Sheldon 1998). In 

addition, Paquet (1 985)found that wolves temporally displaced coyotes and were 

an important source of coyote mortality in Riding Mountain National Park. Overlap 

with other predators, such as lynx and cougar may be possible because of 

difference in diet and hunting strategies between felids and canids (Carroll et a/. 

2000). 

6.3.2.2 Greenness 

Coyote selected for greenness classes 41 (reclassed 57), 49-57 (rcl59-61), 

129-1 37 (rcl79-81). Variance across temporal scales was moderate. Greenness 

was correlated highly between all species, which does not allow interpretation of 

selection on the basis of niche partitioning. Variance in greenness should be higher 

across spatial scales than temporal scales, because the probability of atmospheric 

variation increases with greater geographic extent. For example, vegetation 

reflectance can be altered by cloud cover, which may differ throughout a region on 

any given day. Consequently, the observed variation across temporal scales 

suggests that greenness may be a reliable predictor for coyotes, but that regional 

variation should be considered. 



6.3.2.3 Distance to Roads 

Coyote selected for regions between 0-100 metres from roads, with low 

variance across temporal scales. The low variability in selection by coyotes 

supports the use of distance to roads as a predictor of coyote use. However, it is 

advisable to examine coyote selection of this metric in a multivariate context, as use 

may be correlated with other variables, such as aspect and slope. 

6.3.2.4 Toposhape 

Coyote tracks were observed more often than expected on ridges, ravines, 

slope hillsides and inflection hillsides. Variance across temporal scales was 

moderate. 

Coyote density has been negatively correlated with snow depth (Carroll etal. 

2000). The selection of ridges, slope hillsides and inflection hillsides suggest that 

coyote are choosing areas where snowfall accumulation may be less due to higher 

solar incidence. Moreover, microtine populations may be more prevalent on these 

features, as grassy conditions may persist (personal observation). Hare and 

squirrel also select for ridges, slope hillsides and inflection hillsides, which support 

the coyote - prey density selection hypothesis noted by Carroll et a/. (2000). 



In addition, the selection of ravines may provide good refugia (thermal and 

anti-predator) or prey sources. Carroll et a/. (2000) noted that areas of high 

topographic complexity "provide secure den sites and lessen impacts of human 

persecution." Squirrels, moose, and elk are prey species that also showed selection 

for ravines, as do some microtine species. 

Moderate variability across temporal scales suggests toposhape may be a 

robust predictor for coyote movement. Habitat associations are typically more 

variable than temporal associations (in this research). Consequently, in 

conservation planning the regional variation of this metric may be important. 

6.3.2.5 Slope 

Tracks of coyote were observed more than expected on slopes 0-1 0 degrees 

and exhibited moderate variance across temporal scales. 

Coyote use of low slopes is consistent with energetic hypotheses about canid 

movement (Paquet 1993). Low slopes require less effort to traverse. Low slopes 

predominate in the valley bottom, where snow depth tends to be lower, which also 

may reduce movement costs. Wolves, elk and moose also select slopes 0-10 

degrees, which may enhance, for coyotes, the opportunity to scavenge wolf kills. 

Variance of coyote selection in areas from 0-1 0 degrees is very low. Most of 

the contribution to variance is in areas from 10-53 degrees. Thus, low slope is a 

robust predictor of coyote track density and should provide a reliable metric for use 

in designing landscape linkage zones across highways. 



6.3.2.6 Distance to Cross Drainages 

Coyotes selected for areas between 0-600 metres from cross-drainages. 

Variance across temporal scales was high. Selection of areas within 600 metres of 

roads is consistent with areas of low slope, less complex vegetation, lower snow 

depth and consequently, lower energetic cost of travel. However, the high variability 

across temporal scales is a concern, and suggests this is not a reliable predictor for 

coyote movement. Problems with the frame of analysis, as discussed in the marten 

section, may contribute to the weak predictive power of this variable. 

6.3.3 Wolf 

6.3.3.1 Aspect 

Across temporal scales wolves did not select consistently for any single 

aspect class. Flat aspects were selected consistently by wolves at all spatial scales. 

Variance in track density was high across temporal and spatial scales. Selected 

aspects in the 199711 998 winter were anomalous for wolves, and accounted for 

most of the variability across scales. When these data were removed, selection for 

south, southwest and flat aspects was observed. The aberrant 1997198 selection 

may be a result of climatic conditions (i.e. El Nino). The paucity of snowfall 

experienced in the previous year may have altered prey distribution and movement 

opportunities for wolves. 
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The current findings support those of Boyd-Heger (1 997) who showed that 

wolves in the Rocky Mountains selected for flat aspect classes. In addition, Paquet 

(1 993) showed wolf associations with south, southwest, and west aspects in the 

present study area. Selection for these aspects is assumed to reflect energetic 

costs of moving across the landscape and optimal foraging opportunities (Paquet et 

a/. 1996). Moose was the only large ungulate that selected consistently for flat 

aspects. Elk used south and flat aspects equal to expected and selected northwest 

and west slopes. The overlap between these two major prey species suggests 

wolves may be selecting aspects to maximize their encounter with prey. 

6.3.3.2 Greenness 

Across temporal scales wolves selected for greenness classes 73 (rcl. 65), 

81 (rcl. 67), 89-97 (rcl. 69-71), 113 (rcl. 75) and 129-1 33 (rcl. 79-80). Wolf use of 

these classes across temporal scales showed high variance. Spatially, wolves 

selected with low variance, greenness bands 89-97 (rcl. 69-71), 105-121 (rcl. 73-77) 

and 129-137 (rcl. 79-81). The temporal and spatial variances suggest that 

greenness may be a good broad-scale predictor, but is not robust for regional- or 

small-scale analyses, such as those limited to regions within 1 km of roads. 

Moreover, the consistency of greenness within the study frame resulted in all 

species being correlated highly by this metric. Some combination of greenness and 

a structural complexity may permit separation of species by habitat productivity. 

This is a topic for further research. 



6.3.3.3 Distance to Roads 

Wolves selected for areas 0-1 00 meters from roads and showed moderate 

variance across temporal and spatial scales. Wolf selection of areas closer to roads 

is consistent with the findings of Boyd-Hedger (1997). Habitat adjacent to roads 

generally exhibit lower slope, reduced topographic complexity and close proximity to 

water, which may make travel near roads energetically efficient for wolves. 

Moreover, this research was conducted during winter months and travel on or 

adjacent to roads may be more attractive due to road clearing. Although wolf 

movement on the Trans-Canada highway road surface was not observed, it was 

frequent on the lower traffic volume roads, 1A and Smith-Dorrien. Use of areas 

adjacent to the highway, but within the treeline was observed along the TCH. This 

may support the attraction-repulsion hypotheses presented by Paquet (1993), in 

which wolves are attracted to the road surface for ease of travel or crossing and 

repulsed by traffic. Tracking sessions were not sufficient to evaluate these 

differences statistically. 

6.3.3.4 Toposhape 

At temporal scales wolves selected for ridges, flat areas and slope hillsides. 

Selection varied moderately across temporal scales. As with coyotes, the selected 

topographic features may be surrogates for areas that remain snow free later in the 

year, have less snow pack during the winter, or have higher prey density. Ridges 

are important for foraging, as they provide viewing opportunities and offer easier 

travel routes than forested areas, flat areas offer more efficient travel opportunities, 
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and slope hillsides may experience higher rates of solar insolation. Thus, the 

selected topographic features may enhance foraging opportunities. Moderate 

variances associated with toposhape suggest this is a reliable predictor. However, 

as spatial variation tends to exceed temporal variation, it will be necessary to 

consider region-specific differences in selection if toposhape is used in corridor 

design. 

6.3.3.5 	 Slope 

Wolf tracks were observed more than expected on slope angles 0-10 

degrees. Variance across temporal scales was high and low across spatial scales, 

which is the converse of the majority of variance scores observed. 

Low slope angle is related to ease of travel and tends to be correlated with 

lower elevations, and closer proximity to rivers and roads. The observed use is 

consistent with the findings of Boyd-Heger (1997) and Paquet (1993). Slopes 

selected by wolves are also selected by the main prey species, including elk, 

moose, and deer. 

High variance in slope selection across temporal scales may be a result of 

annual climatic conditions. 1997198was marked by a dearth of snowfall, and slope 

selection by wolves in that winter was compared with the following 2 years. Most of 

the temporal variance in slope selection can be accounted for by 1997 track 

densities, and spatial variance was low, suggesting that slope may be a good 

predictor, under similar climatic conditions. 



6.3.3.6 Distance to Drainage 

Wolves selected temporally and spatially for areas between 500-700metres 

of cross drainages. Variance was moderate across both scales of analysis. 

In this study the variable is confounded by distance to roads (see previous 

descriptions of drainage). Paquet (1993) identified a road-disturbance zone of 500 

metres from roads, which is supported by the current findings. However, no road 

effect was established in previous analyses (see wolf distance-to-roads section -

above). This inconsistency suggests this variable is not reliable. 

Moderate variances suggest this may be a less robust landscape metric for 

predicting wolf habitat use. 

6.3.4 Lynx 

Lynx are a highly specialized carnivore species, whose vulnerability has to do 

with a strong association with one major prey species, the snowshoe hare (Weaver 

et a/. 1999, Carroll et a/. 2000). In northern boreal forests showshoe hare 

populations undergo cyclic eruptions and crashes, which can lead to dramatic 

declines in lynx numbers (Koehler and Aubry 1997). These cyclic crashes in hare 

populations may precipitate lynx dispersal, which is a key argument in the 

maintenance of regional habitat connectivity (Carroll et a/.2000). 

6.3.4.1 Aspect 

Lynx tracks were observed at spatial and temporal scales more than 

expected on aspects N, NE, E and NW. Variance was high at temporal and spatial 



scales. 

