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Abstract 

Forest fragmentation is a continuing global concern. Human development destroys forest habitat, 

which separates and isolates forest fragments, decreases animal movement between fragments, 

reduces animal abundance and alters community composition. Forests are also becoming 

increasingly fragmented by linear forest clearings, such as roads, which are widespread 

throughout forests in tropical, temperate and boreal forest biomes. The ecological effects of 

roads have been well documented, but forests also contain extensive networks of non-road linear 

forest clearings (linear clearings hereafter). For example, forests overlying petroleum reserves 

may contain seismic lines, a common, but relatively narrow type of linear clearing used in sub-

surface exploration. Seismic lines remain open with little tree growth for decades following their 

initial development, which alters abiotic conditions and plant communities inside seismic lines 

and at their edges. Therefore, while seismic lines contribute to forest fragmentation, little is 

known about their relative importance, compared with more common types of linear clearings. In 

addition, previous research has identified a number of fine-scale responses by birds to linear 

clearings, but less is known about other vertebrate taxa, including mammals. Furthermore, few 

studies have assessed their effects on wildlife communities.   

This study investigated the ecological effects of seismic linear clearings, in a region of 

boreal forest in western Canada, where petroleum exploration and development has left a 

network of seismic lines over the past several decades. The first major aim of this study was to 

quantify the amount of forest fragmentation by seismic lines, compared with more well-known 

types of linear clearings. Second, this study investigated seismic line effects at the fine scale, on 

movement and habitat usage, by a community of mammals which varied widely in body-size and 

feeding type. Third, this study investigated whether mammal preferences for seismic line or 

forest habitat could be predicted by the environmental conditions in surrounding forest. Finally, 

it assessed effects at the landscape scale, by investigating how fragmentation by seismic lines 

affected the relative abundances and community composition of terrestrial mammals. 

 Forest fragmentation was quantified with a geographical information system (GIS) 

analysis, which used existing land cover maps and multiple sample plots of various spatial 

extents (5 ha to 4900 ha) relevant to mammals expected to exist within the study area. The 

investigations of seismic line effects on mammals were conducted in 14 study sites, dispersed 
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across the study area. Mammal sampling occurred over three years and involved nine winter 

snow track surveys of two transects (1 km each), which were established on each site (one 

seismic line transect and one forest transect). Movement and local habitat use were assessed by 

comparing track measures, derived from seismic line and forest transects. The effects of 

environmental condition on mammal preferences for seismic line or forest habitat were assessed 

using measures of environmental conditions in the landscapes surrounding seismic lines, and 

these same landscape variables were used to assess effects of fragmentation by seismic lines on 

the relative abundances and community composition of terrestrial mammals. 

 Seismic lines dissected forest more than other types of linear clearings. They directly 

occupied a small land area, but seismic lines accounted for a large proportion of all edges (80%). 

Their density was double that of all other types of linear clearings (roads, rail, powerlines and 

pipelines), combined. Although the effects of seismic lines on mammals were assessed 

separately, integration of the results from this study revealed novel information about the 

seventeen mammal taxa (species or groups of similar species) and five functional groups which 

were recorded. Seismic lines affected mammals differently, depending on body size, food chain 

hierarchy (predator versus prey) and the scale of effect (fine versus landscape). Large mammals 

were most affected by seismic lines, which facilitated their movement throughout the forest. 

Large predators and large herbivores both moved along seismic lines. All of the large predators 

and the largest herbivore group (moose / elk) preferred seismic line habitat over forest habitat. 

Predator preferences for seismic lines were strongest in landscapes with the most continuous 

forest cover and flat terrain, while the largest herbivores (moose / elk group) also preferred 

seismic lines in landscapes with the most continuous forest cover. However, fine-scale effects 

translated consistently to the landscape scale for only one large predator (gray wolf), which was 

relatively more abundant in the most fragmented landscapes. The largest herbivore (moose / elk 

group) reacted oppositely at the landscape scale and was relatively less abundant in the most 

fragmented landscapes. None of the other large mammals strongly responded to seismic lines at 

the landscape scale. 

 Seismic line effects decreased as body size decreased. Some mammals with intermediate 

body sizes (e.g. marten) responded to seismic lines at the fine scale, but none responded at the 

landscape scale. Mid-sized predators moved along seismic lines, but both mid-sized predators 
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and herbivores preferred forest habitat over seismic line habitat. Mid-sized predators preferred 

seismic lines in landscapes with flat terrain, despite their overall preference for forest habitat in 

the study area. Mid-sized herbivores preferred forest most strongly in flat terrain. Abundances of 

mid-sized predators and herbivores were unaffected by the level of forest dissection by seismic 

lines, at the landscape scale.  

Small mammals (i.e. vole, mouse, shrew) were unaffected by seismic lines. This study 

found no evidence that any of the small mammal taxa, or the broader functional group, were 

strongly restricted in their movements, since all crossed seismic lines at rates similar to their 

rates of forest crossing. This finding is contrary to the expectation that seismic lines would 

restrict the smallest and least mobile mammals. Similarly, there was no evidence that small 

mammals preferred or avoided seismic lines, or their edges, compared with forest habitat, and 

there was no evidence that small mammal abundance was affected in landscapes fragmented by 

seismic lines. 

     This study of the effects of seismic lines on mammals in a boreal forest region revealed 

patterns of habitat- and landscape-scale effects which were substantially different from previous 

research into the effects of large scale clearings. Seismic lines did not result in an appreciable 

decrease in the overall amount of forest habitat. They also did not increase isolation among the 

remaining forest patches. Instead mammals regularly crossed seismic lines from one forest patch 

to another, and seismic lines facilitated movement, especially by the largest mammals inhabiting 

the study area. Forest fragmentation by seismic lines was associated with a reduction in the 

relative abundance of the largest herbivores in the study area and an increase in relative 

abundances of one of the large predators. These findings highlight the need for caution when 

generalizing fragmentation effects toward mammals inhabiting forests which contain seismic 

lines and other linear clearings. Clearings such as seismic lines, which dissected the forest, 

without increasing isolation among forest patches, were associated with much different effects 

than larger clearings. Furthermore, mammal preferences, for seismic line or forest habitat, often 

did not lead to landscape scale effects and these preferences were modified by environmental 

conditions in the surrounding landscapes. Depending on management objectives, existing 

seismic lines may require actions to reduce their effects, especially on large mammals, and new 

seismic lines should avoid landscapes where seismic line effects are likely to be strongest. 
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Further research is needed for fine-scale and landscape-scale effects in forest biomes outside 

boreal forest and community level research is needed during the snow free period in the boreal 

forest region.   
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1 General Introduction 

 

1.1 The role of large scale and linear clearing in forest fragmentation 

Forest fragmentation is a growing global problem, threatening biodiversity over multiple biomes 

(Haddad et al. 2015, Tapia-Armijos et al. 2015, Taubert et al. 2018, Liu et al. 2019). It occurs 

when human activities and development separate remaining forest fragments with non-forest 

land cover. Broadscale clearing (e.g. agriculture and tree harvest) destroys forest, resulting in a 

reduction in forest area (Haddad et al. 2015, Liu et al. 2019) and habitat loss for many species. 

Habitat loss is a leading cause of species extinction and loss of biodiversity  (Gaston et al. 2003, 

Segan et al. 2016, Betts et al. 2017). Broadscale clearing also simultaneously creates smaller 

forest patches, and increases isolation between the remaining patches (Gibson et al. 2013, 

Haddad et al. 2015). Among ecologists, disagreement remains regarding the relative importance 

of habitat loss compared with forest fragmentation (patch size and isolation). One view is that 

fragmentation reduces movement between fragments, leading to lower abundance within the 

remaining smaller and more isolated fragments (Gibson et al. 2013, Haddad et al. 2015). 

Evidence supports this view that patch size and isolation have substantial ecological effects on 

biodiversity (Haddad et al. 2017, Leroux et al. 2017). However, forest fragmentation is a very 

large field of research and has focused on broadscale clearing, which leaves relatively small 

forest patches within a sea of cleared and modified non-forest habitat. Distinguishing between 

habitat loss effects and fragmentation effects (patch size and isolation) has been a challenge for 

researchers (Fahrig 2003, 2013, Haddad et al. 2015). An alternative view has emerged, 

suggesting that the total amount of habitat available in a landscape is the most important factor 

affecting biodiversity while patch size and isolation are less important (Fahrig 2013, Duflot et al. 

2017, Melo et al. 2017).  

Remaining forest patches are also being increasingly fragmented internally by various 

types of linear forest clearings (Goosem 2007, Laurance et al. 2009, Latham and Boutin 2015, 

Dabros et al. 2018), which are also sometimes termed linear features (Komers and Stanojevic 

2013, Dickie et al. 2016, DeMars and Boutin 2018). Roads are one type of linear feature, 

typically consisting of hard packed or paved surfaces, which currently exceed 64 million 

kilometers globally (van der Ree et al. 2015). The ecological impacts of roads have been well 
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documented (Forman and Alexander 1998, Trombulak and Frissell 2000, Coffin 2007, van der 

Ree et al. 2015, Bennett 2017) but forests also contain extensive networks of non-road linear 

clearings (linear clearings hereafter) which criss-cross forest habitats (Ballantyne et al. 2014, 

Latham and Boutin 2015).  

A number of different terms with slightly different definitions are used to describe linear 

clearings in the scientific literature, including “linear gaps” (Suarez-Esteban et al. 2016), and 

“industrial linear corridors” (Latham and Boutin 2015). Here, linear clearings (i.e. non-road 

linear clearings) are clearings for activities, including powerlines and pipelines for electricity and 

petroleum transportation, recreation trails for walking or hiking and seismic linear clearings 

(seismic lines hereafter) for exploration of underground petroleum resources. Linear clearings 

have some common features. They are long, often many kilometers in length, and although they 

vary in width, are often narrower than roads. Their surfaces are not hard packed or paved and 

they are covered with a combination of bare ground and low plants. Tree growth is restricted or 

actively controlled, which results in non-forest land cover and the potential for linear clearings to 

contribute to both habitat change and forest fragmentation. In some areas, linear clearing 

densities exceed road densities (Lee and Boutin 2006, Latham and Boutin 2015) but their 

contributions to forest fragmentation and their ecological effects have not been studied as 

intensively as roads. 

1.2 Patterns of ecological change in forests fragmented by linear clearings 

Recent reviews into the effects of linear clearings have described several broad ecological 

outcomes (Laurance et al. 2009, van der Ree et al. 2015, Richardson et al. 2017, Biasotto and 

Kindel 2018). In forest areas, their construction requires tree removal which produces noise and 

air pollution, leading some animals to temporarily avoid such emissions (Biasotto and Kindel 

2018). However, these effects are typically short-term, while longer-term effects resulting from 

the more permanent habitat modification associated with linear clearings are the focus of this 

thesis. Two broad categories of longer-term effects include those operating at the fine-scale 

compared to those at the landscape-scale. Fine-scale effects are those which occur over a small 

area (Forman 1995). For example, changes to plants or animals directly on, or nearby linear 

clearings, could be considered fine-scale or habitat-scale effects. Landscape-scale effects are 

those which occur over larger areas (Forman 1995). For example, landscapes may contain a 
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combination of linear clearings, larger clearings and forest. Changes to plants or animals within 

these larger areas could be considered landscape-scale effects. 

Some linear clearings (e.g. powerlines and pipelines) are managed to control tree growth 

and maintain the right of way in a cleared state, with shorter, non-tree vegetation (Richardson et 

al. 2017, Biasotto and Kindel 2018). Like larger clearings, linear clearings alter physical 

conditions including light, temperature, moisture and wind, both within linear clearings and in 

the transition (edge) zone between linear clearings and adjacent forest (Murcia 1995, Pohlman et 

al. 2007, 2009, Latham and Boutin 2015, Stern et al. 2018). Fine-scale effects on plants include 

alterations to floristic communities and vegetation structure within linear clearings and their 

edges (Richardson et al. 2017, Biasotto and Kindel 2018). Clearings, edges and adjacent forest 

thus potentially provide different types of fauna habitat, where “habitat” is defined as an area 

supporting a particular type of vegetation (Morrison et al. 1998, Lindenmayer and Fisher 2006). 

Since linear clearings and their edges support vegetation which differs from intact forest, each is 

also referred to as habitat here.  

Some animals are attracted to linear clearings and their edge habitats for various 

purposes, including foraging or movement (Kowal and Cartar 2012, Richardson et al. 2017, 

Biasotto and Kindel 2018). Others avoid linear clearings, and sometimes their edge habitats, 

which decreases available habitat (Dyer et al. 2001, Latham and Boutin 2015, Richardson et al. 

2017). Avoidance of either the linear clearing habitat, or the opening in the forest canopy created 

by the linear clearing, can also restrict the movement of some species, further reducing access to 

resources (Goosem and Marsh 1997, Negro et al. 2013, Biasotto and Kindel 2018). These direct 

habitat-scale effects can also have cascading impacts on community composition, involving 

altered interactions among various species. For example, a prey species which becomes more 

abundant in linear clearing or edge habitat, may attract predators and thereby indirectly cause 

additional predation to another prey species, which would otherwise be unaffected by the linear 

clearing habitat (Latham and Boutin 2015).  

Landscape-scale effects refer to increases or decreases in the abundance or occurrence of 

individual species and their relative abundances within their communities, over larger physical 

areas. The drivers of these effects may or may not operate at a fine-scale. For example, 

landscapes with higher concentrations of linear clearings may support higher abundances of 
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species attracted to linear clearing habitats or lower abundances of species which avoid linear 

clearings (Biasotto and Kindel 2018) simply due to the change in the area of available habitat. In 

addition, landscape-scale abundance could also change due to indirect effects, which are not 

directly related to habitat area, such as higher predation rates in landscapes more heavily 

fragmented by linear clearings (Latham and Boutin 2015, Biasotto and Kindel 2018).  

While there is general consensus in the literature regarding the main kinds of fine-scale 

effects from linear clearings, the evidence also indicates that there is considerable variation in 

how different animal species respond to linear clearings. Therefore, predicting a particular 

species’ response is difficult given current knowledge. A recent review of powerline and pipeline 

ecological effects, found that 54% of papers since 1922 focused on birds, only 13% assessed 

mammals, while assessments for other groups (invertebrates, herpetofauna, fish) were even less 

frequent, indicating that further research is needed for animals outside the bird class (Richardson 

et al. 2017). In addition, the current available research assessing landscape-scale effects is very 

limited. A recent review of powerline research found only two studies which evaluated how 

increasing linear clearing density affected abundance at the landscape scale, and both studies 

assessed birds (Biasotto and Kindel 2018).  

1.3 Ecological changes in forests containing seismic lines 

Seismic lines are linear clearings, that are common in forests overlying petroleum reserves. 

Seismic lines have traditionally been cleared using a bulldozer to create pathways or trails 5-8 m 

wide, in a criss-cross pattern through the landscape (Latham and Boutin 2015). Seismic lines are 

often one of the first intrusions into a forest area, followed by subsequent developments of roads, 

powerline corridors and pipeline corridors to support the petroleum and other industries and are 

interspersed with other types of linear clearings and roads. Seismic lines exist in boreal (e.g. 

Dabros et al. 2018), tropical (e.g. Roucoux et al. 2017), and temperate (e.g. Carthew et al. 2013) 

forests. In locations where forest overlies petroleum reserves, seismic line development is 

expected to expand as exploration for reserves increases to support humanity’s continuing needs 

for energy (Butt et al. 2013). However, due to their narrow width, seismic lines often do not 

appear on remotely sensed images (Linke et al. 2008) and little is known about their relative 

contribution to forest fragmentation, compared with other, more well-known types of linear 

clearings and roads.  
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Seismic line development and exploration involves temporary high noise production and 

human intrusion into natural areas. Such disturbances are common during construction of most 

types of linear clearings and cause temporary avoidance responses in many faunal species 

(Kolowski and Alonso 2010, Rabanal et al. 2010, Kolowski and Alonso 2012). In contrast, 

longer-term changes may also result. Although seismic lines are not actively maintained to 

control tree growth, they often remain open, with little tree cover for decades following their 

initial development (Fiori and Zalba 2003, Lee and Boutin 2006, Van Rensen et al. 2015, 

Hornseth et al. 2018). Due to their open conditions, seismic lines have higher light intensities and 

wind speeds than adjacent forests (Stern et al. 2018). These alterations to abiotic conditions alter 

the plant community both inside seismic lines and at their edges where they meet adjacent forest. 

Seismic lines and their forest edges are characterized by higher abundances of early successional 

plant species more typical of harvest clearings (MacFarlane 2003, Dabros et al. 2017, Finnegan 

et al. 2018a, Abib et al. 2019). Thus, the altered habitat within seismic lines has the potential for 

longer term effects on various fauna.  