Patch-level foraging in lynx may reflect hare abundance, and occurs in early- 

seral stands (15-40 years), with dense cover, whereas denning occurs in mature 

forest stands (Carroll et a/.2000). In this research, hare showed a propensity for 

north facing slopes. The abundance of hare on these aspects may contribute 

significantly to the presence of lynx. 

North, Northeast, East and Northwest aspects in the study region are 

dominated by spruce and sub-alpine fir, which are highly suitable for lynx. Carroll et 

a/. (2000) noted that research in Washington found lynx to select for Engelmann 

spruce, subalpine fir, lodgepole pine, and aspen forest types. 

The dependence of lynx on two forest-age classes makes habitat suitability 

modelling difficult, because it requires the development of spatio-temporal predictive 

models. Importantly, the habitats adjacent to the TCH offer both early seral-stage, 

dense pine forests and, juxtaposed, mature spruce forests with high CWD indices. 

This may explain in part the high crossing indices observed for lynx on the TCH 

relative to other roads in the Bow Valley. 

The high variability of aspect at temporal and spatial scales is problematic for 

prediction. Possible explanations for this variability may be an effect of cyclic prey 

numbers, climate, or the ephemeral nature of lynx populations. The consistency of 

aspect selection with the dominant prey species suggests that aspect is a robust 

predictor, despite high variance across scales. 



6.3.4.2 Greenness 

Lynx selected for greenness classes 53 (reclassed 60), 89-97 (rcl. 69-71), 

105 (rcl. 73) and 117 (rcl. 76) at temporal and spatial scales. Lynx track density had 

moderate variance at temporal scales and low variance at spatial scales. 

Greenness tends to be more variable across space than it is across time. 

Hence, the low variance observed suggests that greenness is a highly reliable 

predictor of regional lynx presence. Greenness is however, less reliable across 

time. One plausible explanation for high variance may be changes in weather or 

prey abundance over time, which may lead to annual shifts in selection. 

6.3.4.3 Distance to Roads 

Lynx selected for areas between 0-1 00 metres from roads, with moderate 

variance across temporal scales and low variance across spatial scales. This does 

not support the road avoidance hypothesis. 

Potential attractants to the road area may be low slope habitats, which 

facilitate energetically efficient travel. The low-moderate variance across analytical 

scales suggests distance to roads is a good measure of habitat suitability for lynx. 

6.3.4.4 Toposhape 

Lynx selected ridges, convex hillsides, saddle hillsides, slope hillsides, 

concave hillsides and inflection hillsides, with low variance at temporal scales. 

Lynx showed the highest affiliation with hillside features of all species, 

followed by hare. Lynx selection of these features parallel hare with the exception 
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that lynx select for convex hillsides and hare do not, and hare select for unknown 

hillsides and lynx do not. Forested hillside features may have a higher probability of 

downed wood, which would provide good habitat for prey species like hare and 

squirrel. Ridges typically are good travel routes and may be selected by lynx when 

foraging or for inter-patch movements. During movement between denning and 

foraging habitats, lynx select areas of high canopy closure and avoid open areas 

(Koehler and Abler 1997). Ridges may provide good sight lines, while 

simultaneously providing quick access to forest refugia. 

Toposhape had low variability across spatial and temporal scales, which 

suggests this is a robust metric for identifying sites with high probability of finding 

lynx. 

6.3.4.5 	 Slope 

Lynx selected for slopes 20-30 degrees at temporal and spatial scales. Lynx 

selectivity had high variance across temporal scales and low variance across spatial 

scales. 

This selection of higher slope angles is consistent with the selection of 

hillside toposhapes. Hare and squirrel also select for 20-30 and 20-40 degree 

slopes, respectively. This overlap suggests lynx, in part, are selecting slopes to 

enhance prey interactions. Some steep hillside slopes have more coarse woody 

debris because of slope instability and blowdown (personal observation), which also 

may enhance prey availability for lynx. 

Temporal variance was moderate, which suggests that other annual 
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variations (e.g. weather) may influence habitat selection. However, selection was 

highly consistent across spatial scales, suggesting slopes between 20-30 degrees 

are robust predictors of regional and landscape habitat use by lynx. 

6.3.4.6 Distanceto Cross-Drainage 

Lynx tracks occurred more than expected between 500-700 metres from 

cross-drainages, across temporal scales. Distances 300-700 metres were used 

more than expected by lynx across spatial scales. Variance was low at temporal 

scales and moderate at spatial scales. 

Proximity to cross drainages does not appear to be a predictor of lynx track 

abundance. Narrow bands of selection occurred between 300-400 metres and 600- 

900 metres from drainages. However, as discussed in previous sections, this 

variable may be unreliable because of framing problems. 

6.3.5 Cougar 

The mountain lion is most resilient amongst the large carnivores (Weaver etal. 

1996). "It shows a strong association with deer and may be limited by factors 

including changes in climate, prey composition and abundance, vegetation or terrain 

that lessen the competitive advantages of a stalking predator" (Carroll et al. 2000). 

Mixed conifer stands in steep areas have been identified as ideal for forage for prey 

and stalking cover. 



6.3.5.1 Aspect 

Cougar track density was greater than expected on South, West and 

Northwest aspects across temporal scales (i.e. at the landscape scale). Spatially, 

cougar showed a preference for West and Northwest aspects. Variance in habitat 

use was moderate at temporal and spatial scales. 

Cougar selection for south and southwestern aspects support conclusions of 

Carroll et a/. (2000), who noted that mountain lions prefer rocky, open southwest 

aspects and drier Douglas-fir forest types in winter. In this study area, northwestern 

and western aspects tend to be dominated by moister vegetation communities. Use 

of these areas is more consistent with summer habitat selection by cougars (Carroll 

et a/.2000). 

Selection for aspect was consistent among cougar, elk, and moose. Cougar 

overlapped with sheep on southwest aspects. Aspect associations for cougar may 

be driven by the density of prey species, but may be explained also by terrain 

ruggedness. The variable toposhape (see below) provides further insight. 

Moderate variance at both spatial and temporal analytic scales suggests that 

aspect is a robust predictor for cougar, but that other variables may influence habitat 

selection (i.e. toposhape). 

6.3.5.2 Greenness 

Greenness classes 49 (rcl. 59), 121 (rcl. 77) and 133 (rcl. 80) were used 

more than expected by cougar at temporal scales. At spatial scales greenness 
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classes 29 (rcl. 54), 37-57(rcl. 56-60) and 61 (rcl. 62) were selected. Variance in 

selection for greenness was high at temporal and spatial scales. 

The high variance scores at both scales suggest that greenness is not a 

reliable predictor across scales for cougar. Greenness does not provide measures 

of structure, which may be important to identifying stalking terrain. 

6.3.5.3 Distance to Roads 

Cougar selected for areas between 0-1 00 metres from roads at temporal and 

spatial scales. Variance in habitat use was high at temporal scales and moderate 

across spatial scales. 

Selection for areas within 100 metres of roads does not support the road 

avoidance hypothesis. Cougar tracks were detected on few transects. One reason 

for this was that many sites where cougar tracks intercept the road surface were too 

steep for transects. Consequently, transects tended to be outside the range of 

suitable cougar habitat for Banff (1A) and Kananaskis Country (Smith Dorrien). This 

sampling bias may have under-represented cougar use at more distant sites from 

roads. 

6.3.5.4 Toposhape 

Cougar track density was higher than expected on ridges, ravines, pits, 

saddles, slope hillsides and convex hillsides. Variance in track density was high 

across temporal scales. 
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Ridges, ravines and pits provide good areas for foraging prey and they 

provide good hiding cover for stalking prey. Saddles, slope hillsides and convex 

hillsides may also provide snow free travel routes, good prey sightability, and 

stalking terrain. 

The high variance in topographic selection was accounted for by variance 

within one class (i.e. pit). Otherwise variance was consistent across temporal 

scales, rendering toposhape a robust predictor for cougar habitat use. 

6.3.5.5 Slope 

Track density indicated cougars preferred slopes 0-20 degrees at various 

temporal and spatial scales. Variance in slope use was high at all temporal and 

spatial scales. 

Slopes between 0-30 degrees encompass those used by prey species, 

including elk, moose, sheep and deer. Use of slopes 0-10 degrees would maximize 

interaction with prey species, whereas slopes above 10degrees may provide good 

stalking terrain. Cougar is the only carnivore that spans this range of slopes, 

supporting the generalist hypothesis (Carroll et a/. 2000). 

A high variance in track density by slope across different spatial and temporal 

scales suggests that slope is not a robust predictor on its own. Associations with 

prey species may explain spatial and temporal indication of slope selection. The 

"vegetation-topographylpreynumbers-vulnerability" hypothesis predicts that optimal 

habitat depends on vegetation, terrain and the occurrence of abundant, vulnerable 

prey (Carroll etal.2000). As a consequence, the variation in slope selection should 
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be expected, given that foraging and movement reflects the chance intersection 

among abundant prey, stalking terrain, and suitable vegetation. 

6.3.5.6 Distance to Cross-Drainages 

Cougar tracks were found more than expected between 500-600metres from 

cross-drainages at all temporal and spatial scales. Variance in selection was low to 

moderate at temporal scales and low at spatial scales. 

Cougar dependence on good stalking terrain, suggests that proximity to 

drainages may be an important factor. However, results for this metric do not 

support this hypothesis. It is likely that the method by which distance to drainage 

was evaluated is confounded by distance to roads. 

Despite this, variation in use of distance to drainages was low, suggesting 

that the areas identified are important to cougars, but that some other variable may 

be implicated in cougar distribution. 



285 

6.3.6 Wolverine 

Wolverine are the largest-bodied terrestrial mustelids. Wolverine home 

ranges are much larger than other carnivores of similar body size, because of their 

dependence on temporally variable and unpredictable food resources, such as 

ungulate carrion. Life-history characterstics, such as, low density, low reproductive 

rate, low offspring recruitment, low ratio of female offspring, a dependence on 

scavenging, and expansive home ranges confer low resilience on the species. The 

wolverine has. In combination, these characteristics increase the potential for 

human caused extirpation of this species (Weaver et a/. 1996). Huge dispersal 

distances and massive home ranges require large-scale connectivity in the 

landscape. 

Wolverine observations were low in this study (N=39, estimate 3-5 individuals 

detected) and movement was sporadic. In both study regions wolverine appeared 

on one to two occasions, and used localized habitat areas intensively over a short 

period of time. This behaviour makes inferences about habitat selection difficult. 

6.3.6.1 Aspect 

Wolverine track density was greater than expected on southeast and 

southwest aspects. Variance in track density was very high for wolverine across 

temporal scales. 

The selection by wolverine of southeast and southwest aspects may be 

related to foraging opportunities. Other carnivores (i-e. wolf, cougar, marten and 

coyote) showed affiliations for southern aspects, which may have provided carrion. 
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Small prey species are also important food sources for wolverine (Banci 1997). 

Small prey species that select for southern aspects include hare and squirrel. 

Microtine populations also may be prevalent on grassy south-facing slopes, and 

also may have influenced aspect selection by wolverine. 

The high variance observed across temporal scales likely is an artifact of 

small sample size. Although wolverine may revisit cache sites and may hold a 

spatial memory of "gleaning sites", (Carroll etal. 2000) the expansiveness of their 

networks suggests that it is unwise to infer selection from the limited visitation 

observed. In this study, affiliations between wolverine and other species probably 

are a product of short-term prey availability (e.g. local killsites). 

6.3.6.2 Greenness 

Wolverine selected for greenness classes 89-97 (rcl. 69-71) and 1 13 (rcl. 75), 

with high variance across temporal scales. Greenness categories selected by 

wolverine overlapped with all species but coyote, cougar and sheep. The high 

variance in greenness selection likely is an artifact of low sample size, and localized 

movement during visitation. Variance across spatial scales was not analyzed 

because of small sample sizes. 

6.3.6.3 Distance to Roads 

Areas between 0-1 00 and 900-1 000 metres were used more than expected 

by wolverine. Variance in use was high across temporal scales. 

Selection of areas between 0-100 metres from roads suggests that the 

disturbance zone hypothesis does not hold for wolverine. However, in the broader 
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scale wolverine likely spend far more time at greater distances from roads than can 

be detected within this study design. Wolverine are high elevation species and 

sampling occurred predominantly in Montane habitat. In fact, movement within 100 

metres of roads was observed only on low traff ic volume roads. Slopes adjacent to 

roads are low and facilitate efficient movement. Importantly, distances between 

900-1 000 metres from roads were preferred similarly with regions between 0-1 00 

metres. This zone of selection by wolverine was unique in the species surveyed. 

Sample size is the probable cause for high variance for wolverine selection at 

distance to roads. As selection was not analyzed spatially, differences in the effect 

of roads on use were not interpreted. 

6.3.6.4 Toposhape 

When present, wolverine track density was higher than expected in 

toposhape classes ravine, saddle, concave hillsides and inflection hillsides. 

Wolverine track density showed high variance in density across temporal scales. 

The small sample size for wolverine (N=39 total over 3 years) reduces the 

confidence in causal inferences about habitat selection. However, the use of 

ravines by wolverine may increase the chances of scavenging cougar kills. Ravines 

may also provide security during movements across roads. Saddles, concave 

hillsides and inflection hillsides may provide forage opportunities for microtine 

populations associated with these features. Alternatively, the latter three habitat 

locations may increase efficiency in movement, and provide good visibility. These 

effects would enhance movement security by increasing the speed at which the 
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wolverine can move through the habitat and increasing the wolverine's ability to 

detect threats. Again, the high variance in selection is expected with the low track 

counts over three years (N=39). 

6.3.6.5 Slope 

Wolverine selected slopes 0-10 degrees more often than expected, and 

showed moderate variance in use across temporal scales. 

Low slope angle selection by wolverine overlaps with the two canid species 

and two major ungulates species (i.e. elk and moose). Wolverine associations with 

these areas may enhance scavenging opportunities on wolf and coyote kills. Low 

slopes may also provide cost-effective travel routes for foraging or access to other 

high suitability sites. Moderate variance in the use of slope angles suggests that 

slope may be one of the most robust predictors of wolverine movement in the entire 

study area. 

6.3.6.6 Distance to Cross-Drainages 

Track density was greater than expected for wolverine between 0-1 00 and 

200-1 000 metres from cross-drainages. Variance in wolverine track density was 

moderate across temporal scales. Distance to cross-drainages has been noted to 

suffer from framing problem (see previous sections). 

6.3.7 Elk, Moose, Sheep, Deer, Weasel, Hare and Squirrel 

The remainder of this section details the habitat selection for prey and small 
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species. A discussion of track distribution is not provided for these species. 

Selection of habitat for prey species should reflect habitat productivity, denning and 

movement requirements. Consideration of prey-track distributions as they relate to 

predators, was made in the discussion of habitat selection by the main predators 

(see above). 

6.3.8 Elk 

6.3.8.1 Aspect 

Elk track density was greater than expected on West and Northwest aspects 

at temporal scales. Spatially, no consistent selection could be inferred for elk by 

aspect classes. Variance in track density was low at temporal and spatial scales, 

suggesting that aspect is a robust predictor for elk. 

6.3.8.2 Greenness 

Greenness classes 49-57 (rcl. 59-61) and 89-1 29 (rcl. 71 -79) were used 

more than expected by elk at temporal and spatial scales. Variance in track density 

was moderate for elk at temporal scales and low at spatial scales. 

6.3.8.3 Distance to Roads 

Elk showed a preference for areas between 0-100 metres from roads at 

temporal and spatial scales. Variance in track density was low at both scales of 

analysis. 



6.3.8.4 Toposhape 

Elk track density was greater than expected on ridges, flat areas, ravines and 

inflection hillsides and showed low variance across temporal scales. 

6.3.8.5 Slope 

Slopes 0-10 degrees were used more often than expected by elk at temporal 

and spatial scales. Variance in track density was moderate for elk at temporal 

scales and low at spatial scales. 

6.3.8.6 Distance to Cross-Drainages 

At temporal and spatial scales, elk selected for areas between 300 and 600 

metres from cross drainages. 



6.3.9 Moose 

6.3.9.1 Aspect 

Moose selected for East, South, Northwest and Flat aspects, with moderate 

variance in track density across temporal scales. 

6.3.9.2 Greenness 

Moose track density was greater than expected in greenness classes 89-1 17 

(rcl. 71 -76) and 125 (rcl. 78). Variance in moose track density was moderate across 

temporal scales of analysis. 

6.3.9.3 Distance to Roads 

Areas between 0 and 100 metres were used more often than expected by 

moose. Moose track density varied moderately compared with other species across 

all temporal scales. 

6.3.9.4 Toposhape 

Track density showed moose preferred ridges, flat areas, ravines and convex 

hillsides. Variance in moose track density by toposhape was moderate across 

temporal scales. 

6.3.9.5 Slope 

Slopes from 0-10 degrees were used more than expected by moose, and 

track density varied moderately across temporal scales. 



6.3.9.6 Distance to Cross-Drainages 

Moose tracks occurred more often than expected at distances between 300 

and 400 metres from cross-drainages. Variance in track density by distance to 

cross drainage was high for moose across temporal scales. 

6.3.1 0 Weasel 

6.3.1 0.1 Aspect 

Weasel selected aspects North and Northeast. Variance in weasel track 

density was high across temporal scales. 

6.3.10.2 Greenness 

Track density was greater than expected for weasel in greenness classes 57 

(rcl. 61), 73 (rcl. 65), 89-1 17 (rcl. 71 -76), and 125 (rcl. 78) and showed moderate 

variance across temporal scales. 

6.3.10.3 Distance to Roads 

Weasel showed a preference for areas within 0-1 00 metres from roads, with 

moderate variance in track density. 

6.3.10.4 Toposhape 

Weasel showed no strong affiliation for any toposhape class. Weasel track 

density had moderate variance across temporal scales. 



6.3.1 0.5 Slope 

Weasel track density was greater than expected on slopes between 20 and 

30 degrees. Variance in track density was high across temporal scales of analysis. 

6.3.1 0.6 Distance to Cross-Drainages 

Weasel track density indicated a preference for areas between 200-300 

metres and 500-600 metres from cross-drainages. Track density variance was low 

across temporal scales. 

6.3.11 Sheep 

6.3.1 1 .I Aspect 

Sheep were found more often than expected on SW aspects, and their track 

density showed high variance across temporal scales. 

6.3.1 1.2 Greenness 

Sheep occurred more than expected in greenness classes 2 9 (rcl. 54) and 57 

(rcl. 61). Sheep track density showed extremely high variance by temporal scales. 

6.3.1 1.3 Distance to Roads 

Sheep track density was greater than expected in regions between 0-100 

metres from roads. Track density had low variance across temporal scales. 



6.3.11.4 Toposhape 

Sheep tracks were found more often than expected on saddles, convex 

hillsides, inflection hillsides and unknown hillsides. Variance in sheep track density 

across temporal scales was high for toposhape. 

6.3.11.5 Slope 

Tracks of sheep showed higher than expected density on slopes between 20 

to 40 degrees. The variance in sheep track density was high across temporal 

scales. 

6.3.11.6 Distance to Cross-Drainage 

Sheep selected for regions between 0-100 metres from cross-drainages, with 

moderate variance across temporal scales. 