Like other types of linear clearings, seismic lines have the potential to affect animals at 

habitat and landscape scales. Literature reviews for seismic lines were not available but research 

into their effects has focused on habitat-scale effects and effects on one or two species (Dyer et 

al. 2001, Dyer et al. 2002, Kolowski and Alonso 2010, Latham et al. 2011b, Tigner et al. 2014, 

Tigner et al. 2015, Finnegan et al. 2018b). While these studies have shown that some species 

respond to seismic lines at the habitat scale, many species have not yet been assessed. 

Furthermore, despite the importance of interspecific interactions among species (Soulé et al. 

2003, Burgar et al. 2019) little is known about the effects of seismic lines on interacting species 

within the same community. Consequently, there remain large gaps in current knowledge of 

habitat-scale effects, particularly for mammals.   

Seismic lines also have the potential to affect animals during and immediately following 

their construction and long afterwards, due to their long-term alterations to forest habitat. In 

Africa and South America, previous research has focused on seismic line effects during and 

immediately following seismic operations (Kolowski and Alonso 2010, Rabanal et al. 2010, 

Kolowski and Alonso 2012). Although the potential for effects resulting from longer-term 

habitat change in these regions is recognized (Finer et al. 2008, Roucoux et al. 2017, Codato et 
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al. 2019) additional research is needed. Research in Australia and North America has begun to 

assess seismic lines for their longer term effects (Carthew et al. 2009, Carthew et al. 2013, 

Latham and Boutin 2015, Tigner et al. 2015, Van Rensen et al. 2015, Dabros et al. 2018, Dawson 

et al. 2018). In North America, seismic line research in boreal forest has accelerated recently as it 

has shifted to focus on direct and indirect impacts by seismic lines on declining caribou 

(Rangifer tarandus caribou) herds (James and Stuart-Smith 2000, Latham et al. 2011a, Latham 

et al. 2011b, Finnegan et al. 2018b, Filicetti et al. 2019), a large herbivore currently threatened 

with extinction (Alberta Woodland Caribou Recovery Team 2005). This research has greatly 

enhanced the understanding of seismic line effects but due to the narrow species-specific focus 

of the research, many questions remain. 

At the habitat scale one study which tested for avoidance of seismic line habitat, found 

that caribou avoided seismic lines and otherwise suitable forest habitat in close proximity to 

seismic lines (Dyer et al. 2001). Subsequent research found that caribou also avoided crossing 

seismic lines, which restricted their movement through the forest (Dyer et al. 2002). Some forest 

birds also avoid seismic lines (Machtans 2006), but tests for restrictions in their movement have 

not identified a barrier effect (Bayne et al. 2005). In South Australia, seismic lines restricted the 

movements of some small animals but not others (Carthew et al. 2009, Carthew et al. 2013). 

These variable results for different species suggest that it remains difficult to generalize about 

faunal responses to linear clearings, indicating that research should be extended to a wider range 

of animals, as well as communities. For example, smaller species with greater limits to their 

movement ability should cross linear clearings less than more mobile species (Peter et al. 2013).  

Due to the various attraction and avoidance responses, seismic lines may support 

different communities of species. Bird communities using seismic line habitats were different 

from forest communities (Ashenhurst and Hannon 2008), and small animal communities 

adjacent to seismic lines differed from areas without seismic clearings (Carthew et al. 2013), but 

to date community assessments have been rare. Additional research is needed at the habitat scale 

to identify avoidance and attraction responses to seismic lines and their edges. Restrictions in 

movement could reduce the ability of some animals to access important resources but attraction 

could increase habitat for some species. These differential responses could lead to effects on 

abundance of individual species and alterations to community composition.  
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Early seismic line research indicated that wolves (Canis lupus) disproportionately used 

seismic lines for efficient movement through otherwise continuous boreal forest (James and 

Stuart-Smith 2000). Because caribou populations have declined across large portions of their 

range in the boreal region, this effect has been repeatedly tested with consistent results emerging 

(Latham et al. 2011b, McKenzie et al. 2012, Dickie et al. 2016, Finnegan et al. 2018b). 

Extensions have been made to one other large predator in boreal forest (black bear (Ursus 

americanus), Tigner et al. 2014) and other predators in north-west Australia (Dawson et al. 

2018). However, predatory mammals vary widely in their body size which may affect their use 

of seismic lines for this purpose. Furthermore, other animals, in addition to large predators, may 

also prefer seismic line habitats to meet their ecological requirements, including efficient 

movement. However, this association with seismic lines has been tested for relatively few 

species and those to which it applies or does not apply is not currently well understood.  

Few landscape-scale analyses of seismic line effects have been reported in the 

international literature. Increasing seismic line density in forest landscapes was associated with 

decreasing abundance of one forest bird (ovenbird (Seiurus aurocapillus), Bayne et al. 2005) and 

one mustelid predatory mammal (marten (Martes americana), Tigner et al. 2015) but had no 

effect on one large mammalian predator (grizzly bear (Ursus arctos), Linke et al. 2005) and was 

associated with increasing abundance of two other large predators (gray wolf, black bear, 

DeMars and Boutin 2018). However, an assessment of an entire community of animals ranging 

in body size and trophic levels has not yet been conducted for the effects of seismic lines or 

linear clearings in general (Richardson et al. 2017). Since wide variation among mammalian 

habitat-scale responses to seismic lines and linear clearings is likely, such an assessment would 

not only improve the understanding of this variation, but also could enable the identification of 

more general patterns that may predict responses in other locations. For example, communities 

within seismic line habitats may comprise different species abundances than communities 

located within nearby forest, but to date such research has not been conducted. In general, linear 

clearings are associated with reductions in bird and mammal abundance at the habitat scale 

(Benitez-Lopez et al. 2010), but research assessing the effects of fragmentation by seismic lines 

on community composition at the landscape scale has not been reported in the international 

literature.  
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Finally, habitat-scale effects may not directly translate into landscape-scale effects. For 

example, if an animal exhibited a habitat-scale avoidance of seismic line habitat, their landscape-

scale abundance may be unaffected if excess habitat was available and could be readily accessed 

elsewhere in the landscape (Bayne et al. 2005). Evidence of this phenomenon has been reported 

for one forest bird (ovenbird, Bayne et al. 2005) but the general applicability to other animals in 

forest communities is currently unstudied. In addition, there may be interactions between habitat-

scale and landscape-scale effects. Some animals may respond to seismic lines differently in 

various landscapes, depending on the conditions in the surrounding forest but this has not been 

tested for a community of mammals.  

1.4 Aims, content and structure of this thesis 

The purpose of this thesis is to investigate the ecological effects of seismic linear clearings, in a 

region of boreal forest in western Canada. It considers both the impacts of seismic clearings on 

the spatial amount and configuration of habitats at the landscape scale, and the consequent 

effects on the mammal community, assessed using field surveys of snow tracks in winter, during 

2010-2013 (see also Figure 1.1). First, it quantifies the amount of fragmentation by seismic lines 

in this forest area, compared with better-studied types of linear clearings, at multiple spatial 

scales. Second, it investigates how different co-existing species respond to seismic line habitat at 

the local habitat scale, compared with adjacent forest habitat. Third, it assesses to what extent the 

species-specific responses of mammals to seismic lines are modified by the environmental 

conditions in the surrounding landscapes. Fourth, it assesses the landscape-scale effects of 

different levels of fragmentation by seismic lines on mammal abundance and community 

composition. 
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Figure 1.1: Potential effects of seismic linear clearings.  Effects directly assessed are identified 

with bold type and the Chapter (Ch.) location within this thesis. 

This thesis consists of seven chapters: a general introduction (Chapter 1); an introduction 

to the study area and the general methods (Chapter 2), four results chapters (Chapters 3-6) and a 

general discussion (Chapter 7). Chapters three and four have been published and the published 

papers (pdf format) are included here. Results chapters five and six have been submitted for 

publication and are formatted to meet the requirements of the academic journals to which they 

have been submitted. The final chapter is a general discussion and synthesis of results (Chapter 

7, Figure 1.2). This thesis complies with the Griffith University policy and guidelines for 

inclusion of published and unpublished papers within a thesis (Appendix 1). As a result of this 

format, the introduction, methods and references contained within the results chapters contain 

some repetition. 
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Figure 1.2: Schematic overview of the thesis content and structure. 

 

Chapter 3 assesses the relative contribution of seismic lines to forest fragmentation in the 

study area, compared with roads and other more well-known types of linear clearings (i.e.  power 

and pipelines). This assessment is conducted at spatial extents (5 to 4900 ha) which are relevant 

to the various different mammals existing within the study area and also assesses the amount of 

forest potentially influenced by seismic lines for edge sensitive species (up to 400 m). 
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At the habitat scale, Chapter 4 assesses how mammal species and functional groups (based on 

body size and diet) respond to seismic lines in the forest. It asks to what extent the seismic lines 

either restricted or increased their movements. It also compares habitat usage between seismic 

lines and forest habitats and identifies different levels of species’ preferences for either seismic 

line or forest habitats.  

Chapter 5 then addresses the possibility of interactions between these habitat-scale 

responses and conditions in the surrounding landscapes. Specifically, it tests the hypothesis that 

mammal preferences for either seismic line or forest habitat vary depending on five 

environmental attributes in the surrounding area: forest cover, fragmentation by seismic lines, 

vertical topographic variability, human activity and coexisting mammal abundance.  

Chapter 6 investigates the landscape-scale effects of seismic line density on mammal 

species’ abundances and community composition, compared with the effects of these same five 

environmental attributes. It also assesses the community composition within seismic line and 

forest habitats, across the various landscapes. 

Chapter 7 synthesizes the results from Chapters three to six into common themes, relating 

these findings to previous research, to highlight the implications for management of forests that 

are fragmented by seismic linear clearings.  
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Plate 1: Examples of mammal tracks recorded in the study (above marten (Martes americana); 

below cougar (Puma concolor)). 
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Plate 2: Example of seismic line habitats located within the study area. 
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Plate 3: Examples of conifer forest habitats located within the study area. 
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Plate 4: Aerial photograph of one study site (dashed box; 50.893, -114.773, eye alt. 4.58 km, 

image date 9/11/2013) located in predominantly conifer forest (gray). Fine dark lines are seismic 

lines (density=2.0 km/km2). Wide light line (bottom right) is a paved forest road, light polygon 

(left center, bottom) is a well site for petroleum extraction. Image generated from Google Earth 

(2019)  
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Plate 5: Aerial photograph of one study site (dashed box; 52.091, -115.182, eye alt. 5.42 km, 

image date 9/13/2016) located in predominantly conifer forest (dark gray). Fine light color lines 

are seismic lines (density=4.4 km/km2). Wider light lines are unpaved forest roads, larger light 

polygons are forest harvest clearings. The light color from left to right in the approximate center 

of the image is a stream riparian zone. Image generated from Google Earth (Google Earth 2019).  
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2 Study area and general methods 

2.1 Study area 

The study area was located in foothills of the eastern slopes of the Rocky Mountains in the 

western Canadian province of Alberta (extent 50.9-52.1˚N, 114.7-115.2˚W, elevation 1,150-

1,802 m). The region was extensively forested with stands of pine, spruce and fir (Pinus 

contorta, P. glauca, P. mariana, Abies lasiocarpa, A. balsamea, Larix laricina), intermixed with 

deciduous stands of poplar, aspen, birch (Populus balsamifera, P. tremuloides, Betula 

papyrifera). Topography was generally rolling with ridges underlain by sandstone and shale 

(Archibald et al. 1996). Bedrock outcrops were common. The climate was generally cool with 

average daily temperature of -8˚C during winter and annual snowfall of 184 cm (1981-2010; 

Environment Canada 2018) 

Agricultural development began prior to 1950 but was limited in the area, and land was 

managed for timber production, energy development, recreation and conservation for fish and 

wildlife (GOA 2017). Timber extraction began in the 1880s and continued to the time of the 

present study, resulting in forest tree stands in various stages of regeneration. Exploration for oil 

and natural gas began prior to 1970. Exploration and extraction activities increased rapidly 

between 1993 and 2005 and remained high during the present study. These activities have been 

associated with clearings for wellsites and a network of linear clearings for roads, powerlines, 

pipelines and seismic lines. Conventional seismic exploration used bulldozers to clear vegetation 

in a path 5-8 m in width. Following exploration, vegetation was generally allowed to regenerate 

but due to the heavy equipment used and subsequent re-use for further petroleum exploration and 

recreation, seismic lines remain visible on the landscape for many decades following their initial 

development (Lee and Boutin 2006, Latham and Boutin 2015).  

2.2 Experimental design and sites 

This thesis consists of a Geographical Information System (GIS) study (Chapter 3), followed by 

a field study (Chapters 4-6). For the field study, replicate sites (n=14) were selected throughout 

the study area (Figure 2.1).  
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Figure 2.1. Map showing the location of the study area and its proximity to the city of Calgary, 

Alberta (upper left) and the location of the 14 sites used in the field study portion of this thesis. 

Gray areas represent forest cover and white indicates non-forest cover (map on right). See 

chapters 4-6 for additional details. 

Sites (1.0 km2) were selected to maximize the distance between sites (mean 6.0 ± SE 0.8 

km; range 3.2-12.1 km; n=14 sites) while ensuring maximum forest cover on each site (mean 

98.4%, SE 1.4) and separation from other clearings (500 m from timber extraction clearings and 

100 m from access roads). Eight sites were covered with conifer stands which were comprised of 

pine, spruce, fir and tamarack and six sites also contained deciduous stands of poplar, aspen and 

birch (Table 2.1). Elevation range was 1,171 to 1,656 m. Eight sites had flat or nearly flat 

topography and the remaining six sites contained greater topographical variation which included 

a mixture of hills and slopes (Table 2.1). Sites were selected with a range of seismic line 

densities (1.0 to 4.5 km/km2, Table 2.1). The landscapes surrounding study sites (12.3 km2) 

Calgary 

Study 

area 

Study Area and 

Study Sites 
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contained a range of seismic line densities (km SL per km of landscape area; Table 2.1), other 

linear forest clearings (roads, powerlines, pipelines), larger harvest clearings and natural 

clearings were also present. The combination of all types of clearings was characterized by 

calculating edge density, which was the total length of the transition zone between forest and 

clearing, divided by the landscape area (Table 2.1). Edge density ranged from 4.7 to 16.5 

km/km2 (Table 2.1) and seismic line edges (double SL density) accounted for more than half 

(average=53.6 ±13.7%) of all landscape edges. 

Table 2.1. Study sites used in the field portion of this thesis, their location (sorted from South to 

North), main forest cover type, topography description, average elevation, seismic line (SL) 

length within the study area and SL and edge density within the landscape (12.3 km2) 

surrounding the study site. 

 

Within each site, two transects (each 1.0 km in length) were established. One was aligned 

along a seismic line, its width measured as the distance between trees (single stalk, 3m or taller) 

on either side of the seismic line. Seismic line clearings used in this study had a mean width of 

7.7 m (± SE 0.4 m). A second, forest transect was established in forest adjacent to the seismic 

line, approximately perpendicular to the seismic line, depending on local terrain. The width of 

each forest transect was equal to its paired seismic line transect. Transect dimensions were 

Site 

No.

Location Forest cover 

type

Topography Elev. 

(m)

SL 

length 

(km)

SL 

density 

(km/km
2
)

Edge 

density 

(km/km
2
) 

all 

clearings

1 50.8881, -114.7115 Conifer Increasing variation 1,501  2.0 2.5 7.0

2 50.9588, -114.6947 Conifer/mixed Nearly flat 1,440  3.2 2.8 10.0

3 51.0334, -114.8578 Conifer Nearly flat 1,500  2.2 2.7 8.6

4 51.3010, -114.9660 Conifer/mixed Increasing variation 1,504  2.0 1.2 7.9

5 51.3530, -114.9722 Conifer Increasing variation 1,465  1.0 0.9 7.0

6 51.4001, -115.0203 Conifer Increasing variation 1,538  1.0 1.8 7.2

7 51.4153, -115.1164 Conifer/mixed Flat 1,298  4.4 3.5 14.5

8 51.8642, -115.0112 Conifer/mixed Nearly flat 1,278  2.5 2.7 12.8

9 51.9364, -115.1321 Conifer Flat 1,376  3.0 2.9 8.4

10 51.9473, -115.2101 Conifer Increasing variation 1,408  1.0 1.5 4.7

11 52.0679, -115.1183 Conifer/mixed Flat 1,244  4.0 3.7 14.9

12 52.0706, -115.0532 Conifer/mixed Flat 1,171  4.5 4.4 16.5

13 52.0893, -115.2670 Conifer Increasing variation 1,656  2.5 2.4 6.8

14 52.0964, -115.1676 Conifer Flat 1,305  2.6 3.0 10.3

Average 1,406  2.6     2.6        9.8           

Standard error 36       0.3     1.0        3.6           
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measured at ground level, using a measuring tape and marked with fluorescent flagging tape to 

allow for repeat surveys. Both transects were marked at 100 m long increments using double 

flagging tape and these locations were used to measure snow depth and supportiveness, as 

described in Chapter 4. 