6.3.12 Hare 

6.3.12.1 Aspect 

Across temporal scales, hare track density was greater than expected for 

North, Northeast, East, South and Northwest aspects. Spatially, hare showed 

selection for Northeast and South slopes. Variance for hare track density was 

moderate across temporal scales and high across spatial scales. 



6.3.12.2 Greenness 

Hare selected for greenness classes 89-1 05 (rcl. 69-73) across temporal and 

spatial scales. Variance in hare track density was low across temporal scales and 

high across spatial scales. 

6.3.12.3 Distance to Roads 

Temporally, hare avoided habitat between 0-100 metres and showed a 

preference for habitat between 400-1 000 metres from roads, with a low variance 

across temporal scales. Hare selected similarly across spatial scales, and showed 

a high variance in track density. 

6.3.12.4 Toposhape 

Hare track density was greater than expected on ridges, saddles, slope 

hillsides, concave hillsides, inflection hillsides, and unknown hillsides. Variance in 

track density was very low across temporal scales. 

6.3.12.5 Slope 

Hare selected for slopes between 20 to 40 degrees and had a low variance in 

track density across temporal scales. Hare track density was greater than expected 

on slopes 20-30 degrees, and had moderate variance across spatial scales. 

6.3.1 2.6 Distance to Cross-Drainages 

Hare track density was greater than expected between 200-700 metres from 

cross drainages, at temporal and spatial scales. Variance in track density was high 

at both the previous scales of analysis. 



6.3.13 Squirrel 

6.3.13.1 Aspect 

Squirrel selected for North, Northeast, East, Southeast and South aspects. 

Squirrel track density had moderate variance across temporal scales. 

6.3.13.2 Greenness 

Greenness classes 89-97 (rcl. 69-71 ) had higher than expected track density 

for squirrels. Track density for squirrels had very low variance across temporal 

scales of analysis. 

6.3.13.3 Distance to Roads 

Squirrel track density was greater than expected between 0-1 00 metres from 

roads, and exhibited a low variance across temporal scales. 

6.3.13.4 Toposhape 

Track density was greater than expected for squirrels on ridges, ravines, 

slope hillsides and inflection hillsides. Variance in squirrel track density was low 

across temporal scales. 

6.3.13.5 Slope 

Squirrels selected for slopes 0-20degrees, with low variance across temporal 

scales. 



6.3.13.6 Distance to Cross-Drainages 

Squirrel track density was greater than expected between 200-700 metres 

from cross-drainages and showed low variance across temporal scales of analysis. 

6.4 Interactions among Species by Biophysical Attribute 

In this section the interactions among species by attribute class are 

discussed. The discussion is organized by biophysical attribute. Each attribute 

section begins with a discussion of variance for each class of each attribute. For 

instance, the section on aspect begins by addressing how "tightly" (i.e. low variance) 

species organize by southwest aspects. Variance scores were calculated for each 

class of each attribute and these were ranked. A small variance exists if all species 

select for the attribute class similarly and a large variance is assumed to indicate a 

less robust multi-species predictor. However, variance interpretation must consider 

the spread of the data around the null-point (zero=non-selection, non-avoidance). 

For example, a low variance can also be obtained where species select and avoid 

the attribute class, but are tightly clustered around zero (i.e. low selectivity/low 

avoidance). 

Significant interactions among species by attribute were determined using 

Spearman's rank correlation. Variance scores were derived for each species by 

attribute in the previous section (i.e. predictive attributes). Variance scores 

represent the grand variance across an attribute over the largest analytical scale (3 

years, landscape scale). Variance by species for the attribute provides a measure 

of specialization in a species. For example, if a species uses all habitats 
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moderately, such as a coyote, then the variance is low (0.076). Alternatively, if a 

species uses some types of habitat exclusively, then the variance will be higher, 

such as with lynx and wolverine (i.e. variances equal 0.51 9 and 1.809, respectively). 

6.4.1 Aspect 

6.4.1.1 Summary a~f Preferences by Attribute Class 

Variance by aspect increases in the following order, southwest, south, flat, 

west, east, northwest, northeast, north and southeast. 

Northern aspects were used more than expected by hare, squirrel, sheep, 

deer, wolverine, and lynx. Northeastern aspects were used more than expected by 

hare, squirrel, marten, weasel, wolverine and lynx, whereas all other species under 

used this aspect class. Hare, squirrel, marten, weasel, moose, wolverine and lynx 

selected eastern aspects and all remaining species avoided eastern aspects. 

Squirrel, marten, moose, sheep, wolverine, cougar, and lynx selected for 

southeastern aspects. 

All other species avoided this aspect class. Southern aspects were used more than 

expected for all species but wolverine. Although southwestern aspects had low 

variance, hare, squirrel, wolverine and wolf selected for this attribute class, whereas 

all other species avoided it. West aspects showed higher use than expected for elk, 

deer, cougar and coyote. All other species under used the western aspect. Hare, 

weasel, sheep, elk, deer, cougar and coyote selected northwestern aspects, 

whereas all other species avoided this attribute class. Finally, Flat aspects were 

under used compared with expected by all species but moose and wolf. 



6.4.1.1 Species Interactions 

In the instances where species were split between selection and avoidance 

(with low or high variance), species tended to cluster into two groups. Cluster 1 

includes hare, squirrel, marten, weasel, wolverine and lynx. Cluster 2 includes the 

species moose, sheep, elk, deer, cougar, wolf and coyote. 

Spearman's rank correlation coefficient showed similar results. Within the 

significant groups, squirrel and marten were the only species that overlapped both 

clusters. 

6.4.1.2 Variance Scores among Species, within Aspect 

The rank order of species as specialist, derived by using the variance index is 

as follows from most to least specialized: 

1. Wolverine 
2. Sheep 
3. Lynx 
4. Deer 
5. Elk 
6. Squirrel 
7. Wolf 
8. Hare 
9. Marten 
10.Weasel 
1 1. Cougar 
12.Moose 
13.Coyote 

Wolverine and lynx are the most specialized species by aspect within Cluster 

1. Wolves are the most specialized species in Cluster 2. Wolverine track density is 

very low (N=39) for the three year survey. As a result, wolf and lynx serve as the 

most suitable focal management species. 
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The two optimal (i.e. most selective) representatives, lynx and wolf, represent 

two scales of habitat use (moderate and coarse). Finer scale, processes (Hollings 

1982) are deficient in this grouping. The latter scale may be accommodated by an 

"interloper" species (i.e. marten or squirrel). The interloper was defined as a 

species that spanned both clusters, as detected in section 6.4.1.2. The inclusion of 

marten or squirrel may provide necessary niche breadth. 

6.4.2 Greenness 

6.4.2.1 Summary of Preferences by Attribute Class 

Greenness classes -1 87 to 89 (reclassed 0-69) and 137-1 53 (rcl. 81 -85) were 

avoided by most species. Classes 93-133 (rcl. 70-80) showed a combination of 

selection and avoidance by species and had low variance across species. Within 

the previous range of greenness classes species tended to cluster in three 

overlapping groups. 

In Cluster 1 hare, squirrel, marten, lynx and weasel, specifically selected for 

greenness classes 93-97 (rcl. 70-71 ). Wolverine overlapped marginally with Cluster 

1, occupying greenness class 85-93 (rcl. 68-70) more than expected. Weasel 

overlapped with the second cluster. 

Cluster2 included elk, deer, sheep, moose, which predominate in classes 97- 

1 17 (rcl. 71 -76). 

Cluster 3 included cougar, wolf and coyote, which selected classes 11 7-1 33 

(rcl. 76-80). Cougar tracks also were observed more than expected in greenness 
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bands 45-57 (rcl. 58-61). These clusters represent a broad trend in the data, and a 

high degree of overlap among species was observed. 

6.4.2.2 Species Interactions 

Spearman's rank correlation showed no significant inter-specific associations 

by greenness. A general trend was apparent in the data that may obscure 

separation at a finer scale. 

6.4.2.3 Variance Scores among Species, within Greenness 

The variance in species track density across greenness classes provides an 

index of generalized habitat selection by a species is in its use of habitat. The rank 

order of species by variance is presented below from most to least specialized: 

1. Squirrel 
2. Hare 
3. Coyote 
4. Moose 
5. Weasel 
6. Marten 
7. Lynx 
8. Elk 
9. Wolverine 
10.Cougar 
11. Deer 
12.Wolf 
13. Sheep 

The most selective species within Clusters 1, 2 and 3 are coyote, lynx and 

squirrel, respectively. 



6.4.3 Distance to Roads 

6.4.3.1 Summary of Preferences by Attribute Class 

The "distance from roads" variable was analyzed using a different frame than 

other attributes, as discussed in the methodology section. The distance measure 

was confounded by the study frame, which was determined using a distance from 

roads measure. A transect frame was developed that excluded the buffer adjacent 

to roads. 

All species but hare selected for habitat within 0-1 00 metres from roads. On 

average all species but hare avoided habitats from 100-1000 metres from roads. 

Hare selected for habitat between 400-500 metres and 800-1000 metres from 

roads. Squirrel showed a preference for distances between 600-700 metres and 

800-900 metres from roads. Weasel also occurred more than expected between 

600-700 metres from roads. 

6.4.3.2 Species Interactions 

Distances between 200-300 metres showed the lowest variance. Distances 

from 0-100 showed the highest variance, however all species but hare were 

selecting in this class. Marten, sheep, elk, cougar, lynx, wolf and coyote avoided 

habitat between 200-1 000 metres from roads. No clusters were detected visually, 

except hare, squirrel, weasel and moose showed selection for habitats beyond 100 

metres from roads. 

Clusters were detected amongst significantly correlated species, using a 
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Spearman's rank correlation test. The significant tests identified two discrete 

clusters (1 :hare, elk, wolf vs 2: squirrel, weasel, cougar, lynx. 

6.4.3.3 Variance Scores among Species, within Distance to Roads 

Species variance by distance to roads are presented in rank order of 

specialist, below: 

1. Squirrel 
2. Hare 
3. Weasel 
4. Marten 
5. Lynx 
6. Moose 
7. Elk 
8. Coyote 
9. Cougar 
10.Wolf 
1 1. Wolverine 
12.Sheep 

Two clusters of species were identified, which parallel those of previous 

attributes. Of the two clusters cougar and lynx are the most selective and may 

provide the best focal species. No "interlopers" were observed. Marten have lowest 

variance of the other carnivores and may prove the best third species, given their 

association with a fine ecological scale. 

The distance to roads variable was devised to examine the "road-effect zone." 

However, the variable is confounded by slope, as areas in close proximity to roads 

tend to have lower slopes and tend to be selected by a broad range of species. The 

study roads also tend to parallel closely the major rivers in the study area, which 

may also confound selection. The current findings contradict the "road-effect zone" 
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hypothesis, which suggests that species will avoid a buffer zone or some specified 

width away from roads (Forrnan and Godron 1986). A multivariate analysis of the 

data may be necessary to establish a road effect zone. 

6.4.4 Toposhape 

6.4.4.1 Summary of Preferencesby Attribute Class 

Peaks showed the lowest variance and were avoided by all species. Ridges 

were selected by all species but wolverine. Saddles were avoided by all species but 

weasel. On flat sites, moose, elk, deer, and wolf occurred more than expected. 

Ravines were selected bysquirrels, marten, moose, elk, wolverine, cougar, wolf and 

coyote. Pits were avoided by all species but marten, weasel, cougar and coyote. 

Track densities were greater than expected on convex hillsides for squirrel, marten, 

moose, lynx and coyote. Saddle hillsides showed higher track densities than 

expected for hare, weasel, wolverine, cougar and lynx. Slope hillsides were 

selected by hare, squirrel, weasel, moose, sheep, deer, cougar, lynx, wolf and 

coyote, whereas, marten, elk, and wolverine avoided this class of toposhape. 

Concave hillsides were selected by hare, wolverine, cougar and lynx. Inflection 

hillsides were selected by hare, squirrel, weasel, deer, wolverine, cougar, lynx and 

coyote. Unknown hillsides had greater than expected track density for hare, 

squirrel, marten, weasel and cougar. 

6.4.4.2 Species Interactions 

Clusters of species by attribute class were not discernible easily for this 
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variable. Spearman's rank correlation showed that all species were significantly 

correlated, except sheep-wolf and sheep-lynx. However, wolf tended to cluster with 

large ungulates, whereas all other camivores (lynx, cougar, wolverine and marten) 

tended to cluster with hare, squirrel and weasel. 

Ridges, ravines, slope hillsides, and inflection hillsides captured the highest 

diversity of species selection. These categories also had low variance scores 

across species. Low variance scores were also evident for avoided toposhape 

classes (e.g. saddles.) 

6.4.4.3 Variance Scores between Species, within Toposhape 

Variances within species across toposhape provided a rank order of 

specialization from high to low, as follows: 

1. Cougar 
2. Marten 
3. Wolverine 
4. Wolf 
5. Lynx 
6. Weasel 
7. Sheep 
8. Deer 
9. Moose 
10.Coyote 
11.Hare 
12.Squirrel 
13.Elk 

The most sensitive species for the two observed clusters are cougar and lynx. 

All other focal camivores show high selectivity and might be substituted. The 
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optimal cases for previous attributes (wolf, lynx and marten) may be useful for 

modelling movement by toposhape. 

6.4.5 Slope 

6.4.5.1 Summary of Preferences by Attribute Class 

Slopes with the lowest variance in selection were between 0-1 0 and 10-20 

degrees. In this class selection and avoidance were evenly partitioned between 

species groups and showed little difference in either direction between observed 

and expected track densities. Species clustered in their selection of slopes and no 

selection occurred above 30 degrees. Species that selected for 0-1 0 degree slopes 

include marten, moose, elk, deer, wolverine, wolf and coyote. Squirrel spanned 

slopes 0-20 degrees. Cougar and lynx selected only 10-20 degree slopes. Hare, 

weasel and sheep selected slopes of 20-30 degrees. 



6.4.5.2 Species Interactions 

Species partitioning by slope were visible. Cluster 1 included marten, moose, 

elk, deer, wolverine, wolf and coyote. Cluster 2 included cougar, lynx, and Cluster 3 

was comprised of hare, weasel and sheep. Squirrel overlaped with Cluster 1 and 

Cluster 2. Spearman's rank correlation indicated that all species are significantly 

correlated by slope, with the exception of relationships sheep-elk, sheep-wolverine, 

sheep-cougar, sheep-lynx, sheep-wolf and sheep-coyote. In all cases, slopes 

between 30-53 degrees were used less than expected. This general trend may 

overwhelm statistically significant interactions between species on slope classes O-

40 degrees. Clusters of species by slopes are evident on visual assessment of the 

data between 0-30 degrees. Individual selectivity is discussed above. 

6.4.5.3 Variance Scores between Species, within Slope 

Species variance within the slope class provided an index of species sensitivity. 

The rank order as specialist, based on this variance is presented below from highest 

to lowest: 

1. Sheep 
2. Weasel 
3. Hare 
4. Lynx 
5. Wolf 
6. Squirrel 
7. Wolverine 
8. Marten 
9. Deer 
10. Cougar 
11. Moose 
12. Elk 
13. Coyote 
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In Clusters 1, 2 and 3 the most selective species are wolf, lynx, and squirrel 

respectively. Squirrel overlaps with Cluster 1 and Cluster 2 and may be less 

suitable than marten as a representative for the third focal group. 

6.4.6 Distance to Cross-Drainages 

6.4.6.1 Summary of Preferences by Attribute Class 

Distances between 0-1 00 and 100-200 metres from drainages showed the 

lowest variance of all this attribute's classes. Selection was mixed within these 

classes. All species but sheep avoided distances between 0-100 metres from 

drainages. Hare, marten, weasel, wolf, and cougar selected for distances between 

100-200 metres from drainages. Other species showed mixed selection at 

distances greater than 200 metres. Variance increased with distance to drainages 

to 700 metres and decreased between 700-1 000 metres from drainages. 

6.4.6.2 Species Interactions 

No clusters of species were visually discernible. Spearman's correlation 

analysis revealed that most species were significantly correlated by distance 

classes. Species tended to cluster by distance classes, most selecting between 

200 to 700 metres. This is a very broad range and suggests the variable is not a 

discriminating predictor within the study frame. 



6.4.6.3 Variance Scores between Species, within Greenness 

Variance within species provided a means to rank the level of habitat 

generality associated with each species. A rank order as habitat specialist is 

provided below from highest to lowest: 

1. Cougar 
2. Coyote 
3. Elk 
4. Lynx 
5. Moose 
6. Deer 
7. Wolf 
8. Sheep 
9. Marten 
10. Wolf 
1 1. Weasel 
12. Hare 
13. Squirrel 

The most sensitive focal carnivores for each level of ecological organization 

(i.e. macro, meso, micro) are cougar, lynx and marten. The variability in this metric 

does not bode well for its use as management coverage. 

6.5 Defining Focal Species 

To rank species by their sensitivity, variance scores were calculated for each 

species by attribute (refer to the previous discussion section). The variance score 

measured the spread of data around the null point (i.e. where use = expected) for 

the 3 year totals, and was used to rank species by degree of specialization. It was 

assumed that the greater the variance around the null point within the attribute, the 

more specialized the species. The rank order of specialization was calculated for 
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each species by each of the six attributes. 

The Multi-Attribute Trade-off System (MATS) was used to combine all six 

individual species-attribute rank scores to determine an overall specialist rank 

(Massam 1986). The following list shows the rank order from most to least 

specialized species across all attributes: 

Lynx 

Weasel 

Marten 

Wolverine 

Hare 

Squirrel 

Cougar 

Sheep 

Wolf 

Moose 

Elk 

Coyote 

Deer 


Two significantly distinct guilds (Spearman's rank correlation) were identified in 

the previous section, including the meso-carnivores and prey (lynx, marten, 

wolverine, squirrel, hare, weasel) and the macro-carnivores and prey (wolf, cougar, 

coyote, elk, sheep, moose, deer). Marten were selected as the focal species for a 

third, micro-scale, analysis. 

Lynx scored highest on the sensitivity rank and was selected as the focal 

carnivore for the meso-carnivores. Although cougar have higher specialization rank 

than wolves, they were correlated with lynx by some variables, whereas wolves 

were more discrete. Thus, wolves were chosen as the focal species for the macro- 

carnivore guild. 
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Probability models were developed for each of the three focal species. These 

surfaces were used to identify optimal linkage zones across highways in the study 

area and are the topic of the final discussion section, below. 

6.6 Probability Surfaces 

The Results Section of this thesis concluded with a series of probability 

images, beginning with the slope probability images for marten, lynx and wolf. 

Qualitatively, the lynx and marten probability surfaces were more similar to each 

other than to the wolf probability surface. The lynx slope image illustrated the mix of 

optimal/suboptimal forage and movement opportunities for lynx on valley floor. That 

is, it was observed that the highest probability habitat is juxtaposed to low probability 

habitat. Consequently, the probability of detection (or movement opportunities) was 

more constrained for lynx than wolves at the intersection with roads. However, 

habitat potential or opportunity for use was greater at higher elevations for lynx than 

for wolves. Finally, the slope image for lynx (Figure 138) illustrates the innate 

fragmentation of optimal lynx habitat. 