Surveys of terrestrial mammals are often labour intensive and expensive, particularly for 

wide-ranging and secretive species (Wilson and Delahay 2001). Field signs are often the only 

practical alternative for surveying such species (Wilson and Delahay 2001), particularly in cases 

where multiple species are surveyed simultaneously. This study used snow tracks left by 

mammals in snow. Snow tracking is a passive technique, which does not require animal capture, 

relocation or baiting. Snow tracks have been used elsewhere to measure habitat-use (Thompson 

et al. 1989, Alexander et al. 2005, Goszczyriski et al. 2007) and relative abundance (Thompson 

et al. 1989, Kurki et al. 1998, Rhim and Lee 2007, Kojola et al. 2014, Kawaguchi et al. 2015). It 

has also been used elsewhere to survey multiple species simultaneously (Thompson et al. 1989, 

Goszczyriski et al. 2007, Rhim and Lee 2007), and to survey individual species such as wolf 

(Canis lupus), coyote (Canis latrans), cougar (Puma concolor), red fox (Vulpes vulpes), lynx 

(Lynx canadensis), marten (Martes spp.), weasel (Mustela spp.), hare (Lepus spp,) and squirrel 

(Sciurus spp.) (Thompson et al. 1989, Kurki et al. 1998, Rhim and Lee 2007, Kojola et al. 2014, 

Kawaguchi et al. 2015). Since these previous studies have already established that snow tracks 

were a reasonable measure of habitat use and relative abundance when comparing across 

different areas, and because this study already required a very large field effort, a pilot study was 

not conducted to assess the relationship between snow tracks and habitat use or abundance 

within this study area. 

Snow tracks were recorded by surveyors, moving along the center of each transect and 

visually searching for tracks. Surveys were conducted on foot, sometimes using snowshoes, 

depending on snow depth. Surveyors were trained in track identification by individuals with 

expertise in the local area. When a track was encountered, it was recorded once and identified to 

the finest possible taxon, based on the footprint shape, track pattern, track straddle, track stride 

and special characteristics, as described in field guides (Brown Jr. 1983, Forrest 1988, Halfpenny 

et al. 1995). Tracks which could not be immediately identified were backtracked for up to 100 m, 
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typically into the adjacent forest, where most animals stepped in a location (e.g. shallow snow) 

where its track could be identified. 

Each track encountered was classified as either a crossing, approach or linear travel. 

Crossings were defined as tracks which originated in adjacent forest, entered the transect and 

completely spanned the transect width, within a longitudinal distance of less than 10 m 

(measured parallel to the transect edge). Approaches also originated in adjacent forest but 

returned to the forest, without completely crossing the transect. Linear travel tracks were those 

which continued in a straight or diagonal linear path along the length of the transect for more 

than 10 m. Linear travel tracks were recorded once per transect survey and the length of each 

was measured as the longitudinal distance the track travelled along the transect, parallel to the 

transect edge. Within forest transects, tracks were also assigned to the component sub-transect 

(100 m), where the track was located. It was not possible to differentiate the tracks left by 

individual animals. Instead, this thesis used animal tracks as a measure of habitat usage and 

relative abundance across the different study sites, consistent with multiple studies of winter 

active mammal species (Thompson et al. 1989, Kurki et al. 1998, Rhim and Lee 2007, Kojola et 

al. 2014, Kawaguchi et al. 2015) and analysis of the field data indicated that mobile individuals 

did not bias these measures. An individual track could not exceed the length of the transect (1000 

m) where it was encountered but mammals varied greatly in their mobility. Therefore, relative 

abundance measures were adjusted for community analyses to avoid any bias from these unequal 

mobilities (see Chapter 6).  

Sampling effort was equal across all transects. Each was surveyed twice between 

December 2010 and April 2011, three times between December 2011 and April 2012 and four 

times between November 2012 and April 2013 (total 9 surveys per transect). Snow tracks are 

affected by exposure to weather (Beauvais and Buskirk 1999, Wilson and Delahay 2001), most 

importantly new snowfall, which covers tracks. For this thesis, each site’s forest transect and 

seismic line transect was surveyed on the same day, usually within two hours, to ensure 

comparability across these two habitats. Secondly, within sites, the number of days (24 hour 

periods) between the latest snowfall and the transect survey, was recorded (days since snow). 

Due to logistical difficulties, days since snow could not be equalized across all sites, but the 
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variation across sites was minimized as far as possible (average 3.5 ± SE 0.1 days, range 2.8 to 

4.2 days).  

 Track detection was expected to be very high on all transects. First, an animal could not 

enter a transect without leaving a track mark. Therefore, any animal which entered a transect 

could only have been undetected, if the surveyor failed to see the track left in the snow. This is 

unlikely, because all transects were narrow and surveyors walked down the middle of the 

transect. Thus, the entire transect snow surface was located only a few metres to the right and left 

as surveyors moved along each transect. Forest transects did contain trees and other vegetation, 

which could be expected to obstruct the surveyor’s view of a portion of a transect surface. 

However, transects did not pass through large areas of thick vegetation and this study was 

conducted during winter when deciduous vegetation was leafless. The surveyor’s view of the 

surface of forest transects was not obstructed by trees or ground vegetation. Finally, crossing and 

linear travel tracks, which form the data for the majority of this thesis, completely crossed the 

path of the surveyor (transect) or moved in the same direction as the transect for 10 m or more. It 

is unlikely that a surveyor would have failed to see tracks in new snow, within narrow transects 

where the view was not greatly obstructed. For these reasons, it is expected that detection rates 

were equally high across all transects.  

This thesis investigated how different co-existing species responded to seismic line 

habitat at local and landscape scales. A large number of winter-active mammal species inhabited 

the study area. A key challenge in ecology is to generalize knowledge from individual species in 

order to make predictions (McGill et al. 2006, Blaum et al. 2011). Functional traits such as body 

size and trophic level have been used to analyze patterns within communities (Harestad and 

Bunnel 1979, Gittleman 1985, Ahumada et al. 2011, Mazel et al. 2014) and these functional 

characteristics may affect wildlife responses toward seismic lines. Therefore, species were 

classified into groups based on similarities in average body-size and diet, while average home 

range size was also considered. Since predators move large distances (Garland 1983, Gittleman 

1985) a predator group was created and divided into large and mid-sized groups. Large predators 

had body weight greater than 10 kg and relatively large range sizes (all >18 km2) (Harestad and 

Bunnel 1979). Mid-sized predators had body weight between 100 g and 10 kg, and smaller home 

ranges, generally less than 4 km2 (Harestad and Bunnel 1979) although fisher was placed into the 
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mid-sized predator group because of its smaller body size (3.5 kg), even though it’s home range 

was larger than others in this group (203 km2). Herbivores were also grouped into large and mid-

sized groups. Large herbivores were hoofed ruminant mammals (Cervidae spp.), all had average 

body mass greater than 90 kg and home range sizes greater than 2.4 km2 (Harestad and Bunnel 

1979). Mid-sized herbivores had body mass greater than 0.1 kg and also had home range sizes 

less than 1 km2 (Harestad and Bunnel 1979). Small mammals were classified into one group, 

containing herbivores and insectivores, all with body mass less than 100 g. The classifications 

here were based on similarities of the separate species, but in some cases the classification of 

species was not obvious, and arguments could be presented to place a particular species into a 

different functional group. Therefore, analyses within the data chapters of this thesis were 

conducted and reported for individual taxa as well as functional groups. 
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Abstract 

Habitat loss remains a primary threat to global biodiversity. Forests are also becoming 

fragmented by long, narrow, linear clearings (powerlines, pipelines, seismic lines). Some species 

prefer linear clearing habitat, others prefer forest, resulting in potential consequences for species 

relationships, abundances and biodiversity. However, variable environmental conditions in forest 

surrounding linear clearings, could modify these fine-scale responses. This study determined 

whether landscape environmental conditions modified responses to seismic line habitat, by 

different mammal species, within a forest community. It also determined the relative importance 

of various landscape environmental conditions to any response modification. This study was 

conducted, in south-western, Alberta, Canada. Mammal responses to seismic lines were 

measured by surveying winter snow tracks in 14 replicate study sites, dispersed throughout the 

study region. Variations in preference and avoidance were associated with environmental 

conditions in the surrounding landscapes (12.3 km2). Environmental conditions modified most 

large bodied mammals’ responses to seismic lines. Large predators (e.g. coyote, lynx) and one 

large herbivore group (moose/elk), preferred seismic lines in landscapes with continuous forest 

cover. Others (cougar, lynx) preferred seismic lines in flat terrain, but mid-sized herbivores 

responded oppositely. Wolf preferred seismic lines in landscapes with low prey abundance. 

Some herbivores (moose/elk, hare) avoided seismic lines where human activity was higher. 

Depending on environmental conditions, species responded differently toward seismic lines, 

compared with their average response in the region. Given likely future seismic line expansions, 

these results could assist managers to concentrate their actions in areas where they are most 

needed to control undesirable effects. 
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5.1 Introduction 

Habitat loss due to forest clearing remains a primary threat to global biodiversity (Sala et al. 

2000, Laurance et al. 2011, Wilson et al. 2016, Murray et al. 2017). In the Northern hemisphere, 

the rate of boreal forest loss was second only to tropical forest loss in a recent global assessment 

(Hansen et al. 2013). Compounding large scale clearing, remnant forests are also becoming 

increasingly fragmented by long, narrow, linear clearings such as roads (Ibisch et al. 2016), 

powerlines (Bartzke et al. 2015), pipelines (Langlois et al. 2017), recreational trails (Ballantyne 

et al. 2014), and seismic lines for petroleum exploration (Latham and Boutin 2015). The impacts 

of roads (i.e. linear features with hardened surfaces of variable width with high traffic volumes) 

on wildlife have been well studied (Forman and Alexander 1998, van der Ree et al. 2015, 

Bennett 2017), but there are relatively fewer studies that assess wildlife responses to other forms 

of linear clearings (Latham and Boutin 2015). Here, we define linear clearings as long, narrow 

forest clearings where their surfaces are not hard packed or paved. They are characterized by a 

combination of low plants and bare ground but are typically clear of trees, often for decades after 

initial development (Latham and Boutin 2015, Finnegan et al. 2018). They vary in width with 

powerlines sometimes exceeding 100 m while others (e.g. seismic lines) are only a few meters 

wide (Latham and Boutin 2015).  

Linear clearings are increasingly recognized for their potential to affect forest animals 

(Latham and Boutin 2015, Richardson et al. 2017, Biasotto and Kindel 2018). Animal responses 

to linear clearings vary, as these often still provide habitat for species (Richardson et al. 2017, 

Biasotto and Kindel 2018). Consequently, some species may prefer linear clearing habitat while 

others prefer forest (Latham and Boutin 2015, Richardson et al. 2017, Biasotto and Kindel 2018). 

However, these responses may not be universal and animals may modify their avoidance or 

preference responses toward linear clearings, depending on the environmental conditions in the 

surrounding landscape. If so, linear clearing effects may be more substantial in some landscapes 

and less so in others. These fine fine-scale responses may lead to a range of impacts on species’ 

relationships, abundances and biodiversity (Benitez-Lopez et al. 2010, Latham and Boutin 2015).  

Forest landscapes consist of differing biotic and abiotic conditions which may modify 

habitat usage behaviors of many animals (e.g. amphibians, birds, insects, mammals; Austen et al. 

2001, Cecala and Maerz 2015, Griffiths et al. 2015, Santos et al. 2016). A particular species may 



 Page 73 

alter its habitat use based on a variety of environmental conditions such as the level of 

disturbance (Basille et al. 2013, Gantchoff and Belant 2015), habitat structure and heterogeneity 

(Sasaki et al. 2015), predators and competitors (Basille et al. 2015), as well as broad scale 

landscape conditions (Brodie et al. 2014). For example, some mammals and birds exhibit 

behavioral responses such as increasing avoidance of recreation trails as human activity increases 

(Whittington et al. 2005, Smith-Castro and Rodewald 2010, Rogala et al. 2011, Botsch et al. 

2018). However, the relative importance of these environmental conditions in modulating animal 

responses to linear clearing habitat, and particularly narrow seismic lines, is currently unknown.  

Seismic lines (SL) are a narrow (8 m), but common type of linear clearing in forests 

overlying petroleum reserves (Lee and Boutin 2006, Latham and Boutin 2015, Pattison et al. 

2016 - see Chapter 3). Faunal responses to seismic lines are highly variable with some species 

benefiting (Latham et al. 2011, Tigner et al. 2014, Dawson et al. 2018), while others show a 

detrimental response (Machtans 2006, Ashenhurst and Hannon 2008, Tigner et al. 2015). 

Wildlife responses to seismic lines may be influenced by a suite of functional traits for individual 

species. In the past such traits (e.g. trophic level, body size, etc.) have been used to analyze 

patterns within communities (Harestad and Bunnel 1979, Gittleman 1985, Ahumada et al. 2011, 

Mazel et al. 2014). A recent study of a community of terrestrial mammals in boreal forests of 

Canada, using winter snow track surveys, revealed strong responses by many mammal species 

and groups of mammals to seismic lines (Pattison and Catterall 2019 - see Chapter 4). While 

there are clear responses by wildlife to SLs, how such behavior might be influenced by 

environmental conditions is less certain. The environmental conditions in these boreal forest 

landscapes vary in the extent of habitat disturbance (e.g. in the amount of forest cover and 

density of SLs), in topography (e.g. elevation, terrain heterogeneity), in human activity levels 

and in the relative abundances of mammal species within the community. Knowledge of multiple 

interacting species is important in making conservation decisions (Burgar et al. 2019) and snow 

tracks are an effective means of simultaneously surveying the relative abundances of a wide 

range of different co-occurring mammal species in boreal forest, because many remain active 

throughout winter (Thompson et al. 1989). 

Accordingly, the present study aimed to assess the extent to which environmental 

conditions at the landscape scale influenced the ways in which boreal forest mammals 
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responded, at the local (fine) scale, to the presence of SLs, using snow track data. Specifically, 

the following three hypotheses were tested.  First, that responses toward SLs by individual 

mammal species would be modified by environmental conditions within the surrounding 

landscapes. Second, that mammals that were similar in key functional traits (e.g. body size and 

feeding type) would modify their response based on similar environmental conditions. This study 

also assessed the relative importance of various environmental conditions to any such 

modifications. These results will enable forest and wildlife managers to better capture the 

requirements of wildlife communities when considering the potential short- and long-term 

impacts of seismic exploration within heterogeneous forest landscapes. 

5.2 Methods 

5.2.1 Study region 

This study was conducted in the foothills of the Rocky Mountains, in south-western, Alberta, 

Canada (extent 50.9-52.1˚N, 114.7-115.2˚W, elevation 1,150-1,802 m; see Chapter 3). The 

generally rolling topography was mainly boreal forest cover (75%, Chapter 3), dominated by 

conifers (Pinus contorta, Picea glauca, P. mariana, Abies lasiocarpa, A. balsamea, Larix 

laricina) interspersed with deciduous stands (Populus balsamifera, P. tremuloides, Betula 

papyrifera) and natural, agricultural and commercial clearings. Extensive areas were managed 

for fish and wildlife preservation although land was also used for timber production, energy 

development and recreation (GOA 2017). The area was criss-crossed with linear clearings 

including SLs (density=1.9 km/km2), but also roads, powerlines and pipelines (0.8 km/km2; 

Chapter 3). Seismic lines had an average width of 7.7 ± SE 0.4 m (Chapter 4) and were used for 

various motorized and non-motorized human recreation but not for conventional motor vehicles. 

Average daily temperature in winter was -8˚C with average annual snowfall of 184 cm (1981-

2010; Environment Canada 2018). 

5.2.2 Study design 

Replicate study sites (each 1.0 km X 1.0 km) were selected throughout the study region (n=14; 

4,022 km2) within relatively intact habitat. Each was impacted by linear clearings and positioned 

where an existing SL was surrounded by forest (Figure 5.1, Chapter 4). Sites were selected in 

areas with continuous forest cover while maximizing replication and separation from 
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neighboring sites (mean 6.0 ± SE 0.8 km; range 3.2-12.1 km; n=14 sites), access roads (>100m) 

and timber extraction clearings (>500 m). The number of sites, and their placement within the 

study region was constrained by industrial disturbances. 

 

Figure 5.1. Example layout of a study site landscape in south-west Alberta, Canada, showing site 

transects (each 1.0 km) used to measure mammal response to linear clearings (SL/forest 

preference), human activity and co-existing mammal abundance indices. The landscape 

surrounding site transects (radius = 1.5 km; area =12.3 km2) was used to calculate % forest cover 

(grey), SL density (km/km2) and terrain ruggedness index. White lines indicate forest roads. The 

landscape shown contained average % forest = 82.5; SL density = 2.7 km km-2; terrain 

ruggedness index = 110. 

 

At each site, one transect was established along 1.0 km of the SL with width equal to the 

SL width. A second was placed in the surrounding forest, approximately perpendicular 

(depending on local terrain) to the SL transect, with equal width. Since replicates were limited, 

each site was repeatedly surveyed (Hurlbert 1984) nine times over three winters (twice Dec. 