The wolf slope probability image (Figure 139) illustrated that optimal forage 

and movement opportunities for wolves are constrained topographically to the valley 

floor. Unfortunately, this area is also optimal "habitat" for the development of roads 

and human infrastructure. The wolf slope probability image thus provides insight into 

the reasons why wolves have a difficult time persisting in road fragmented mountain 

terrain (Weaver etal. 1996). Wolves are obligate predators of ungulates, which as 
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a rule are human tolerant, valley bottom dwellers. The constraints placed on wolves 

to use the valley bottom increases their interaction with road surfaces, and the 

probability of being killed. 

The first group of probability solutions was derived by combining four 

attribute-probability images (aspect, greenness, slope and toposhape probability), 

which were species-specific in their rankings and probability functions (marten, lynx 

and wolf). Marten surfaces paralleled closely with lynx and are not discussed herein 

to avoid redundancy. Marten surfaces may become more distinct with the inclusion 

of some measure of stand complexity, such as an index of coarse woody debris 

(CWD). This is a topic for future research. 

In this first iteration of maps, the valley floor showed high potential for lynx. 

Some linkage zones were evident, but generally there was low variability and 

separation along the valley floors. This lack of separation was more pronounced in 

the wolf probability surface. The greenness probability surface was reviewed and 

found to have little geographic variability within 1 km of roads. 

Consequently, the effect of adding greenness to the probability model 

appeared to be that of enhancing suitability of the entire image and reducing 

separation on the valley floor. This effect was not expected, but is reasonable given 

that all valley areas are productive vegetatively, relative to the surrounding peaks. 

However, as the objective of the research was to identify suitable linkages across 

roads (i.e. the valley floor) the lack of separation in greenness at lower elevations is 

problematic. 

Greenness was removed from the calculation in the second set of map 
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iterations and linkage zone separation was improved. The disparity of lynx habitat 

suitability on opposite sides of the valley is obvious, and appears to be influenced 

highly by aspect. That is, the image strongly resembles aspect surfaces that are 

derived from digital elevation models. 

In this second set of map iterations, non-suitable lynx habitat linkages were 

evident in the valley bottoms, illustrating the constrained movement opportunities for 

lynx at the intetface with roads. Areas that exhibit low probability of detecting lynx 

were areas of flat slope and aspect. The region adjacent to the TCH Phase lllA 

(southern side) showed enhanced suitability relative to other regions in the Bow 

Valley. Ground validation showed a combination of old-growth spruce and young, 

dense pine stands. In this unique situation, there is a spatial convergence of two 

habitat niche requirements, for lynx denning and hunting (see discussion on 

predictive attributes). This type of spatial arrangement in forest types is not 

common in the Bow Valley study frame. 

The second iteration wolf probability image reconfirms the topographic effect 

of the landscape on wolf habitat suitability (Weaver et a/. 1996). The highest 

probability of detection is limited to extreme valley bottoms. Lakes show in the 

figures as high probability, which is appropriate in winter only, when lakes are 

frozen. Wolves use frozen water bodies fortravel in winter (Paquet 1993). In some 

cases, glaciers were identified as high probability wolf sites, because they have low 

slope angle. This is a consideration for future research that may look at linkages 

outside the valley floor. The identification of glaciers, lakes and rivers as highly 

probable linkages between valleys is misleading, as they may be inhospitable for 
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travel by wolves (i.e. water in summer is not suitable, because it is not frozen and 

glaciers in winter are not suitable because of snow depth constraints). A glacial and 

river hydrology overlay could be used to remove these areas, but is not necessary 

for the research conducted herein. An elevational constraint on wolves of 1850 

metres was identified by Paquet (1993). 

In the third iteration of probability surfaces, an assimilation method was used. 

Climatologists use assimilation methods to calibrate predictive models (Khattatov 

2000). In the present application, the assimilated data were known wolf, lynx or 

marten sites. Although these points were used to develop the predictive 

(probability) surfaces, geographic variation was lost because the rules were derived 

from a global model, at the 3-year landscape scale. Thus, these points are not 

redundant to the analysis, but enhance the geographic specificity of the final 

predictive surface. The probability of detection was assumed to decline rapidly at 

distance from known (observed) points. Hence, probability decayed from zero to 

300 metres. The data assimilation created a more regionally specific (species- 

precise) predictive surface. However, the inclusion of this data enhanced sites 

within the existing linkages, but did not change the overall linkage zones. 

6.7 Verification of Probability Surfaces 

Model verification is the process by which the model is tested for its truth 

(Garshelis 2000). This contrasts with validation, which is used to determine the 

legitimacy of a model (i.e. no logical or mathematical flaws). The probability 
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surfaces were verified using a series of cross-tabulations. Specifically, each 

probability surface was reclassed into 20,5% classes and then observed predator 

and prey track counts were cross-referenced with the probability classes. For 

example, wolf points (3 years) were cross-tabulated with the predicted values of the 

probability surfaces wolf-ng, wolf-2, and wolf-3. The suffixes of these surfaces 

are: "-ng" -no greenness (aspect, slope, toposhape); "-2- same as "ng" but also 

includes known species sites; and "-3-includes prey sites, but not known species 

sites. In addition, observed cougar (3 years) and elk (3 years) were cross-tabulated 

with the same series of images developed for wolf. 

Likewise, lynx points (3 years) were cross-tabulated with the 3 lynx probability 

surfaces: lynx-ng, lynx-2, and lynx-3. Hare (3yrs), wolf (3 years) and marten (3 

years) were also cross-tabulated with the previous three lynx layers. 

Finally, marten tracks were cross-tabulated with predicted marten 

occurrences from marten-ng, and marten-2. Hare (3 years), weasel (3 years) and 

lynx (3 years) were also correlated with the previous 2 images. This effort provided 

a means to assess which combination of variables more closely predicts within and 

between guilds. 

Specific results are summarized below. However, in all cases, the results 

suggest that the global model may have limitations when used to predict regionally, 

that species may at times be required to use non-suitable habitat (hostile matrix), 

and that there may be other metrics that would improve the probability model. 



6.7.1 Wolf 

The performance of the wolf probability model was verified and showed that 

the addition of wolf sites improved the predictive fit over the first iteration of the 

model (aspect, slope, toposhape). All iterations of the wolf model predicted better 

for cougar than lynx, but only marginally. The wolf probability surface showed no 

points occurring within the 0-5% probability class. In fact, the wolf model tended to 

predict better overall for wolves than the other two focal species surfaces predicted 

for their respective species. 

6.7.2 Lynx 

With the lynx probability surface, the addition of hare sites improved the fit for 

lynx from 36% to 69% point occurrences in the 95-1 00% probability classes. This 

supports previous correlations, which show that lynx and wolves are members of 

statistically different guilds. The occurrence of points in the lowest probability class 

did not change with the addition of other species. This probability model has a 

better fit with the observed data than the fit of the marten model (below) has with 

observed marten points. This suggests that the map resolution may affect its 

predictive capability at smaller scales. 

6.7.3 Marten 

The verification of the marten probability surface showed a high number of 

points occurring in classes with very low probability of detecting marten (4% 
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probability). This result likely occurred because a large number of marten tracks 

were recorded on roads. These sites will not correspond to highly suitable marten 

habitat, as they are typically flat. Moreover, marten may occur in low quality habitat 

when they cross between high quality habitat patches. The magnitude of the 

predictive error suggests that the current surface needs to be enhanced with the 

use of alternative metrics (e.g. coarse woody debris). 

Linkage Zone Identification 

Linkage zones along the Trans-Canada Highway were examined for marten, 

lynx and wolves. Linkage zones become more evident as the image was enhanced 

by creating magnified windows ("zoomed"). An intercept between the secondary 

and the primary drainages (Bow River) occur in all the major linkage zones, but not 

all drainages are coincident with linkages across the valley floor. Niche partitioning 

(selection of different habitat niches) between wolves and lynx is evident in Figure 

162, on the following page. 

Figure 162: Wolf vs Lynx Probability Images 

1.03 
LBO 

Lynx Probability: Banff 
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The ldrisi GIs display allows the user to click on a legend class in the final 

overlay image, to see a boolean image of the selected class. This is an excellent 

tool for visualizing how many cells (>90 % probability) exist for each species, and 

each combination of species, as only those cells with that probability are used to 

develop the composite boolean image. Using this technique, linkage zones that 

encapsulate all three species at >90% probability were few and fragmented (see 

Figure 163, below, which show regions where there is >90% probability of detecting 

all three species -also see Figures 156-1 59, previous) 

This finding supports arguments that corridors must be species- or guild- 

specific (Tischendorf and Fahrig 2000, Conroy and Noon 1996). In major linkage 

zones where there exist fragmented regions of overlap, mitigation design might 

enhance the chances of both species crossing. For example, if one selected a 

highly suitable wolf site, that showed a number of fragmented lynx sites within it, 

then enhancing the suitability of the site for lynx (e.g. better security) might increase 

the return on the mitigation effort. 

Figure 163: Multi-Species Boolean Overlay (1:Marten, 3:Wolf, 5: Lynx) 

Joint Probability >90%:Banff Joint rroDaDmy >90%:KC 



6.9.1 Summary 

In this section the results of analysis were discussed. The section began with 

a presentation of trends in track density observed over time and space. This was 

followed with a discussion of the barrier effect. An interpretation of observed trends 

in attribute selection was provided. Detailed discussion of habitat associations was 

limited to the surveyed carnivores including marten, coyote, wolf, lynx, cougar, and 

wolverine. The interactions among species by each biophysical attribute were 

evaluated in the fourth section. The predictive ability of each attribute was reviewed 

also in the fourth section. The fifth section discussed the focal species that were 

selected as representatives of the three guilds (micro, meso and macro) and the 

final section discussed the results of the probability linkage zone analysis. 