2010-Apr. 2011, three times Dec. 2011-Apr 2012, four times Nov. 2012-Apr. 2013). The number 

of annual surveys was unequal due to variable snow conditions in each year. Both site transects 

were always surveyed in the same day. One or two sites were surveyed per day. Repeat site 
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surveys were only conducted after new snowfall such that tracks from the previous survey would 

have been covered.  

5.2.3 Mammal responses to seismic line and forest habitat 

Trained observers (two observers in season one and one observer thereafter) walked transects 

and identified human and mammal tracks in snow. Mammal tracks were classified to the finest 

possible taxon with reference to a field guide (Forrest 1988). Taxa were later assigned to 

functional groups, based on body size-diet combination (sensu Pattison and Catterall 2019, 

Appendix 16). Observers recorded: 1) the number of tracks which crossed (C) the complete 

width of the transect (average=8m), within a distance, parallel to, and inside the transect, of <10 

m, and 2) the distance (D) tracks travelled (m) along (parallel to) the transect (for additional 

track methods see Pattison and Catterall 2019 - Chapter 4). Seismic line use (SLU) and forest use 

(FU) were calculated as the mean track distance (Thompson et al. 1989) recorded for each 

mammal on each transect, over all nine surveys, as 8C+D (m/km surveyed), where the crossing 

distance (8 m) was taken as the rounded average transect width (7.7 ± SE 0.4 m, Pattison et al. 

2016).  

Each mammal’s average preference for either SL or forest habitat was calculated as the 

relative intensity of use in each of the two habitats (modified from Catterall et al. 1998) as 

follows: SL/forest preference=[((SLU-FU)/(max(SLU, FU))+1)/2] (max=the maximim of the 

two usage measures (SLU or FU) within each site), where SLU and FU are both average 

recorded track distances across nine repeat surveys in each pair of standard-area transects in 

seismic line (SL) and forest (F) habitat. These site-specific SL/forest preferences were calculated 

for all sites at which a given species was recorded (excluding sites with no data), and yielded 

values ranging from 0.0 (complete forest preference; SL avoidance) to 1.0 (complete SL 

preference; forest avoidance), with a value of 0.5 indicating no local preference for either SL or 

forest habitat. Although SLs made up only 1.1% of the land cover in the study area (see Pattison 

et al. 2016, Chapter 3), SL/forest preference in this context, represents higher usage in an equally 

sized study plot (transect). SL/forest preference is viewed here as an independent response at the 

site scale as it was based on independent decisions made by individuals to use either SL or forest 

habitat, across nine repeat surveys over three years at each site. 
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5.2.4 Environmental conditions in the landscape 

Landscapes were defined as the area buffered in all directions from study site transects (Figure 

5.1). Measures of landscape environmental condition were calculated at radii of 1.0, 1.5 and 4.0 

km around site transects using ArcGIS (ESRI 2009; n=14 landscapes; Figure 5.1) and a land 

cover map obtained from the Canadian Forest Service (minimal mapping unit = 1 ha; CTI 2009) 

and updated for evidence of recent linear and non-linear clearing and forest regeneration, by 

visually assessing aerial photos. Linear clearings (roads, powerlines, pipelines, SLs) were 

sourced from AltaLIS Ltd. (2010) and overlaid onto land cover maps. Horizontal variation was 

measured as: 1) percent forest cover per area (%forest) where non-forest was comprised of 

natural, timber extraction, agriculture and linear clearings; 2) SL density (SL density; km/km2) 

and 3) edge density (km/km2) which included all linear and non-linear edges. Vertical 

topographical variation was measured using a digital elevation model (30 m resolution, 13 m 

min. elevation accuracy) to calculate: 1) mean elevation (m) and 2) mean terrain ruggedness 

index (TRI), which measured vertical topographic heterogeneity as the square root of the sum of 

squared differences between a map unit’s (30 x 30 m) elevation and the elevation of the 

surrounding eight map units (Riley et al. 1999). TRI has been shown to influence mammal 

habitat usage patterns elsewhere (Bouyer et al. 2015, Thapa et al. 2019).  

Different types of organisms perceive their environment at different scales, and therefore 

the area over which the characteristics of a surrounding landscape would be most influential, is 

likely to vary depending on the organism in question (Dunning et al. 1992). For analyses of 

mammal responses in the present study, only the intermediate scale was used (1.5 km, area = 

12.3 km2; Figure 5.1), to provide the most meaningful results across species which varied widely 

in body size, feeding type and movement range (Chapter 4). This was also feasible because 

measurements of all five environmental variables at different scales were strongly correlated 

(R>0.90 for all 10 pairwise correlations between the 1.5 km scale and either 1.0  or 4.0 km, 

Appendix 17). Percent SL cover per area (%SL) was also calculated at the intermediate scale.  

Human activity index (AI) and coexisting mammal abundance indices were measured at 

the center of each landscape using recorded tracks to calculate mean SL use and forest use at 

each site, weighted by percentage of forest (%forest) and percentage of SL (%SL) on each site as 

weighted abundance (WA): WA=(%forest*FU)+(%SL*SLU)+(1-%forest-%SL)*(FU+SLU)/2. 
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WA values were then rescaled so that each variable (mammal abundances and AI) ranged 

between 0 and 1 (site AI minus minimum AI across all sites divided by max minus min AI across 

all sites). Human activity combined motorized and non-motorized tracks. 

5.2.5 Data analyses 

Modelling mammal response to SLs (SL/forest preference (above)) was conducted for 13 taxa 

and five functional groups. Using landscape as the unit of replication, generalized linear models 

were generated in R (glm function; R Core Team 2014) with binomial error terms and a logit 

link (n=14; Fox 2008). Predictor variables for environmental condition included human activity 

index, % forest, terrain ruggedness (correlated with elevation, R=0.91, Appendix 17). SL density 

(correlated with edge density, R=0.84) was included as a predictor for all models. All modelling 

also included an abundance index for one or more coexisting mammals. For predators, coexisting 

mammals were: 1) their prey or a group of prey mammals and 2) larger or equivalent sized 

predators. For herbivores and small mammals, coexisting mammals were their predators or a 

group of predators. Thus, the large predator functional group, herbivores and small mammals 

were modelled with one coexisting mammal (Appendix 16), resulting in five predictors and 31 

candidate models. All other predators were modeled with two coexisting mammals (Appendix 

16), resulting in six predictors and 63 candidate models.  

Models were generated with all subsets of predictor variables but without interaction 

terms due to poor model fit in an earlier set of models. A multimodel inference approach (using 

MuMIn package in R, Barton 2018) was used and each predictor’s relative contribution to all 

candidate models was calculated by summing its’ AIC weight (corrected for small sample size) 

across all supported models (ΔAICc≤4) containing the variable. The model with the lowest AICc 

was selected as the best fit model and highly supported models (ΔAICc<2) were also reviewed. 

The proportion of null deviance explained by best and full models (≡R2 for glm) was calculated, 

and p-values were calculated using chi-square distribution (Fox 2008). Moran’s Index was 

calculated on best and highly supported model residuals to assess autocorrelation (Dormann et al. 

2007). Results are shown for mammals where global models fit the data (R2, AICc weight, P; 

Appendix 19) and were not strongly affected by multi-collinearity (variance inflation factor) or 

outliers (influence plots). Predicted SL/forest preference was plotted (y-axis on logit scale, tick 

labels represent preference) with 95% confidence intervals for best and highly supported models 

which contained significant predictor variables, using the Effects package in R (Fox 2003) (ESRI 

2009).  
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5.3 Results 

Mammal response to SLs varied across landscapes dispersed throughout the study region 

(Appendix 16). Environmental conditions were strongly associated with these variations for six 

of 13 taxa and three of five functional groups (Table 5.1). No evidence was found to indicate that 

any mammal’s response to SLs in any landscape was dependent on its response in any other 

landscape (all |Moran’s I| ≤ 0.28; p>0.05) and any violations of model assumptions in the results 

presented here were minor and did not alter the main results. Null deviance (Fox 2008) varied 

between 6.1 and 94.0 for different taxa and functional groups (Appendix 19), which made 

comparisons of R2 for different mammals inappropriate. 
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Table 5.1. Mammals which significantly modified their response to seismic lines depending on the environmental conditions in 

surrounding forest, with their overall and mean (n=14) preference for either seismic line (SL), forest (FO), or neither habitat (I: 

indifference). Also shown is the relative contribution environmental conditions (sum of AICc weights across models (ΔAICc<4) 

containing the variable) made to modifying these responses across the 14 boreal forest landscapes (bold were included in significant 

best model). The best model (lowest AICc) R2, chi-square test results (p<0.05 in bold) and the predicted response modification (see 

also Figure 5.2 and 5.3; Appendix 21 for all mammals) is also depicted. 

   

Relative contribution of environmental conditions to modifying 

SL/forest preferencea  Best Modelc    
Coexisting 

mammal abund.b 

 
Fragmentationb 

       

Taxon/ 

Functional 

group 

SL/ 

forest 

(FO) 

pref. 

Mean 

pref. 

index 

±SE 

Prey Predator 
 

SL 

density 

% 

forest 

 
Human 

activityc 

Terrain 

rugged.c 

 
R2 P Response modification 

Cougar SL 0.68 

±0.09 

0.11 0.10 
 

1.00 0.00 
 

0.12 1.00 
 

0.224 <0.001 Stronger SL preference as 

SL density decreased and 

terrain became flatter. 

Gray wolf SL 0.86 

±0.07 

0.84 0.16 
 

0.84 0.16 
 

0.16 0.00 
 

0.768 <0.001 Stronger SL preference as 

SL density decreased and 

prey abundance decreased. 

Coyote SL 0.90 

±0.04 

0.09 0.05 
 

0.45 0.95 
 

0.17 0.24 
 

0.281 0.013 Stronger SL preference 

when higher % forest 

Lynx I 0.50 

±0.11 

0.09 1.00 
 

0.08 0.72 
 

0.60 0.92 
 

0.285 <0.001 Stronger SL preference 

where higher % forest and 

human activity and as 

terrain became flatter; 

Higher forest preference 

where higher predator 

abundance. 
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Relative contribution of environmental conditions to modifying 

SL/forest preferencea  Best Modelc    
Coexisting 

mammal abund.b 

 
Fragmentationb 

       

Taxon/ 

Functional 

group 

SL/ 

forest 

(FO) 

pref. 

Mean 

pref. 

index 

±SE 

Prey Predator 
 

SL 

density 

% 

forest 

 
Human 

activityc 

Terrain 

rugged.c 

 
R2 P Response modification 

Moose\elk SL 0.71 

±0.06 

na 0.20 
 

0.23 0.42 
 

0.66 0.15 
 

0.489 <0.001 Stronger SL preference 

when higher % forest and 

lower human activity 

Hare I 0.40 

±0.09 

na 0.92 
 

0.07 0.25 
 

0.59 0.06 
 

0.192 0.004 Stronger forest preference 

where lower predator 

abundance and higher 

human activity 

Large 

predator 

SL 0.92 

±0.02 

0.06 na 
 

0.23 0.72 
 

0.53 0.08 
 

0.447 0.080 Stronger SL preference 

where higher % forest and 

human activity. 

Mid-sized 

predator 

FO 0.41 

±0.06 

0.08 0.18 
 

0.26 0.08 
 

0.08 0.82 
 

0.416 0.002 Stronger SL preference 

where terrain was flatter  

Mid-sized 

herbivore 

FO 0.40 

±0.06 

na 0.06   0.29 0.36   0.33 0.47   0.193 0.021 Stronger forest preference 

where terrain was flatter  

 

a. Values calculated by summing the AICc weights across all models containing the particular variable. Predictors not applicable 

identified by na. Bold values represent predictors in best models, see Appendix 21 for all results. 

b. Predictors were abundance index, see Appendix 16 for taxa included as prey and predator for each taxon/functional group.c. 

Fragmentation and terrain metrics were calculated for the forest surrounding site transects (radius = 1.5 km).
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The environmental conditions associated with changing preferences for SL or forest 

habitat were not the same for all mammals. All large predators and one large herbivore group 

modified their response to SLs based on environmental conditions. Increasing forest cover (mean 

81.2 ± SE 2.2, median 82.1, range 64.3-94.2%) was associated with increasing SL preferences 

for the large predator functional group, two component taxa (coyote, lynx) and the moose/elk 

large herbivore group (Figure 5.2a, d, e, f). Decreasing SL density was associated with 

increasing SL preference for the other two large predator component taxa (cougar, gray wolf; 

Figure 5.2b, c).  

Figure 5.2. Large mammal response (SL/forest preference) to SL clearings (ascending and 

descending black lines, dashed lines indicate 95% confidence interval) and the landscape 

environmental conditions which significantly modified their responses in 14 boreal forest 

landscapes, as predicted by supported models (see Table 5.1). Human activity and prey/predator 

abundance were measured at the landscape center on two, 1.0 km transects. Forest cover (% 

forest), SL density and terrain ruggedness were measured in the forest surrounding transects (1.5 

km radius, area = 12.3 km2, Figure 5.1). The y-axis scale is logit and tick labels are SL/forest 

preference index; zero represents complete forest preference; 1.0 complete SL preference; 0.5 

(horizontal black line) indicates no SL or forest preference - each habitat used as it was available. 
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Vertical topographical variation (terrain ruggedness index mean=100.7 SE 8.8, median 

106.5, range 42.2 (near flat) to 154.7 (moderately rugged); Riley et al. 1999) affected two 

species, two functional groups and produced strong trends in two other species. Cougar, lynx, 

mid-sized predators (Figure 5.2g, h, Figure 5.3 a) and red squirrels (P=0.066, Appendix 16) 

increased their preference for SLs in flat landscapes. Mid-sized herbivores (Figure 5.3b) and 

mice (P=0.063, Appendix 16) increasingly preferred forest in these landscapes.  

 

Figure 5.3. Mid-sized mammal response (SL/forest preference) to SL clearings (ascending and 

descending black lines, dashed lines indicate 95% confidence interval) and the landscape 

environmental conditions which significantly modified their responses in 14 boreal forest 

landscapes, as predicted by supported best models (Table 5.1). Human activity and predator 

abundance were measured at the landscape center on two, 1.0 km transects. Terrain ruggedness 

was measured in the forest surrounding transects (1.5 km radius, area = 12.3 km2, Figure 5.1). 

The y-axis scale is logit and tick labels are SL/forest preference index; zero represents complete 

forest preference; 1.0 complete SL preference; 0.5 (horizontal black line) indicates no SL or 

forest preference - each habitat used as it was available. 

Prey abundance affected wolves which strongly preferred SLs in landscapes with few 

prey but used SL and forest habitat evenly in landscapes with more prey (i.e. large herbivores; 

Figure 5.2i). Predator abundance affected two mammals. Lynx preferred SLs in landscapes with 

few competing predators (cougar, gray wolf, coyote) but preferred forest in landscapes with 
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more predators while hare avoided SLs in landscapes with few predators and used SL and forest 

evenly as predator abundance increased (Figure 5.2j, Figure 5.3c). Human activity affected one 

large herbivore, one large predator and the mid-sized herbivore group. Moose/elk preferred SLs 

in landscapes where human activity was low but increasingly used forest as human activity 

increased (Figure 5.2k), a pattern that was similar for hare (Figure 5.3d) and shrew (P=0.051, 

Appendix 16), which used SL and forest evenly in areas with little human activity but preferred 

forest as human activity increased. Lynx responded oppositely and increasingly preferred SLs as 

human activity increased (Figure 5.2l). The large predator functional group’s preference for SLs 

also slightly increased as human activity increased (Table 5.1), but the relationship between 

these variables was weak (P=0.064) with a large confidence interval. 

5.4 Discussion 

This study has shown that environmental conditions in the landscape surrounding seismic line 

clearings affected mammal responses toward the open linear clearing habitat.  For example, large 

predators, which preferred SL clearings on average in the region, were indifferent to them in 

landscapes with less forest cover; and mid-sized predators, which avoided SLs on average, 

became indifferent to them as topographical variation (ruggedness), increased. Other mammals 

responded in opposite ways in different landscapes. For example, moose/elk preferred forest in 

landscapes with less forest cover and higher human activity but preferred SLs in landscapes with 

more forest cover and little human activity. These results have implications for management of 

wildlife that occupy landscapes containing SLs because depending on the landscape’s 

environmental conditions a particular species could be affected more, less or not at all, compared 

with the same species’ average response in the region. Multi-species and functional group 

modification of habitat use based on environmental conditions have previously been reported 

(Michalski et al. 2015, Santos et al. 2016, Keinath et al. 2017, Zimbres et al. 2017). However, 

there were no studies that assessed the relative importance of various environmental conditions 

to mammal responses toward fine-scale SL habitat in the international literature. This study 

therefore provides an initial appraisal of the subtleties associated with mammal responses to SLs 

and how these are influenced by both environmental and anthropogenic factors. Consequently, 

our understanding of these complex ecological systems is improved and these results can 

subsequently inform wildlife management strategies in these boreal forest landscapes. 
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This study has also provided important information about the environmental conditions in 

landscapes where mammals respond to linear clearings and where they do not. For example, 

large predators (functional group) increasingly preferred SLs as forest cover in the landscape 

increased. Optimal foraging theory predicts that predators should maximize their energy intake 

per unit of time. Reducing travel time between foraging areas increases their energy gain per unit 

of foraging time (Smith and Smith 2009). Travel time was not measured in this study but Dickie 

et al. (2016) found that wolves in northeast Alberta travelled two to three times faster on SLs 

compared with continuous forest. All the large predator species in this area used SLs for linear 

movements (Pattison and Catterall 2019, Chapter 4). If SLs reduced travel times in continuous 

forest for large-bodied predatory mammals, SLs may have provided them with a predatory 

advantage in landscapes with high levels of continuous forest cover and few other clearings. The 

current study augments existing knowledge (James and Stuart-Smith 2000, Latham et al. 2011, 

Dawson et al. 2018) by indicating the landscape conditions (i.e. continuous forest and flat 

terrain) where large mammals are likely to prefer SLs most and also that this landscape condition 

affected mammals throughout the large predator group.  