7.0 CHAPTER SEVEN: CONCLUSIONS AND FURTHER RESEARCH 

7.1 Barrier Effect 

A "barrier effect" or reduction in landscape permeability was indicated by 

significantly lower movement rates on the Trans-Canada Highway, Phase lllB in 

Banff National Park. Highway 40 in Kananaskis Country may be at a vehicle volume 

threshold, and also is more of a barrier to movement at the community level, than 

lower traffic volume roads. Roads with low traffic volume, including the 1A (East 

and West) and the Smith-Dorrien had high permeability. Notwithstanding the lack of 

a barrier effect, these low volume roads still pose problems to wildlife movement 

through mortality, and possibly through avoidance during pulses of traffic, such as 

on early mornings on weekends. 

Surprising results were encountered in the comparison of the two low traffic 

sections in Banff (B1 and B2) and the very high volume highway (83 - Trans-

Canada). B2 was found to be more similar to B3 than B1, which contradicts the 

traffic volume hypothesis. Despite the lack of a significant difference between B2 

and B3, there were twice the road-crossing rates and more complex movement 

patterns on B2. This difference may be biologically significant, despite the lack of a 

statistically significant difference. It is concluded that the combined effect of close 

proximity to the railway, reduced proximity to the river, and topographic complexity 

on 82 result in the lack of statistical variation from the B3. 



321 
In Kananaskis Country, differences were expected between K3 (Highway 40 

- South to Kananaskis Lakes Trail) and both sections of the Smith Dorrien (K4 -
South and K5 - North). This was not found at p< 0.05. At a narrower confidence 

interval (90%) K3 varied significantly from K4 (p=0.01), but not from K5. It was 

concluded that the lack of statistical difference between K3 and K5 resulted from 

poor snow survey conditions on the K5 (the road was sometimes wind-blown and 

tracks were obscured). 

A comparison of Banff and Kananaskis showed that Hwy40 may be a barrier 

to movement relative to lower traffic volume roads. Statistical differences were 

found between the 1A and Hwy 40, but not between the Trans-Canada and Hwy 40. 

It was concluded that moderately-high volume, such as that experienced on Hwy 

40, may be at a threshold for landscape permeability. 

The previous barrier effects were consistent across all three years of 

research, with minor exceptions that were reconciled with changes in confidence 

intervals. This consistency suggests the conclusions on barrier effect are robust for 

the study region. 

7.2 Predictive Variables 

Six biophysical attributes that predict species occupancy were examined for 

non-uniform use by each of 13 study species. Attributes included aspect, 

greenness, slope, distance to drainages, distance to roads, and toposhape 

(landscape curvature). A univariate analysis showed strong evidence that aspect, 

greenness, slope and toposhape were useful predictors of habitat preference. 
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Tables 62 and 63, below, summarize the selected classes within each of the six 

biophysical attributes for carnivores and prey species, respectively. 

TABLE 62: Summary of Selection of Attribute Classes by Carnivore Species 

Marten Coyote Wolf Lynx Cougar Wolverine Weasel 
ATTIBUTE 
ASPECT NE. E. SE. . .  ,I s 
GREENNESS I 70-71 
(reclassed) I 
DIST. TO 1 0-100 

ROADS 

s, w, 
NW, SE 
58-61, 
76-80 
0-100 

I 600-700 
Ridge Ravine I Pit 

Ravine Ridge Ravine Saddle h Ridge 
Convex h Ravine Saddle h Pit Concav h Saddle 
Ridge Slope h Slope h Slope h Saddle h Inflect. h Saddle h 
Unkn. h Inflect.h Concav h Slope h Slope h 

Convex h Inflect. h Convex h Inflect h 
Inflect. h 

I Concave h 
SLOPE 0-10 10-20 

100-200 

DRAINAGE 

TABLE 63: Summary of Selection of Attribute Classes by Prey Species 

Moose 	 Deer 

ASPECT W. NW, 	 E, S, SE SW, SE. S, N, NE, E, N, NE, E, W, NW, 
FLAT NW, N N, S 

71 -76 71 -76 70-71 70-71 71 -76 

reclassed 

0-100 0-1 00 	 0-1 00 

ROADS 

Ridge Saddle h Ridge Ridge Ridge 
Ravine Convex h Flat 

Flat 	 Flat Saddle Infect, h Slope h 
h Unk. h Inflect. h 
Slope h 
Convex h Inflect. h 

Unkn. h 
SLOPE 0-1 0 0-10 20-30 20-30 0-10 

I 

DIST. TO >200 >200 >200 100-200 >200 >200 
CROSS-
DRAINAGES 



7.3 Spatial and Temporal Variability of Predictors 

Over-use and under-use of classes of each attribute were calculated for the 

3-year track total, annual track totals, and for the landscape scale (all regions) and 

for two other spatial scales (Banff study area and Kananaskis study area) for all 

species. Hare and marten also were examined at finer treatment scales (e.g. Banff 

- B1, B3). 

A variance score was calculated for each class of each attribute, to represent 

how widely the over or under use changed across time and space. For example, 

for the different temporal scales a variance was calculated for the class (south) 

within the aspect variable. A grand variance was calculated for the entire attribute, 

which was a sum of the individual class variance values (e.g. south variance + 

southeast variance + east variance.. .etc.). The local and grand variance scores 

were calculated for all 13 species and 6 attributes. 

The more consistently a variable predicts across time and space, the more 

robust its predictive capability. As a rule, all attributes were more consistent across 

time than across space. This is understandable, given the differences in climate 

and topography between study regions (Banff and Kananaskis Country). However, 

it was not expected that the two regions (approx. 50km apart) would have such 

disparate habitat associations. Broad scale modelling in mountainous terrain has 

typically not considered the potential for high levels of variation in such localized 

regions. 
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In addition, species with larger sample size (e.g. squirrel, hare, marten) 

tended to have lower grand variance scores for all attributes than species with small 

sample size (e.g. lynx, wolverine, wolf). This has management implications if 

statistically significant links are present for species at the smallest ecological scale 

(e.g. squirrel, hare, marten) and those at the higher scale (e.g. lynx, wolverine, wolf). 

In the previous case, then, management may consider censusing small species, 

when determining sites of high probability of use and for mitigation. For example, 

managers may be able to census marten track density to infer high potential lynx or 

wolf habitat (i.e. if it is determined that marten are the best "interloper species" 

across all attributes). This would provide a more statistically robust, and cost 

effective means to evaluate potential sites for mitigation. 

Where temporal inconsistencies were observed they occurred generally in 

the winter 1997198. For example, wide fluctuations were observed in 1997198 for 

wolves, however this species showed little spatial variation during the three-year 

period. This suggested that some influence in 1997198was responsible for the 

change in distribution of wolves. Precipitation levels in I997198 were very low 

relative to the other two study years, which may have allowed wolves to travel in 

more snow-free areas, or may have changed the distribution of prey species. 
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This effect is important, as it highlighted the need, when designing corridors, 

to be responsive to climatic variation. Moreover, it reconfirmed that short-term 

climate changes may affect species distribution, and that the design of spatio- 

temporally static corridors may not provide connectivity in future landscapes. It also 

emphasizes the importance of multi-year, multi-region empirical research, when 

determining habitat selection for wildlife. 

Finally, the analysis showed that the predictive robustness of attributes was 

species-dependent, which confirms that corridor or habitat planning must be 

species, or at the mininum, guild-specific. 

7.4 Species Interactions 

Structural connectivity was addressed in this research by using spatial 

modelling and probability theory to find the optimal linkages in the landscape. 

Functional connectivity was addressed by determining which species were good 

representatives of three levels of ecological organization (i.e. micro-, meso- and 

macro-scales). 

Species were examined for statistical correlation (Spearman's rho) to others 

across space (by attribute class). The two distinct guilds identified were meso- 

carnivores and their prey and macro-carnivores and their prey. These clusters were 

most apparent for the attribute aspect. This has important implications for Holling's 

cross-scale morphology arguments, as it supports the body-size relationship 

argument. Moreover, aspect may be a surrogate for solar insolation, and the 

segregation of species by aspects suggests there may be some energetic 
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relationship of aspect use to the body size of the species. This is a subject for 

future research by the present author. 

7.5 Focal Species 

Within each guild, species specialization was measured using grand variance 

statistics calculated for each species by attribute. The calculation was explained 

previously with respect to temporal and spatial consistency of predictive attributes. 

The smaller the variance across the attribute, the less the species selected for any 

one class of an attribute (see Figure 137 in the Results Section.) It was 

hypothesized that species that neither 'selected' for nor strongly 'avoided' any 

attribute class, were more generalized in their habitat use. 

The variance scores for each species were ranked by attribute. These six 

ranking tables (including all 13species) were combined with optimization functions 

in the decision support software, MATS. The decision support system was used to 

determine the overall species 'specialization' rank based on all six variables. 

The most specialized species, from each of the guilds identified above, was 

selected as the focal species for that guild. The selection of the individual also 

considered the discreteness of the species from the other guild. For example, 

although cougar was more specialized than wolves, they overlap with the meso- 

guild (lynx) to a greater extent than wolves, and therefore cougar were not selected 

as the macro-guild representative. 

Lynx were selected as a focal for meso-carnivores, wolves were selected as 

the focal for macro-carnivores, and marten were selected as a representative of the 
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micro-carnivores. Other candidates for micro-scale selection included squirrel or 

weasel. 

Maintaining structural connectivity for three levels of ecological organization 

alone will not achieve functional connectivity if the design attributes of crossing 

structures are not appealing to the species involved (e.g. too narrow, too sparsely 

vegetated). This requires further examination of individual species tolerances to 

habitat structure and geometry. 