One large herbivore group (moose/elk) was also attracted to SL habitat in continuous 

forest. Seismic lines would be potentially risky locations since large predators also preferred SLs 

in these landscapes. Encounter rates between herbivores and large predators increase as SLs are 

created in forests (McKenzie et al. 2012). However, SLs may have simultaneously improved 

herbivore vigilance, allowing them to detect predators earlier and at a greater distance (Wirsing 

et al. 2010). Therefore, increasing encounters may not have led to increased predation, which 

also depends on predators being able to successfully capture prey with less time expenditure. 

Furthermore, large herbivores may be making trade-offs between the potentially increasing costs 

of predation within SL habitat and the benefits obtained by having access to better quantity and 

quality of forage plants (Hebblewhite and Merrill 2009, Finnegan et al. 2018, Dellinger et al. 

2019). This study did not measure predation rates but the consequences of the simultaneous 

attraction by large predators and herbivores to common locations requires further study. In 

forests with abundant predators, SLs could adversely affect vulnerable prey species, whereas 

their creation in forests with abundant prey and vulnerable predators, may improve predator’s 

competitive advantage.  
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At the species level, cougar and wolf (two large predators) preferences for SLs decreased 

as SL density increased. Elsewhere in boreal forest wolves responded to roads in a similar way, 

reducing road use as road density increased (Houle et al. 2010). Houle et al. (2010) suggested 

that habitat selection by wolves is context specific, and the results we present here are consistent 

with these previous findings and suggest that SL use by cougar was also context specific.  

The finding that some herbivores (moose/elk, hare) increasingly avoided SLs as human 

activity increased is broadly consistent with evidence elsewhere which suggests that some 

herbivores avoid forest trails where human activity is high (Blake et al. 2017). Elsewhere in 

boreal forest, fine-scale habitat selection by moose was modified by risks in the surrounding 

landscape as moose traded-off food availability for safety (Dussault et al. 2005). Finnegan et al. 

(2018) demonstrated that SLs and their edges contained higher abundances of herbivore forage 

plants (e.g. forbs, graminoids, and early successional woody Alnus, Salix and Betula spp.). 

Human activities on seismic lines include off-highway vehicle use, which increases noise, and 

hunting (Lee and Boutin 2006, Latham and Boutin 2015). In the present study, nearly all human 

activity was recorded on SLs. Thus, although SLs may be important forage areas for some 

herbivores, human use of SLs may displace them from these areas as they trade-off their forage 

needs for safety. Controls to human access may be necessary in landscapes where larger 

herbivore access to SLs and their edges is desirable.  

Seismic lines have been shown to alter the relationships between some predators and 

their prey by allowing wolves to efficiently move through forest habitat (Latham et al. 2011, 

McKenzie et al. 2012, Dickie et al. 2016, Mumma et al. 2017, Pattison and Catterall 2019, 

Chapter 4). This study has shown that wolves decreased their SL use as prey abundance in the 

landscape increased. Wolves mainly prey on large herbivores (Kortello et al. 2007) and generally 

hunt where the opportunity for prey capture is highest (McPhee et al. 2012). One explanation for 

the observed result is that wolves potentially engaged in less long-distance linear movements in 

landscapes with higher prey abundance. Furthermore, herbivores close to linear clearings 

frequently encounter wolves (McKenzie et al. 2012). If herbivores that detected wolves (e.g. by 

the long sight line provided by SLs), took cover in adjacent forest and wolves followed them 

there, wolf use of forest would have increased in landscapes where large herbivore abundance 

was highest, whereas landscapes with few herbivores probably resulted in few wolf/herbivore 
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encounters, less forest use by wolves and higher SL use by wolves. This explanation is consistent 

with the hypothesis that SLs improved wolf movement efficiency between foraging areas and 

suggests that active management for decreasing wolf predation should focus on reducing their 

efficiency of movement on SLs, a suggestion that has previously been proposed by others (e.g. 

Dickie et al. 2016).  

Vertical topographical variation (terrain ruggedness here) also modified responses to SLs 

by some predators and some herbivores. In mountainous areas, large mammalian predators 

concentrate their activities in flat terrain (Noss et al. 1996, Whittington et al. 2005) and this study 

indicates that SLs were preferred habitats for large and mid-sized predators in these landscapes. 

Their increasing preference for SLs in flat landscapes may explain why mid-sized herbivores 

avoided SLs in this terrain. Some large and mid-sized predators (e.g. lynx and marten) are 

substantial predators of mid-sized herbivores during winter (Buskirk and Ruggiero 1994, 

Koehler and Aubry 1994). The attraction of multiple species to SLs may have led mid-sized 

herbivores to avoid SLs in flat terrain, simply to avoid their predators that use these areas.  

All of the assessed measures of environmental condition modified at least one mammal’s 

response to SLs, indicating that the conditions modifying responses to linear clearings are 

complex in these multi-species ecological systems with a range of functional groups. Most 

mammals in the predator groups modified their response to SLs based on environmental 

conditions in the landscape, but approximately half of the mammals assessed, including all of the 

small mammals, did not modify their response based on environmental condition. Further, 

environmental conditions in the landscape explained the most variation in large mammal 

responses to SLs (gray wolf 77%, Table 5.1). However, small mammal preferences for SL and 

forest habitats did fluctuate across the different landscapes, suggesting that environmental 

conditions which were not assessed here, may be important predictors for smaller mammals. The 

environmental conditions assessed here at a scale of 1.5 km, may have been too broad-scale for 

small mammals, which typically have small home ranges. Elsewhere fine-scale linear clearing 

attributes such as width, surface cover and snow condition have been identified as factors 

modifying response to linear clearings (McGregor et al. 2008, Carthew et al. 2013, Gese et al. 

2013). These were not included here because: 1) the range of SL widths was very narrow and a 

separate analysis of these data found no relationship between mammal response and SL width 
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(Pattison, unpublished data); 2) the surface cover on all linear clearings here was similar to the 

surrounding forest and it was previously shown that snow condition in this study area had little 

effect on small mammal use of SLs (Pattison and Catterall 2019, Chapter 4). 

The results from this study also raise the broader possibility that environmental 

conditions in the landscape may modulate wildlife responses to the other types of linear clearings 

which were not included in this study. Here response to SLs was measured as the relative use of 

either SL or forest habitat and was interpreted as response to SLs. However, the landscapes also 

contained other linear features and it was impossible to select landscapes containing only seismic 

lines. Linear clearings such as powerlines, and pipelines, cause a variety of effects on ecosystems 

and biodiversity (Richardson et al. 2017, Biasotto and Kindel 2018). Further research is needed 

to differentiate SL effects from the effects of these other types of linear clearings. Elsewhere, 

environmental conditions have been used to identify locations for the installation of road 

crossing infrastructure (Gurrutxaga and Saura 2014, Mimet et al. 2016). The results from the 

present study indicate that environmental conditions are also likely important factors in 

predicting the effects of linear clearings more generally. Here large mammals were attracted to 

SLs most strongly in continuous forest and some large and mid-sized predators were also 

attracted to SLs in flat terrain. Increasing human activity likely displaced some herbivores which 

would be otherwise attracted to SLs. Predicting the locations where SLs and other linear 

clearings are likely to differentially affect various mammals most could therefore concentrate 

management actions to areas where they are most needed to control any undesirable effects. 
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Abstract 

Habitat loss remains one of the primary threats to global forest communities but remaining forest 

habitats are also subjected to ongoing fragmentation by linear clearings such as seismic lines for 

petroleum exploration. Seismic lines alter local habitat use, but unlike roads, which are well 

studied, less is known about the effects of seismic lines on mammal abundance and community 

composition. The objective of this study was to determine whether fragmentation by seismic 

linear clearings affected mammal abundance or community composition at fine and landscape 

scales. Winter snow track surveys were conducted over three winters, within 14 landscapes, 

dispersed throughout a boreal forest area (4,000 km2), to measure relative abundances of 17 co-

existing mammals. Mammal communities within seismic line habitat were dissimilar from 

communities in nearby forest habitat and were characterized by relatively higher abundances of 

some larger herbivores (moose / elk) and some mammalian predators (cougar, lynx, weasel). 

Within broader landscapes (12.3 km2), relative abundances of some large mammals were also 

associated with seismic line fragmentation. One large predator (gray wolf) trended toward higher 

relative abundance in the landscapes most fragmented by seismic lines, while one large herbivore 

group (moose / elk) decreased in abundance in these landscapes. Overall, our results reveal that 

forest fragmentation by narrow linear clearings (e.g. seismic lines) had a measurable effect on 

wildlife relative abundances, particularly for a few large mammals. They also highlight the 

importance of differentiating between fine-scale and landscape-scale effects. In this area, strong 

preference and avoidance behaviors toward seismic line habitat, were generally not associated 

with a consistent response at the landscape scale, potentially due to the dissimilar responses by 

different species to seismic line habitats, which may have altered interactions between co-

existing species, such as predator and prey species. These findings have important implications 

for the management of mammal communities located within forests fragmented by seismic lines.  
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6.1 Introduction 

Habitat loss remains one of the primary threats to global forest communities (Amato et al. 2013, 

Wilson et al. 2016).  In the Northern Hemisphere boreal forest cover has declined by 2% over 12 

years (Hansen et al. 2013). Remaining forest habitats are also subjected to ongoing 

fragmentation that further exacerbates biodiversity declines and compromises ecosystem 

functioning (Haddad et al. 2015). Fragmentation mechanisms are varied and often include linear 

infrastructure for provision of transport (e.g. roads, rail, etc.; Ibisch et al. 2016).  Linear clearings 

such as powerlines, pipelines, recreational trails, and others (linear clearings hereafter) fragment 

forest and are common in boreal, tropical and temperate forests  (Latham and Boutin 2015, 

Langlois et al. 2017, Richardson et al. 2017) but unlike roads, which reduce abundance and 

diversity (Benitez-Lopez et al. 2010), linear clearings are not frequently used by vehicles and 

may not significantly alter  wildlife habitat use (Carthew et al. 2013, Bartzke et al. 2015, Macak 

and Menkhorst 2017).  

In petroleum producing regions, seismic line clearings are prominent features in the 

landscape that have contributed to forest fragmentation (Pattison et al. 2016, Dabros et al. 2018, 

Fisher and Burton 2018). Fragmentation generally alters habitat use, leading to increases in 

abundances of species such as mid-sized predators and decreases in large predators and their 

prey (Henle et al. 2004), resulting in changes to community composition (Haddad et al. 2015). 

However, fragmentation is often associated with large-scale forest removal, increasing isolation 

of remaining habitat patches (Haddad et al. 2015, Wilson et al. 2016, Hermosilla et al. 2019). 

Seismic lines (SLs), which remain clear of trees for decades after their development (Lee and 

Boutin 2006), reduce forest patch size but directly affect only a small amount of forest habitat 

with little increase in isolation among remaining habitat patches (Pattison et al. 2016, Pattison 

and Catterall 2019). Fine-scale effects, which occur directly on, or nearby SLs have been 

reported for some large mammalian predators, such as wolves and cougars, which prefer SL 

habitat over forest habitat (Latham et al. 2011, Tigner et al. 2014, Pattison and Catterall 2019), 

while some smaller mammals (e.g. marten) avoid SL habitat (Tigner et al. 2015, Pattison and 

Catterall 2019). However, less is known about the effects of fragmentation by SLs over larger 

areas, or landscape scales. Recent evidence has revealed lower marten (a mid-sized predator) 

occurrence in landscapes with higher SL density  (Tigner et al. 2015), but many other mammals 
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remain unstudied. If individual mammal species exhibit differential responses (i.e. neutral, 

positive and negative) to landscape-scale fragmentation by SLs, community composition may 

also be altered within landscapes containing SLs. However, most studies of SL effects, have 

focused on only one or two species, and research is needed for mammal communities.  

The drivers of mammal abundance are complex with many contributing factors. For 

example, abiotic and biotic environmental conditions in the landscape such as the amount of 

forest cover, vertical variation, human activity and the abundance of coexisting mammals such as 

predators and prey, all have the potential to affect mammal abundance (Tylianakis et al. 2008, 

Stier et al. 2016), and community composition. Although some mammals prefer open linear 

clearing and SL habitat while others avoid it (Richardson et al. 2017, Biasotto and Kindel 2018, 

Pattison and Catterall 2019), fine-scale habitat responses sometimes do not lead directly to 

similar effects at the landscape scale (Gehring and Swihart 2003). For example, a mammal which 

avoids a habitat type that represents only a small fraction of a landscape, may be unaffected at 

the landscape scale, due to the relatively small amount of avoided habitat in the landscape. Since 

linear clearings, and particularly SLs are common in forest areas overlying oil and gas reserves 

(Rabanal et al. 2010, Kolowski and Alonso 2012, Carthew et al. 2013), such as the boreal 

regions of western Canada, where these reserves are abundant (Pattison et al. 2016, Fisher and 

Burton 2018), and because of their known effects on fine-scale habitat use by mammals (Latham 

et al. 2011, Tigner et al. 2014, Pattison and Catterall 2019), it is important to assess their impact 

on landscape-scale mammal abundance and community composition. 

A concurrent study of winter active mammals in this study area revealed strong fine-scale 

responses by some mammals to SLs (Pattison and Catterall 2019). The aim of the present study 

was to determine whether fragmentation by SLs within landscapes affected abundances of 

individual mammal species, including some which have not been previously studied. A second 

aim was to determine whether their landscape-scale responses were consistent with their fine-

scale responses. Finally, this study aimed to assess the effects of SLs on mammal community 

composition at fine and landscape scales.  Winter snow track surveys were used to measure 

relative abundances of mammals in landscapes across a boreal forest region which contained 

varying amounts of fragmentation by SLs. When sampling effort is standardized, winter snow 

tracks provide an accurate index of relative abundance, which can be used to compare areas 
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(Wilson and Delahay 2001), and have been used to estimate relative abundances for many 

mammal species (Thompson et al. 1989, Kurki et al. 1998, Rhim and Lee 2007, Kojola et al. 

2014, Kawaguchi et al. 2015). SLs were narrow (8 m) linear clearings, established in an 

extensive network to explore for petroleum and were the most pervasive linear disturbance in 

this boreal forest region (Pattison et al. 2016). This study tested the hypothesis that relative 

abundances of individual mammal species would increase or decrease in response to 

fragmentation by SLs within landscapes. Secondly, it tested the hypotheses that community 

composition would vary in response to fragmentation by SLs at both fine and landscape scales. It 

also measured the relative importance of fragmentation by SLs, compared with other 

environmental conditions. 

6.2 Methods 

6.2.1 Study region 

This study was conducted in the boreal forest within the foothills of the Rocky Mountains, in 

southwest Alberta, Canada (area = 4022 km2; 50.9-52.1˚,-114.7-115.2˚W). Elevation ranged 

from 1,150-1,802 m (Chapter 2). Topography was generally rolling hills with boreal forest cover 

(pine (Pinus contorta), spruce (Picea glauca, P. mariana), fir (Abies lasiocarpa, A. balsamea)) 

interspersed with natural, agricultural and commercial harvest clearings. Land use for agriculture 

was limited but timber production, energy development and recreation were common and 

extensive areas were reserved for management and preservation of fish and wildlife (GOA 

2017). Forest habitats were criss-crossed with varying numbers of conventional SLs (density=1.9 

km/km2, average width=7.7 m, range 6.3-11.2 m) which were the focus of this study but also 

contained some roads, powerlines and pipelines (0.8 km/km2; Pattison et al. 2016, Chapter 3) as 

well as clearings for timber harvest. Average daily temperature (1981-2010) was -8˚C during 

winter with 184 cm of snow falling annually (Environment Canada 2018). The area contained 

25-30 winter active mammal species ranging in size from a few grams (e.g shrew) to hundreds of 

kilograms (e.g. grizzly bear; Pattison and Catterall 2019, Chapter 4). 

6.2.2 Study design 

Fourteen replicate study sites (each 1.0 km2) were established in conifer forest with 60% or 

greater crown closure. The outer edge of two sites were harvested between 1990 and 2000 but 
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trees had regrown to at least 6 m before this study commenced. Sites were selected to maintain 

separation from timber harvest clearings (>500 m), access roads (>100 m) and neighboring sites 

(mean 6.0 ± SE 0.8 km) while maximizing coniferous forest cover and replication. Two 1.0 km 

long transects were established on each site (Thompson et al. 1989). One was positioned on an 

existing SL (width=SL) and the second (with equal width) approximately perpendicular to the 

SL transect (depending on local terrain), in continuous forest (see Pattison and Catterall 2019, 

Chapter 4). 

6.2.3 Fragmentation by seismic lines and environmental conditions in the landscape 

Survey landscapes were defined as the area buffered by 1.5 km from site transects, in all 

directions (area = 12.3 km2; see Figure 5.1). For each landscape, a land cover map was obtained 

(CTI 2009) and updated (Chapter 5) to generate forest (conifer and deciduous) and non-forest 

(natural, agriculture and timber harvest) categories. Seismic line clearings (>5 m wide) were 

obtained (AltaLIS Ltd. 2010) and overlaid onto the map. Three environmental conditions were 

calculated for each landscape (n=14) as: 1) Fragmentation by SLs, which was calculated as SL 

density (km/km2); 2) Percentage of forest in the landscape (% forest), which was affected by 

other types of clearings; 3) Terrain ruggedness index (terrain ruggedness hereafter), which 

measured vertical variation using a digital elevation model to calculate the square root of the sum 

of squared differences between a map unit’s (30x30 m) elevation and the elevation of the 

surrounding 8 map units (Riley et al. 1999). The percentage of SL in the landscape was also 

calculated (% SL) by assigning each SL the rounded average SL width within the study area (8 

m). In some landscapes, forest transects were closer to SLs than in others, due to eight forest 

transects which unavoidably crossed SLs. A variable was created to measure the average 

distance forest transects were located from SLs within each landscape. This variable was 

correlated with SL density (R=-0.550, P=0.043), indicating that in landscapes with more 

fragmentation by SLs, forest transects were closer to SLs. 

6.2.4 Mammal abundance and human activity measures 

Mammal relative abundances were measured at each landscape’s center, using repeat transect 

surveys for snow tracks (twice 2010-11, three times 2011-12, four times 2012-13). Repeat 

surveys improve precision (Hurlbert 1984, Thompson et al. 1989). Generally, one or two sites 

were surveyed per day and repeat surveys were conducted only after sufficient snow had fallen 
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to cover tracks from the previous survey. The number of days between the most recent snowfall 

and each site survey, was recorded. 

Observers walked transects and recorded mammal and human tracks located inside each 

transect. Tracks which completely crossed the transect width were assigned a track distance of 8 

m (the rounded average SL width) and tracks which continued in a straight or diagonal path 

along the transect for at least 10 m were measured in meters (Chapter 4). Observers were trained 

in track identification by individuals with experience in the local area. Tracks were identified to 

the finest possible taxon based on footprint shape, track pattern, straddle, stride and special 

characteristics, with reference to a track guide (Forrest 1988). Track abundance was then 

calculated for each transect as the mean track distance recorded for each taxon, over the nine 

repeat surveys, resulting in measures of seismic line abundance (SLA) and forest abundance 

(FA). Weighted abundance was then calculated for each taxon (17 taxa), for each landscape 

(n=14), based on the landscape’s percentage of forest (%forest) and SL cover (%SL), as 

WA=(%forest*FA)+(%SL*SLA)+(1-%forest-%SL)*(FA+SLA)/2. Thus, the overall area-

weighted abundance (WA) in the landscape at each study site was the sum of area-weighted 

abundance in forest, seismic line habitat and other, uncommon and unsurveyed, habitats which 

were assigned the average weighted abundance across forest and seismic line habitats. WA is a 

measure of site-specific relative abundance, enabling comparisons among multiple sites that 

differ in environmental conditions.  

Mammal abundance indices were calculated by range standardizing weighted abundance 

(WA, above) using the minimum and maximum values across the 14 sites as: [WA-

min(WA)]/[max(WA)-min(WA)] to give values between 0 and 1 (Appendix 18). Human activity 

index was derived based on combined motorized and non-motorized human tracks to calculate 

track abundances in seismic line and forest habitats (SLA and FA, as above). These measures 

were then used to calculate area-weighted abundances (WA, as above) to represent human 

activity within the 14 sites. Human activity index was calculated by range standardizing 

weighted track abundances across the 14 sites, as above (Appendix 18). 

6.2.5 Univariate statistical analyses 

The relationship between weighted abundance and environmental condition was examined with 

generalized linear models, generated for each taxon (16 taxa) except grizzly bear (occurred on 
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only one survey), using the glm function in R with the negative binomial family and a log link 

function (n=14 sites; R Core Team 2014). Environmental conditions for all models included SL 

density, % forest, terrain ruggedness and human activity index. Herbivores and small mammals 

were also modelled with the range standardized weighted abundance index (above) for their 

predators (see Chapter 5 for each herbivore’s predators), resulting in five predictors and 31 

candidate models. Predators were modeled with abundance indices for their competing predators 

and their prey (Chapter 5), resulting in six predictors and 63 candidate models. Landscapes were 

the unit of replication and weighted abundance is viewed here as an independent response at the 

landscape scale, as it was based on snow tracks, which represented an animal’s independent 

decisions across nine repeat surveys over three years. 

All subsets of predictor variables were used to generate models with a multimodel 

inference approach using the ‘dredge’ function in R (MuMIn package, Barton 2018). Interaction 

terms were not included. Each predictor variable’s relative importance was calculated by 

summing its AICc weights across all supported models (delta AICc<4). The best fit model was 

selected as the model with lowest AICc and all models with delta AICc<2 (Appendix 27) were 

reviewed, although for clarity only full and best fit models are reported here. The proportion of 

null deviance explained by best and full models (≡ R2 for glm, Fox 2008) and P-values using chi-

square distribution (Fox 2008) were calculated. Global models were checked for model fit (R2, 

AICc weight, P), autocorrelation (Moran's Index, Dormann et al. 2007), multicollinearity among 

predictors (variance inflation factor) and outliers (influence plots). For taxa with strong trends in 

both full and best models, predicted weighted abundance (y-axis on log scale, tick labels 

represent weighted abundance) and their 95% confidence intervals (R Effects function; Fox 

2003) were plotted with significant predictors of environmental conditions (from best models). 

6.2.6 Multivariate statistical analyses 

To investigate effects on community composition two ordination analyses were conducted using 

track abundance measures. Since the mammals varied greatly in their mobility, area-weighted 

abundance measures were range standardized across the 14 landscapes to give 28 transect values 

and 14 landscape values ranging between 0 and 1 for each taxon included in the ordination. The 

first ordination investigated community dissimilarity in SL and forest habitats, using each 

taxon’s range standardized forest abundance (FA, above) and SL abundance (SLA) within each 
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transect (n=28). The second investigated the relationship between community composition 

(using range standardized weighted abundance) in landscapes (n=14) and environmental 

conditions. Analyses used the ‘vegan’ package in R (Oksanen et al. 2018) to apply non-metric 

multidimensional-scaling (NMDS) in two dimensions (k=2), for interpretation purposes. 

Analyses used Bray-Curtis distance and included taxa which occurred on at least three sites (16 

taxa). Analysis of similarity (ANOSIM) was used to assess the dissimilarity between forest 

(n=14) and SL (n=14) communities (Bray-Curtis, permutations=4999). Landscapes were also 

classified into either low SL density (< average (2.6 km/km2), n=7 landscapes) or high SL 

density (> 2.6 km/km2, n=7) and ANOSIM was used to assess the dissimilarity between mammal 

communities in the two landscape types. Biplot vectors were overlaid onto the ordination plots, 

representing either the abundances of individual taxa used in the ordination, or increasing values 

of environmental conditions (SL density, %forest, ruggedness, human activity index, Appendix 

29-31), if strongly correlated with the ordination pattern (P<0.10; permutations=4999).  

6.3 Results 

Across all sites tracks were recorded for 17 taxa (Appendix 23). For predators, the most common 

species was marten, whereas for herbivores red squirrels were most common and for small 

mammals, voles were most commonly recorded (Appendix 23). Data were insufficient to 

produce univariate results for grizzly bear and bobcat, which both were detected on three or 

fewer sites. Results are presented for 11 taxa (Table 6.1), where global models explained more 

than 35% (see R2, Appendix 25) of the variation in track abundances across the 14 landscapes, 

and best models produced significant or strongly trending relationships (P<0.10). Results for all 

species are provided in Appendix 24. Null deviance varied between 2.9 and 35.8 for different 

taxa (Appendix 25), which made mammal comparisons based on R2 inappropriate. A further 

analysis also included predictors for 1) the average number of days between the latest snowfall 

and track surveys for each landscape (average 3.5 ± SE 0.1 days, range 2.8 to 4.2 days) and 2) 

the average distance forest transects were located from SLs, due to SLs which crossed forest 

transects (above). The main findings with respect to fragmentation by SLs in the various 

landscapes were similar to those presented here, which exclude these variables. Sites were 

spatially independent for all taxa (all Moran’s |I| ≤ 0.30, p>0.05) and substantial multicollinearity 

(all VIF<10) and outliers were not detected. The transect-level ordination (including forest and 
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SL transect communities separately; n=28 transects) retained the original community 

dissimilarities marginally well (stress = 0.22), while the landscape-scale ordination produced a 

better fit of the ordination to the data (n=14 sites; stress=0.18).  
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Table 6.1. Relative contribution by environmental conditions (sum of AICc weights across models (delta AICc<4) containing the 

variable) predicted to affect mammal abundances (refer to Appendix 23 for component species) in 14 boreal forest landscapes (bold 

included in significant best model). Also shown are best model (lowest AICc) results (p<0.05 in bold), with a description of the main 

response as predicted by the best model (also see Figure 6.1, Figure 6.2). Only significant and strong trend results (best and full model 

p<0.10) shown (see Appendix 24 for all results). 

 Weighted track abundance predictors  Best Model 

 

Fragmentationa 
 

   

Coexisting 

mammal 

abundanceb     

Taxon % 

forest 

SL 

density 

  Terrain 

rugged.a 

Human 

activity 

  Prey Predator 
 

R2 P 
Landscape-scale abundance 

response 

Moose/elk (Alces alces, 

Cervus elaphus) 

0.19 0.48 
 

0.41 0.17 
 

na 0.16 
 

0.428 0.001 Higher abundance where 

lower SL density. 

Gray wolf (Canis lupus) 0.40 0.66 
 

0.37 0.10 
 

0.11 0.13 
 

0.240 0.062 Higher abundance where 

higher % forest and SL 

density. 

Fisher (Pekania pennanti) 0.37 0.16 
 

0.16 0.23 
 

0.31 0.15 
 

0.164 0.089 Higher abundance where 

higher % forest. 

Lynx (Lynx canadensis) 0.05 0.27 
 

0.65 0.11 
 

0.30 0.18 
 

0.461 <0.001 Higher abundance where 

terrain flatter. 

Hare (Lupus americanus) 0.07 0.26 
 

0.85 0.06 
 

na 0.92 
 

0.439 0.002 Higher abundance where 

predator abundance lower 

and terrain flatter. 

Shrew (Sorex spp.) 0.18 0.33 
 

0.38 0.18 
 

na 0.22 
 

0.151 0.066 Higher abundance where 

terrain flatter. 

Coyote (Canis latrans) 0.19 0.17 
 

0.20 0.35 
 

0.14 0.30 
 

0.167 0.075 Higher abundance where 

higher human activity. 

Red fox (Vulpes vulpes) 0.30 0.18 
 

0.13 0.34 
 

0.19 0.22 
 

0.184 0.019 Higher abundance where 

higher human activity. 
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Weighted track abundance predictors Best Model 

 

Fragmentationa 
 

   

Coexisting 

mammal 

abundanceb     

Taxon % 

forest 

SL 

density 

  Terrain 

rugged.a 

Human 

activity 

  Prey Predator  R2 P Landscape-scale abundance 

response 

Vole (Clethrionomys gapperi, 

Phenacomys imtermedius, 

Microtus spp.) 

0.31 0.21 
 

0.27 0.35 
 

na 0.19 
 

0.359 0.013 Higher abundance where 

human activity higher. 

Mouse (Peromyscus 

maniculatus) 

0.23 0.16 
 

0.24 0.51 
 

na 0.15 
 

0.431 0.004 Higher abundance where 

human activity higher. 

Weasel (Mustela spp.) 0.36 0.06   0.17 0.14   >0.99 0.06   0.382 0.004 Higher abundance where 

higher prey abundance.  

a. Fragmentation and terrain were calculated for the forest surrounding site transects (radius = 1.5 km). 

b. See Appendix 16 for taxa included as prey and predator for each taxon/functional group. 
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6.3.1 Effects seismic lines on mammal abundance and communities 

Fragmentation by SLs (mean density=2.6 ± SE 0.3, range 0.9-4.4 km/km2, n=14 sites) predicted 

abundances for two large mammals (Table 6.1). It was associated with a significant decrease in 

landscape-scale abundance of moose / elk (Figure 6.1a) and a strong trend toward increasing 

abundance of gray wolf (Table 6.1, Figure 6.1b, Appendix 24, 25, 26). To a lesser extent, wolf 

also trended toward higher abundance in landscapes with more forest cover (average % 

forest=81.2 ± SE 2.2, range 64.3-94.2%; Figure 6.1c). At the fine scale, SL communities were 

dissimilar from forest communities (ANOSIM R=0.152, P=0.011, n=28) and moose / elk were 

relatively more abundant in SL habitat, as were cougar, lynx and weasel (Figure 6.2). At the 

landscape scale, mammal communities in the most fragmented landscapes trended toward 

dissimilarity from those with the least fragmentation by SLs (ANOSIM R=0.177, P=0.061, n=14, 

Figure 6.3) and moose / elk tended to be relatively more abundant in communities located in less 

fragmented landscapes. Seismic line density was correlated with community composition 

(R2=0.458, P=0.038, Figure 6.3) but terrain ruggedness, which was negatively correlated with SL 

density (R=-0.801, P=0.001, Chapter 5), was also associated with community composition 

(R2=0.443, P=0.041; Figure 6.3).  
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Figure 6.1. Environmental conditions associated with mammal abundances in 14 boreal forest 

landscapes (also Appendix 26). Ascending and descending black lines represent the predicted 

track abundance, with 95% confidence interval bounded by dashed lines. SL density, % forest, 

terrain ruggedness index were measured in landscape surrounding site transects (radius = 1.5 km, 

area =12.3 km2). Prey and predator abundance index and human activity index were measured on 

two, one km transects located at the center of each landscape (see Section 6.2.4). The y-axis 

scale is log(e), tick labels are weighted abundance (meters per km). Results of chi-square test 

are: +P<0.1, *P<0.05, **P<0.01, ***P<0.001. 
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Figure 6.2. Non-metric multidimensional scaling ordination of mammal community composition 

(taxa included cougar, gray wolf, coyote, lynx, red fox, bobcat, fisher, marten, weasel, moose / 

elk, deer, hare, red squirrel, vole, mouse, shrew) based on Bray-Curtis dissimilarities in 14 boreal 

forest (open circles) and 14 SL transects (filled squares). Fitted vectors shown for mammals 

(taxa; P<0.10). Arrows indicate direction of increasing gradient and their length is proportional 

to the correlation between the variable and the ordination. 
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Figure 6.3. Non-metric multidimensional scaling ordination of mammal community composition 

(taxa included cougar, gray wolf, coyote, lynx, red fox, bobcat, fisher, marten, weasel, moose / 

elk, deer, hare, red squirrel, vole, mouse, shrew) based on Bray-Curtis dissimilarities in 14 boreal 

forest landscapes, each classified as either low density (filled squares < average) or high density 

(open circles >average). Fitted vectors show mammals (taxa; P<0.10) and environmental 

variables (P<0.05) associated with the ordination axes. Arrows indicate direction of increasing 

gradient and their length is proportional to the correlation between the variable and the 

ordination. 

6.3.2 Effects of other environmental context factors 

Fisher abundance increased as forest cover increased (Figure 6.1d). Lynx and hare were both 

more abundant in flat terrain (average terrain ruggedness=100.7 ± SE 8.8 range near flat (42.2) to 

moderately rugged (154.7)) a trend that also applied to shrew (Figure 6.1e, 6.1f, 6.1g). 

Communities located in fragmented but flatter landscapes also contained higher relative track 

abundances of these species (Figure 6.3), although hare abundance decreased in landscapes 
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where their combined predator tracks (cougar, gray wolf, coyote, lynx) were more abundant 

(Figure 6.1m). Coyote, red fox, vole and mouse track abundances were positively associated 

with human activity (Table 6.1, Figure 6.1h-6.1k) although human activity was not strongly 

associated with mammal communities (R2=0.008, P=0.959) and therefore was not plotted in the 

landscape ordination (Figure 6.3). Weasel abundance was positively associated with increasing 

prey abundance (Figure 6.1l), especially voles (Figure 6.3).  