7.6 Evidential Reasoning 

The use of evidential reasoning for determining sites with the highest 

probability of detecting wildlife was examined along four road systems in the Rocky 

Mountains of Alberta, Canada. The principal goal of the research was to locate 

optimal sites for placing mitigation structures (overpasses, underpasses, or elevated 

highway) to restore structural and functional habitat connectivity for wildlife. 

The use of evidential reasoning and Bayesian statistical theory in this thesis 

was novel and requires further testing. However, the method is excellent for 

representing habitat selection, and is perhaps more appropriate than other statistical 

approaches that treat habitat use as a binary condition. It was observed that the 

associated preferences were well defined using probability functions. That is, 

habitat preference was represented as a continuum of use. In fact, the use of 

probabilities may be superior to standard methods of measuring "preference and 

avoidance," which tend to be binary in their approach. In this study, there were few 

instances where species truly avoided any class of habitat. Probability equations, 
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as employed in weight-of-evidence modelling, allow habitat use to be represented 

as a continuous range of increasing or decreasing preference. 

The probability model proved exceptional for understanding where 

combinations of species may be located with high probability. This may facilitate 

planning, by allowing managers to identify sites that are highly suitable linkage 

zones. Moreover, it will allow managers to infer with confidence, the number of 

species that might be protected within that zone. It allows managers to select 

mitigation sites that contain a less than optimal combination of species, and 

consider what structural enhancement might encourage other species to use the 

same corridor. 

With respect to landscape attributes used in the probability model, it was 

expected that greenness would be a useful predictor, based on known successes 

with grizzly bears (Mace et a/. 1999). However, in this case greenness was not 

suitable as a predictor because of the frame of analysis. There was littleseparation 

in greenness classes within the region 1kilometre from roads. Consequently, the 

inclusion of greenness obscured most linkage zones by applying an ovetwhelming 

"greenness" suitability to habitat near roads. Greenness was therefore removed 

from the analysis. 

A validation of predictive models suggested that the optimal combination of 

variables for predicting the location of a focal species included aspect, slope, 

toposhape and its own distribution. The optimal spatial model for predicting other 

members of the focal species guild and focal species from other guilds, included 

aspect, slope, toposhape and the distribution of the focal species major prey 



distribution. 

7.7 Summary Table of Future Research 

Table 64 provides a summary of future research and analysis. Some of 

these analytical needs were identified within the previoustext, others will examine 

data that were collected, but not analyzed within the present study. Thefirst column 

(Data Source) details which existing data will be used, whether new data will be 

incorporated (indicated under research topic heading with *), and whether the 

research will be a re-analysis of current data usingalternative statistical techniques. 

Table 64: Future Research 

DATA SOURCE RESEARCH TOPIC 
Road Crossing Examine fine scale data at crossing sites, for design of 

back-tracking data crossing structures (habitat security/vegetation configuration) 

TransecVRoad Data Detailed analysis of spatial and temporal scale effects on 


habitat selection 

TransectfRoad Data Spatial periodicity of high probability crossing sites by 


I I focal s~ecies I 
Road Data Spatial periodicity of crossing sites for focal species 
Transect Data Define and test surrogates for coarse woody debris 
Transect Data Define and test surrogates for snow penetration (e.g. wetness) 
Transect Data Cross-scale morphology, solar insolation and habitat modelling 
Transect Data Fine Scale ground truth of aspect, slope, elevation metrics 
Transect Data Fine Scale ground truth of texture and canopy closure metrics 
Transect Data Fine scale ground truth of terrain ruggedness indices 
Transect Data Community structure in regenerating cut blocks 
lntegrate New Data Snowfall*, temperature* and track detection rates 
lntegrate New Data Snowfall*, temperature* and habitat selection 
Alternative Analysis Effects of aggregating attribute classes on habitat selection 
Alternative Analysis Spatio-temporal Interactions -examine using spatial statistics 
Alternative Analysis Principal Components/Cluster Analysis and focal Species 
Alternative Analysis Comparison of Logistic Regression, AIC and Bayesian output 

1 habitat predictive models -



7.8 	 Policy Implications 

There are a number of policy implications arising from the results of this 

research, which are summarized below in Table 62. These policy recommendations 

should serve as general guidelines for highway mitigation and management in the 

Rocky Mountain ecosystem. 

Table 65: Policy Implications of the Research 

1 	 The Trans-Canada highway should be mitigated to enhance 

permeability for all species. 


2 Traffic volume above 300 vehicles per day (average) is a risk to 

landscape permeability at the community level, in winter. 


3 The Highway 40 in Kananaskis Country should be considered a 

priority for mitigation or management if traffic volume increases. 


4 Placement of mitigation should occur in high probability crossing 

areas, as defined-on the GIs predictive model, herein. 


5 Mitigation should be between 250-1000 meters in diameter 

(Alexander and Waters 2000). 


6 	 Following from above, mitigation should use elevated and burried 

highwaysections, as oftenas possible. Exclusion fencing will be 

important in non-corridor areas. 


7 Mitigation should be species or guild-specific to maintain 

functional connectivity and ecosystem integrity. 


8 Marten, Lynx and Wolves may be used as focal species for 

mitigation. 


9 	 Marten and Squirrel may be suitable species for rapid 

assessment of connectivity needs of meso and macro carnivore 

guilds and their prey species (n.b. they were correlated across 
I 	 I 
species-level scales). 

10 With respect to point 9, the inclusion of Grizzly Bears is an 

important consideration outside the above focal species. 


12 Higher resolution GIs images (e.g. <30 meters) are needed to 

manage appropriately for smaller functional levels (i.e. marten). 

13 	 The adoption of GIs probability modelling and decision support is 

a cost-effective means of identifying crossing sites and provides 

a traceable process for decision makers. 




7.9 Final Conclusions 

This research made several unique contributions to the study of road 

fragmentation and spatial community ecology. 

1. 	 Research on landscape permeability and traffic volume for the present 

community of species was non-existent prior to this work. 

2. 	 The application of a consistent methodology to a community of species, 

over an extensive area and during three consecutive years, has resulted 

in a completely unique database. These data allow for more robust 

conclusions about community effects than research based on "meta- 

analysis" of data collected in different studies. 

3. 	 Spatial analytical and non-invasive research techniques in ecology were 

advanced by the novel method of calculating highway permeability, using 

snow-tracking data. 

4. 	The research tested the single-species paradigm in ecosystem planning 

and identified links between focal species and other community 

members. This contributed new knowledge and unique datasets that 

could enhance resource management and conservation biology. 

5. 	 The GIs analysis and visualization techniques provided new insight on 

the spatial extent and placement requisites of highway crossing 

structures. 

6. 	 This work provides an original application of Bayesian inference to 

determine optimal road crossing sites for focal species. 
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The research results included a series of probability images, which 

demonstrate high potential crossing sites (i.e. linkage zones) for a marten, lynx and 

wolves. Linkage zones, indicated by high probability of use, were evident along the 

valley in Banff National Park and these varied by species. Zones of overlap with 

high probability of use for all three species were not abundant in the valley. This 

confirms that mitigation must be species- or at least guild-specific. As noted in 

Table 56 (see previous text), future research by the author will examine the 

periodicity of placement that may best suit each specieslguild. 

The research findings suggest that other metrics should be tested for use in 

predicting species occurrence. For example, some species are known to associate 

with forests that have high structural complexity at the ground (high levels of coarse 

woody debris). Tasselled Cap Wetness may be a suitable metric for measuring 

this. Alternatively, expert knowledge on relationships between metrics and more 

fine scale predictors could be gleaned and incorporated into the weight-of-evidence 

model. Solar insolation is a variable that is imperative to develop and test surfaces 

for predicting species occurrence. The present author has initiated the previous 

research for the 13 species studied herein. 

The research showed strongly that relationships between species and 

species-habitat associations change with the spatial and temporal scale of inquiry. 

These variations were detected between years and major drainages (Banff vs 

Kananaskis). Moroever, the differences were not consistent for all species. This 

demonstrates the importance for managers and researchers to examine data at a 

range of spatio-temporal scales, before concluding what predictive relationships 
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exist and transferring those to management actions. Of critical importance, the 

scale of the question asked (e.g. regional corridors versus linkage zones across 

highways) should guide the selection of an appropriate spatial model for 

management and planning. For example, global spatial models may predict well for 

valley connections, but will not consistently define habitat connections along 

highways. 

The results also found that habitat associations changed dramatically, for 

some species, in years with different climatic conditions (e.g. 1997198 El Nino). 

Hence, corridor planning should be considered within wider global climatic regimes. 

The method of protecting "frozen" corridors will not likely protect and enhance 

movement opportunities of species that may assemble in the present region under 

different climatic regimes (i.e. under new global climatic conditions resulting from 

global warming). 

The strength of the weight-of-evidence modelling technique used in this 

research lies in its flexibility and explicitness. New data relationships can be added 

to the model quickly. Future analysis or evidence may suggest other metrics that 

are important, and these can be incorporated into the model. Moreover, if 

relationships between species and habitat attributes (by class) are found to change, 

the associated probability functions can be modified. Hence, the effects of scale on 

the designation of linkage zones can be assessed easily. All changes to the model 

can be demonstrated explicitly to observers, making the process of selecting linkage 

zones clear and defensible. 
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Finally, this research provided a platform for the integration of human 

preferences into highway mitigation and planning. For example, highway structural 

engineers may want to evaluate the costs of mitigating each identified linkage zone, 

based on the site criteria. The flexibility of this GIs modelling tool enhances its 

suitability for use in resource management because it makes the tool practical. The 

model is explicit in its assumptions and rules. Explicitness is desirable for resource 

management agencies, such as Parks Canada, who are subject to public scrutiny 

and who must be accountable for their decisions. 
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