6.4 Discussion 

Boreal forest fragmentation by seismic lines was associated with both increasing and decreasing 

relative abundance of different species at a landscape scale but did not increase the relative 

abundance of mid-sized generalist predators over large predators and their prey. Instead, 

increasing fragmentation by SLs in these boreal forest landscapes was associated with a 

significant decrease in the relative abundance of some large herbivores (moose / elk combined) 

and an increase in one large predator (gray wolf) while other mammals (mid-sized and 

otherwise) were more strongly affected by other environmental conditions. These results are 

partially consistent with recent telemetry evidence which suggested that wolves strongly selected 

linear clearing habitats and that this increased their selection of habitats fragmented by linear 

clearings at a landscape scale, while one large herbivore (caribou) avoided linear clearing 

habitats and also avoided landscapes fragmented with linear clearings (DeMars and Boutin 

2018). In the present study, a different method yielded a similar result for wolves. However, 

some large herbivores in this area (moose / elk) were relatively more abundant in SL habitat (i.e. 

fine-scale) although were less abundant in landscapes fragmented with SLs (i.e. landscape-scale).  

Larger herbivores such as moose / elk may have been more abundant in SL habitat 

compared with forest, due to better forage quality within SLs and their edges (Hebblewhite and 

Merrill 2009, Finnegan et al. 2018) but previous research demonstrating a reduction in moose / 

elk relative abundance in landscapes with increasing SL fragmentation, was not found in the 

literature. However, some large predators, such as cougars, prefer narrow forest trails as travel 

routes (Harmsen et al. 2010) and wolves travel faster on SLs (Dickie et al. 2016), potentially 

increasing search and encounter rates with prey (McKenzie et al. 2012, Dickie et al. 2016) and 

increasing predation (Lima and Dill 1990). Moose/elk may have avoided fragmented landscapes 

to reduce their overall predation risk, since large predators preferred SL habitat in this area 
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(Pattison and Catterall 2019), were relatively more abundant there (Figure 6.2), and are known to 

elicit responses in prey populations, such as changes in habitat use (Arias-Del Razo et al. 2012, 

Courbin et al. 2013, Dellinger et al. 2019). However, as the current study analyzed only 

observational track count data and did not measure predation, it was not possible to explore more 

detailed predator-prey interactions in this instance. It was also not possible to consistently 

differentiate tracks to their individual species (e.g. weasel, moose / elk, deer; Appendix 23). 

Individual species may differ in their habitat ecologies and further research is needed to 

understand the mechanism behind the results presented here. 

In western Canada, where this study was conducted, oil and gas explorers increasingly 

use low impact techniques to construct meandering SLs which are narrower (1.5 to 5.5 m; 

Dabros et al. 2018) than conventional SLs (which were studied here) and there has also been a 

prominent effort to restore seismic lines in some locations (Van Rensen et al. 2015, Pigeon et al. 

2016, Filicetti et al. 2019). However, without active restoration efforts, conventional SLs remain 

on the landscape for decades, following their initial construction (Lee and Boutin 2006) and new 

SLs add to those already in existence. Seismic line densities may increase over the coming 

decades (Lee and Boutin 2006) and it is important to better understand how wildlife communities 

respond to SL fragmentation, both conventional and low impact. The results from this study 

indicate that larger herbivores such as moose / elk were much less abundant (Figure 1a) in the 

most fragmented landscapes (4.4 km/km2). Although they were recorded in all landscapes in this 

study, the potential for further reductions with increasing fragmentation by SLs remains. On the 

other hand, increasing fragmentation by SLs could also lead to further increases in wolf relative 

abundances. DeMars and Boutin (2018) found that wolves increased up to SL densities of 4 

km/km2. In the present study, all but one of the landscapes contained SL densities less than this 

threshold. The consequences to mammal community composition from additional fragmentation 

are unknown with current information but this study has shown a measurable change in 

community composition associated with forest fragmentation by SLs. A further increase in SL 

densities may bring about even greater changes to existing predator-prey dynamics in these 

ecosystems and these are likely to be influenced by landscape context (e.g. terrain ruggedness, 

forest cover) but also human activity as noted here. At the SL densities currently found in this 

area, effects were confined to large mammals but higher densities may affect other species. For 

example, in an area where some landscapes contained higher SL densities (up to 26 km/km2), 
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marten occurrence declined as SL density increased (Tigner et al. 2015). Such increases in SL 

densities could potentially lead to further alterations to community composition and effects to 

ecosystem processes (Naeem 1998, Malhi et al. 2016). 

Abundance effects were not consistently found throughout the mammal community in 

these boreal landscapes when comparing fine-scale use by wildlife against use within the larger 

landscape. Although mammal communities in SL habitat contained more predators (e.g. cougar, 

marten, Figure 6.2), consistent with concurrent research in this area (Pattison and Catterall 2019, 

Chapter 4), their abundance was unaffected in fragmented landscapes. This indicates that strong 

fine-scale preference and avoidance behaviors toward SLs, were not sufficient to affect 

abundance at the scale of fragmented landscapes. This may be because these fine-scale effects 

were confined to SLs themselves, which covered a relatively small area within the study region 

(1%; Pattison et al. 2016, Chapter 3), and did not extend into the surrounding forest (Pattison and 

Catterall 2019). Studies of moose and deer have shown that fine-scale habitat selection is often 

different from habitat selection at the landscape scale (Dussault et al. 2005, Boyce 2006, Van 

Beest et al. 2010, Dellinger et al. 2019). In agreement with these general trends, the results of 

this study suggest that mammals affected at the fine scale of SL habitat responded differently at 

the landscape scale and that various environmental conditions can modify these responses toward 

SL habitat (e.g. forest cover, terrain, human activity and coexisting mammal abundance, Figure 

6.1). 

This study controlled for variations in forest habitat, but areas with high seismic line 

density also tended to be associated with other types of linear clearing (Appendix 17). At our 

landscape scale, it was not possible to separate the effects of SLs from those of other nearby 

linear clearings such as pipelines and powerlines. Other forms of linear clearing (e.g. powerlines, 

permanent fire tracks, pipelines) are known to affect wildlife communities by restricting 

movement (Goosem and Marsh 1997, Carthew et al. 2013, Sawyer et al. 2013), altering habitat 

use (Vistnes and Nellemann 2001, Lóránt and Vadász 2014, Latham and Boutin 2015) and 

increasing predator use (Smith et al. 2008, Latham and Boutin 2015, DeMars and Boutin 2018). 

However, the densities of SLs in these landscapes were much higher than those of other clearings 

(Pattison et al. 2016, Chapter 3), since SLs are used for resource exploration, they are generally 

the first intrusion into forests, followed by other linear clearings (Latham and Boutin 2015). 
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Therefore, our landscape-scale findings are here interpreted as mainly indicating the effects of 

SLs. Future analyses may wish to explore the potential interactive effects of these varying 

densities of linear clearing types on wildlife communities in these forest landscapes. 

This study used snow tracks to measure the mammal community simultaneously and 

these tracks were subsequently used to calculate indices of relative abundance. Measurement of 

abundance is challenging, particularly for wide-ranging, secretive mammals (Wilson and 

Delahay 2001), such as the large mammals contained within the present study. The snow track 

methods used here allowed measurements of many species, ranging widely in size, to be 

captured simultaneously. However, although snow tracks allow for the calculation of relative 

abundance indices which can be used to compare one area in relation to others (Wilson and 

Delahay 2001), the methods used here could not estimate absolute abundances. The methods also 

could not record mammals that were inactive during winter. Therefore, the results presented 

here, should be interpreted as indicators of relative abundances during winter only. Further 

research may assess the effects of fragmentation by SLs on absolute abundances, at both fine and 

landscape scales. Studies during the snow-free period may consider using remotely triggered 

cameras in place of snow tracking (Burton et al. 2015). 

This study’s findings can be used to suggest some approaches to managing forests 

fragmented by SLs, when wildlife conservation is the goal. Unlike large-scale clearing, 

fragmentation by seismic lines did not negatively affect large predators. Overall, different 

mammal species exhibited dissimilar responses to SLs. Some mammals responded positively 

while others did not. Mammal attributes (e.g. body-size) and spatial scale were two factors 

associated with these responses. At the fine scale, mammal communities in SL habitats were 

dissimilar from those in forest habitats and affected species ranged in size and trophic level 

(Figure 6.2). The results from this study indicate that any actions taken to manage SL habitat 

(e.g. to promote regeneration of forest habitat) would potentially affect a large number of 

mammal species. At the landscape scale, fragmentation by SLs affected a few large mammals, 

but had little measurable effect on the relative abundances of smaller mammals. Therefore, 

management actions, such as the development of new SLs (thereby increasing SL density) or SL 

recovery (reducing SL density) may have little effect on the abundance of mid- and small-sized 

mammals and a potentially greater effect on larger mammals (e.g. wolf, moose / elk), at least in 
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landscapes with conventional SLs (>5 m) at densities similar to those found this study area (max. 

4.4 km/km2). Width has been identified as an important attribute modifying animal responses 

toward linear clearings (Carthew et al. 2013) but was not included here because all of the SLs 

here were wider (> 6 m) than the low-impact seismic lines (1.5 to 5.5 m) characteristic of 

changing exploration practices elsewhere (Dabros et al. 2018) and secondly, a separate analysis 

of these data found no relationship between SL width and mammal use of SLs. Further study 

may be required to assess whether ongoing exploration efforts and the complex mix of either 

conventional and / or low-impact SLs modifies wildlife responses to these forms of disturbance 

across spatial scales. 

The focus of this research was to determine the relative importance of landscape-scale 

fragmentation by SLs, as a driver of mammal abundance. The environmental conditions 

considered here explained only a portion of the variation in mammal abundance among the 

different landscapes, but fragmentation by SLs was a strong predictor for a few large mammals. 

Linear clearings, including SLs, already exist in many forests outside boreal forest (Fiori and 

Zalba 2003, Rabanal et al. 2010, Kolowski and Alonso 2012, Richardson et al. 2017, Chapter 3, 

Biasotto and Kindel 2018) but their effects on mammal abundance in those forests are not well 

understood. Additional studies are needed to better understand their effects due to the potential 

consequences for ecosystems and biodiversity. 
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7 General discussion 

Fragmentation of forest habitat into small patches by broadscale clearing is an ongoing 

conservation concern (Haddad et al. 2015, Taubert et al. 2018, Liu et al. 2019) and even large 

tracts of remaining forests are at risk from increasing linear clearing (Goosem 2007, Laurance et 

al. 2009, Latham and Boutin 2015). In forests overlying petroleum reserves, seismic lines are a 

common form of linear clearing (Rabanal et al. 2010, Latham and Boutin 2015, Roucoux et al. 

2017). Increasing attention to seismic lines has identified a number of effects but responses by 

individual species are highly variable (Carthew et al. 2013, Lankau 2014, Tigner et al. 2014, 

Tigner et al. 2015) and to date no study has assessed their effects on mammal community 

composition. This study evaluated the consequences of decades of industrial development in a 

boreal forest region, which has created a network of seismic lines. It compared the physical 

forest fragmentation caused by seismic lines, at multiple spatial scales, with fragmentation by 

other types of linear clearings (Chapter 3). Seismic line effects on mammal communities were 

complex but this study uncovered novel patterns of responses by different mammals to seismic 

lines within a boreal forest community. This Chapter highlights the key findings from Chapters 

three to six and integrates them into common themes. It compares seismic line effects with 

expectations from the general fragmentation literature, discusses the general applicability of 

these findings, and concludes with a discussion of implications for management. 

7.1 Summary of the findings of this thesis 

In forests overlying oil and gas deposits, otherwise un-roaded and continuous forest is at risk of 

fragmentation by seismic lines. Seismic lines affected the physical structure of forest landscapes 

consistently across landscapes of varying extents (5 to 4900 ha). They directly occupied a 

relatively small land area (1.1%), but physically dissected the forest more than roads and better-

known types of linear clearings (e.g. power and pipelines; Pattison et al. 2016). Within the 

mammal community, seismic lines had different effects on the various mammal species but more 

general patterns emerged, based on body size (small, medium or large), feeding type (predator 

versus herbivore), and the scale of effect assessed (local habitat-scale versus landscape-scale). 

This study’s main findings for mammals’ responses to seismic lines, as revealed in Chapters 4-6 

are summarized in Table 7.1 and the following sections integrate the findings from all data 

chapters (3-6) into common themes. 
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Table 7.1. Summary of seismic line (SL) fine- and landscape-scale effects on mammals grouped by functional group and taxon in 14 

boreal forest sites. Numbers in parentheses indicate the chapter where results are found, dash indicates that no effect was detected. 

Results shown only for mammals analyzed in all data Chapters 4 to 6.   

  Fine-Scale Effects  Landscape-Scale Effects 

  Movement (4)  Habitat 

preference (4) 

Preference (SL or forest) 

increases with … (5) 
 

Relative 

abundance in 

landscape (6) 

Relative community 

abundance (6) Functional group/taxon Barrier Linear 
  

Large predator - SL 
 

SL Increasing forest cover 
 

- -  
Cougar - SL 

 
SL Decreasing SL density and 

increasingly flat terrain 

 
- - 

 
Gray wolf - SL 

 
SL Decreasing SL density and 

decreasing prey abundance 

 
Increase with 

higher SL density 

- 

 
Coyote - SL 

 
SL Increasing forest cover 

 
- -  

Lynx - SL 
 

- SL preference increase with 

increasing forest cover and in 

flat terrain with few predators 

and high human activity 

 
- - 

Mid-sized predator - SL 
 

Forest Increasingly rugged terrain 
 

- -  
Marten - - 

 
Forest - 

 
- -  

Weasel - - 
 

- - 
 

- - 

Large herbivore - SL 
 

- - 
 

- -  
Moose/elk - SL 

 
SL+Edge Increasing forest cover and 

decreasing human activity 

 
Decrease with 

higher SL density 

Higher in landscapes 

with lower SL density 
 

Deer - SL 
 

- - 
 

- - 

Mid-sized herbivores - - 
 

Forest Increasingly flat terrain 
 

- -  
Hare - - 

 
- Forest preference increase with 

decreasing predator abundance 

and increasing human activity 

 
- - 

 
Red squirrel - - 

 
- - 

 
- - 

Small mammals - - 
 

- - 
 

- -  
Vole - - 

 
- - 

 
- -  

Mouse - - 
 

- - 
 

- - 

  Shrew - -   - -   - - 
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1. Seismic lines affected large mammals most frequently, at both fine and landscape scales 

Seismic lines affected all of the large mammals studied. More effects were detected in the 

predator group than in herbivores. All of the large mammals (four predator species and two 

herbivore groups) strongly selected seismic lines for linear movements. This effect was strongest 

among large predatory mammals and decreased for other groups. The pattern of observed 

preference for travel along seismic lines agreed with the order expected, based on energetic 

travel efficiency (large predators > large herbivores > mid-sized predators > mid-sized 

herbivores > small mammal). Several other studies have reported preferential movement along 

seismic lines and forest trails by large predators (Whittington et al. 2005, Latham et al. 2011, 

Gese et al. 2013, Tigner et al. 2014, Dickie et al. 2016, Dawson et al. 2018, Finnegan et al. 

2018b). This study advances existing knowledge because it used a different methodology to 

arrive at results consistent with other research for large predators, but goes further by providing 

evidence that this effect applied throughout the large mammal community, including large 

predators and large herbivores.  

Most of the large predators also preferred seismic line habitat over forest habitat and this 

study identified the environmental conditions where these preferences were strongest. Elsewhere 

in boreal forest, large predator (wolf) use of local habitats (roads and harvest clearings) were also 

found to depend upon environmental conditions (Houle et al. 2010). For example, wolf 

decreased road use as road density increased (Houle et al. 2010). This study’s findings indicate 

that large predator preferences depended on seismic line density but also forest cover, terrain 

heterogeneity and prey abundance. Specifically, cougar and lynx both preferred seismic lines in 

flat terrain; coyote and lynx preferred seismic lines in areas with extensive forest cover; while 

wolves preferred seismic lines in areas where prey were relatively less abundant (Chapter 5), and 

were relatively more abundant in landscapes where seismic line density was also high (Chapter 

6).   

This study’s findings for large herbivores are contrary to the findings of studies 

elsewhere which found that a large herbivore (caribou) avoided 1) crossing seismic lines (Dyer et 

al. 2002) and 2) suitable forest habitat (up to 100 m) in close proximity to seismic lines (Dyer et 

al. 2001). There was no evidence that any of the large herbivores in this study area avoided 

crossing seismic lines, seismic line habitats or their edges. Instead the largest of the herbivores 
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(moose/elk group) preferred seismic line habitat and their edges (within 50 m), over forest 

further away (Chapter 4), and these preferences were strongest in continuous forest landscapes 

(Chapter 5), where landscape-scale moose / elk relative abundance was also highest (Chapter 6). 

SLs and their edges are characterized by higher abundances of herbivore forage plants (Finnegan 

et al. 2018a), which potentially explains the observed preferences for SL and edge habitat, which 

was strongest in areas with little human activity (Chapter 5). 

At the landscape scale, fragmentation by seismic lines affected the relative abundances of 

two large mammals, only. The affected predator (gray wolf) responded oppositely from the 

affected large herbivore (moose/elk). Consistent with findings elsewhere (DeMars and Boutin 

2018), wolves were relatively more abundant in landscapes with the most fragmentation (seismic 

line density). However, this result did not apply generally throughout the large predator group. 

Although other large predators (i.e. cougar, coyote) preferred seismic line habitat (Pattison and 

Catterall 2019, Chapter 4), their relative abundances were not similarly increased in landscapes 

fragmented by seismic lines (Chapter 6). In addition, moose/elk were relatively less abundant in 

the most fragmented landscapes (Chapter 6). This result has not been reported elsewhere and it 

seems likely that their relative abundance was not directly affected by seismic line habitat for 

two reasons. First, seismic lines directly occupied only a small portion of the forest habitat (1%; 

Pattison et al. 2016, Chapter 3), making it unlikely that any change in abundance was directly 

related to this small change in seismic line habitat. Secondly, moose/elk were attracted to seismic 

line habitat (Pattison and Catterall 2019, Chapter 4), potentially due to better forage 

opportunities (Finnegan et al. 2018a), but were relatively less abundant in landscapes containing 

higher densities of seismic lines (Chapter 6), a response which may have been elicited by large 

predators which preferred seismic line habitat (Chapter 4) and were relatively more abundant 

there (Chapter 6).  

2. Effects on mid-sized mammals were detected only at the fine scale 

As body size decreased, seismic line effects were less numerous. There was little 

evidence that seismic lines restricted mid-sized mammal movement because they all crossed 

seismic lines frequently. Mid-sized predators also selected seismic lines for linear movements, 

although less strongly than did larger mammals. This study’s findings have expanded the list of 
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boreal forest mammals which preferentially travel along seismic lines to include mid-sized 

predators (Pattison and Catterall 2019, Chapter 4).  

Despite their attraction to seismic lines for linear movement, mid-sized mammals 

(predators and herbivores) generally avoided using seismic line habitat in favor of forest 

(Pattison and Catterall 2019, Chapter 4), suggesting that their use of seismic lines was confined 

to linear travel along seismic lines, while forest was favored for other purposes. This study’s 

results are contrary to the expectation that mid-sized herbivores would be attracted to higher 

abundances of forage plants, which occur within seismic lines and their edges (Finnegan et al. 

2018a). These results also highlight the landscapes where avoidance was strongest. In flat terrain, 

mid-sized predators preferred seismic lines while mid-sized herbivores avoided them (Chapter 

5). 

There was no evidence that mammals which avoided fine-scale seismic line habitat 

(marten, mid-sized predators and herbivores, Chapter 4) were correspondingly less abundant in 

landscapes fragmented by seismic lines (Chapter 6). Once again, as seismic line coverage was 

relatively low overall (1%; Pattison et al. 2016, Chapter 3), it would appear that mid-sized 

mammals avoided only the area directly affected by seismic lines and not the larger surrounding 

forest (Pattison and Catterall 2019, Chapter 4). Therefore, avoidance of seismic line habitat was 

not sufficient to reduce their relative abundance in the landscape. Thus for mid-sized mammals, 

fine-scale effects were not consistent with effects at the landscape scale. 

3. Small mammals were unaffected by seismic linear clearings 

Linear clearings, particularly roads and permanent paved tracks, are more likely to 

restrict the movements of smaller mammals which are generally less mobile (Peter et al. 2013), 

but may also elicit variable species-specific responses depending on the provision of cover 

(Goosem and Marsh 1997, Goosem 2001). While some previous work has reported on responses 

of small vertebrates to seismic lines in temperate woodlands (Carthew et al. 2009, Carthew et al. 

2013), there is generally less information about how boreal small mammal communities might 

respond. 

This study identified little effect from seismic lines on the smallest mammals in the study 

area. Furthermore, seismic lines did not restrict the movement of small mammals, which crossed 
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seismic lines at rates similar to their crossing rates in forest. There was also little evidence that 

small mammals used seismic line habitat or their edges more, or less, than the surrounding forest 

(Pattison and Catterall 2019, Chapter 4). These patterns appear to align with studies of small 

mammal responses to seismic lines in other regions, which have reported seismic line crossing 

(Carthew et al. 2009, Carthew et al. 2013), but further analyses may be required to quantify any 

population-level responses (e.g. age, sex-related responses). 

At the landscape scale, small mammal relative abundances were not strongly affected by 

fragmentation by seismic lines, but instead were affected by the rate of human activity and the 

flatness of the terrain in the landscape (Table 6.1, Chapter 5). Similarly, the landscape-scale 

relative abundance of their main predator (weasel) was also unaffected by fragmentation by 

seismic lines, but did increase in landscapes where their prey (small mammals) were relatively 

more abundant (Chapter 6). 

4. Seismic lines were associated with effects on community composition 

Mammal communities within seismic line habitat differed in species composition from 

those in forest communities. Seismic line communities contained higher relative abundances of 

large mammals, particularly large predators (Chapter 4, 6). At the landscape scale, fragmentation 

by seismic lines affected community composition, but these effects were associated with large 

mammals. The largest herbivores in the area (moose/elk group) were relatively more abundant in 

communities located in landscapes with the least fragmentation by seismic lines (Chapter 6). 

Large herbivores alter their habitat use at the landscape scale based on factors such as forage 

availability (Van Beest et al. 2010). Broadscale conversion of old boreal forest is generally 

associated with conversion to early successional stages, with increasing road density and 

increasing large herbivore abundances (Bowman et al. 2010, Peters et al. 2013). However, in this 

study, seismic lines altered only about 1% of the land cover (Pattison et al. 2016, Chapter 3) and 

therefore did not result in broadscale habitat change. Additional research is needed to better 

understand the observed decrease in large herbivore relative abundances with increasing seismic 

line density. 
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5. Fine-scale effects were often inconsistent with those at the landscape scale 

Fine-scale effects (movement, habitat use; Pattison and Catterall 2019, Chapter 4) were 

detected in many mammals larger than the small mammal group. These effects were detected 

across trophic levels (predator and herbivore) and body sizes (mid-sized to large). For these 

groups, seismic lines affected movement and habitat preferences (seismic line versus forest). 

However, effects on relative abundance at the landscape scale were detected in only two large 

mammals/groups (gray wolf, moose/elk). One of these, the moose/elk group, responded 

oppositely over the two scales of analysis, preferring seismic line habitat, but decreasing in 

relative abundance as landscapes contained more seismic lines. These results indicate that 

seismic line effects at the fine scale generally did not lead directly to effects at the landscape 

scale, and in some cases the effects were opposite. It has long been recognized that different 

ecological phenomena operate at various different scales (Levin 1992, Gehring and Swihart 

2003, Cattarino et al. 2016, Fletcher Jr et al. 2018) and elsewhere in Canadian boreal forest, 

seismic lines affected the way that ovenbirds used forest habitat, but their abundance in the 

landscape was not affected (Bayne et al. 2005). In contrast, Tigner et al. (2015) found that 

marten responded to seismic lines consistently at habitat and landscape-scales, avoiding seismic 

line habitat and also landscapes containing high densities of seismic lines. However, seismic line 

densities in their study area (max. 26.4 km/km2) were much higher than in the present study 

(max. 4.4 km/km2).   

The results from this study highlight the need for caution in generalizing seismic line 

effects from one scale to another and across different species. For example, it would be incorrect 

to predict that mid-sized mammal abundance would decrease in all landscapes fragmented by 

seismic lines, simply because they avoided seismic line habitat. Moderate fragmentation by 

seismic lines may have little detectable effect at the landscape scale. Even more importantly, a 

similar extrapolation for moose/elk would have incorrectly predicted that moose/elk abundance 

would increase in landscapes fragmented with seismic lines. These results highlight the 

importance of understanding that seismic lines affect the mammal community in complex ways 

and that simple extrapolations from one scale to another, could lead to incorrect predictions and 

potentially detrimental management strategies.  
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7.2 Seismic lines affected mammals differently from expectations 

This investigation of seismic lines within boreal forest revealed novel patterns of effect which 

were inconsistent with expectations from fragmentation studies based on broadscale clearing 

(Haddad et al. 2015, Tapia-Armijos et al. 2015, Taubert et al. 2018). Fragmentation is expected 

to greatly reduce patch size, increasing edge habitat and isolation between remnant habitats, 

which is expected to reduce animal movement between patches, reduce abundance within 

patches and reduce biodiversity overall (Gibson et al. 2013, Haddad et al. 2015, Liu et al. 2019). 

The impact of seismic lines on forest habitats is widely reported (Fiori and Zalba 2003, Lee and 

Boutin 2006, Dabros et al. 2018, Stern et al. 2018, Abib et al. 2019). Seismic lines did reduce the 

average size of individual forest patches, but this study detected no measurable negative effect 

on edge habitat use by mammals and therefore seismic lines reduced the overall amount of forest 

habitat in the study area only slightly (~1%). The remaining forest patches within the studied 

landscapes were not isolated because seismic lines separated them by only about 8 m and none of 

the mammals in this study area were substantially restricted in their movements across seismic 

lines. It has been suggested that fragmentation studies should separate the effects of habitat loss 

from habitat dissection (Fahrig 2003). This thesis indicates that seismic lines dissected the forest 

only. Their effects were different from disturbances which also isolate habitats and reduce 

movement among remaining patches. Importantly this has highlighted that dissection alone 

resulted in different effects on mammals. For example, seismic lines increased movement for 

many species and their effects were most pronounced among large mammals, especially 

predators but mid-sized predators also moved along seismic lines.  

Regarding abundance, as Fahrig (2003) predicted both positive and negative effects were 

found (but see Fahrig 2013). Large predators are expected to be most sensitive to habitat 

fragmentation because their large ranges increase the likelihood that they will interact with non-

forest habitat (Crooks 2002, Henle et al. 2004, Dobson et al. 2006). Furthermore, large predators 

have experienced substantial range contractions and population declines globally (Beschta and 

Ripple 2013, Stier et al. 2016, Wolf and Ripple 2016), and ongoing habitat fragmentation may 

exacerbate these declines. However, fragmentation by seismic lines did not reduce large predator 

relative abundances in the boreal forest landscapes studied here. Instead mammal communities in 

seismic line habitat contained more large predators, and one (wolf) was relatively more abundant 
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in the most fragmented landscapes (Chapter 6). This result adds to recent evidence elsewhere 

which found increasing large predator activity in areas with increasing linear clearing (Latham et 

al. 2011, Tigner et al. 2014, Dickie et al. 2016, DeMars and Boutin 2018) and energy 

development (Sanders and Chalfoun 2019). A key driver of large predator decline in fragmented 

forests elsewhere was increasing isolation among habitat patches (Crooks 2002). Seismic lines 

did not increase isolation which suggests that infrastructure which dissects habitat without 

increasing isolation may benefit the large predator community. This may be a potentially 

desirable outcome, depending on the local status of large predators, but knowledge of these 

responses better equips managers to make appropriate decisions for wildlife management.  

Contrastingly, one negative effect on relative abundance was detected in the largest 

herbivore group (moose/elk) which was less abundant in the most fragmented landscapes. 

Factors that may affect large herbivore habitat selection at the landscape scale include food 

availability (Dussault et al. 2005, Van Beest et al. 2010), snow depth (Dussault et al. 2005) and 

predation risk (Dussault et al. 2005, Dellinger et al. 2019). Variations in forest cover were 

measured and seismic lines generally altered only a small proportion of the forest area. 

Therefore, variability in food resources among the various landscapes was not measured and 

snow was generally shallow across sample sites (0.17 m, Chapter 4). Predation risk is one 

potential explanation for the observed outcome because seismic lines also attracted large 

predators (cougar, gray wolf) and the moose/elk group was the only herbivore which was 

attracted to seismic lines and their edges, but less abundant in the most fragmented landscapes. 

In landscapes with higher seismic line densities, these herbivores would more frequently be at 

high risk of encountering their predators (Whittington et al. 2011, McKenzie et al. 2012). As 

fragmentation by seismic lines increased, patches became smaller, leaving much of the 

remaining patches within close proximity to seismic lines (Chapter 3). Herbivores encountering 

large predators may have had little opportunity to escape into continuous forest, potentially 

leading to an increase in predation and lower relative abundance in the most fragmented 

landscapes, or alternatively a behavioral change in moose/elk to avoid these areas. Reductions in 

abundance of some herbivores (caribou), due to increased predation in areas fragmented with 

linear clearings have been reported elsewhere (DeMars and Boutin 2018) as have anti-predator 

habitat selection responses (Dussault et al. 2005, Dellinger et al. 2019). This study is the first to 

report a reduction in the relative abundance of this herbivore group (moose/elk), associated with 
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fragmentation by seismic lines at the landscape scale. However, clarifying the cause of their 

lower relative abundance requires additional research. For example, diurnal variation in usage by 

predators and prey may temporally separate their usage of seismic lines (Dawson et al. 2018). 

Furthermore, seasonal shifts in habitat usage are common among large herbivores in boreal 

forest (Hebblewhite et al. 2006, Poole and Stuart-Smith 2006, McCulley et al. 2017, Amor et al. 

2019). The snow-track methods used in the present study did detect multiple species within the 

same community, which has been recommended to improve management effectiveness (Soulé et 

al. 2003, Burgar et al. 2019). However, the method could not detect diurnal or seasonal patterns 

of seismic line use, although recent studies suggest that camera-detection methods could 

potentially provide information on these for future studies (Burton et al. 2015, Dawson et al. 

2018, Burgar et al. 2019).  

7.3 Seasonal and geographical variation in the effects of seismic lines 

Seismic lines are already common across many different global forest biomes (Fiori and Zalba 

2003, Lee and Boutin 2006, Finer et al. 2008, Rabanal et al. 2010, Kolowski and Alonso 2012). 

As exploration for underground petroleum continues, seismic line development will likewise 

continue to expand (Butt et al. 2013, Northrup and Whittemyer 2013). This study was conducted 

in boreal forest and less is known about long-term seismic line effects on mammal communities 

outside boreal forest. However, depending on the habitat and effect under consideration, there is 

reason to expect that findings from this study would be applicable to areas outside boreal forest. 

The effects of seismic lines on fine-scale mammal movement patterns reported by this study (i.e. 

no barrier effect and increased linear movement along seismic lines) were more consistent across 

various species with similarities in body-size and feeding-type, than were any of the other types 

of seismic line effects investigated. Movement effects could arguably also apply to the snow-free 

season within and outside boreal forest. Studies in open woodlands have shown that narrow 

seismic lines did not restrict the movements of small mammals (Carthew et al. 2009, Carthew et 

al. 2013) and that large predators followed seismic lines and other types of linear clearings 

outside boreal forests (Harmsen et al. 2010, Dawson et al. 2018) and during the snow-free period 

within boreal forest (Latham et al. 2011, DeMars and Boutin 2018).  

On the other hand, it is also possible that some attraction and avoidance patterns found in 

this study may change, depending on season and forest type. For example, forage plants vary in 
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their nutrient content depending on the season (Everitt and Gonzalez 1981, Klein 1990). If 

seismic lines and their edges support more nutrient rich forage during the snow free period, some 

herbivores and small mammals could be attracted to them to obtain these resources. Higher 

abundances of these mammals could also attract their predators. Alternatively, some mammals 

may avoid seismic lines during other seasons and in other forest types. During the period of this 

study, seismic lines were covered in snow, similar to the surrounding forest, but in the snow free 

period seismic lines are bare of vegetation or covered with ground vegetation (Lee and Boutin 

2006, Finnegan et al. 2018a). Some small mammals may avoid bare ground, and mammals in 

other forest types, such as rainforests with completely closed canopies, may avoid forest 

openings with greater intensity. Other types of linear clearings are often wider than seismic lines 

(e.g. powerlines, pipelines) and wider linear clearings are more likely to restrict the movement of 

less mobile or forest-dwelling mammals (Goosem and Marsh 1997, Negro et al. 2013). 

Despite the potential for alterations in local scale habitat use during the snow-free period 

and in forests outside the boreal, this study has shown that local-scale habitat effects did not 

directly translate into higher level effects on relative abundance or community composition for 

mid-sized or small mammals. Therefore, although there may be differences in habitat-scale 

effects, effects on abundance and community composition may be restricted to large mammals. 

Large mammals require further research inside boreal forest and elsewhere. Given the 

widespread variation in seismic line effects on different species in this study area, seismic lines 

in other regions and during the snow-free period in boreal forest should be prioritized for further 

study. 

7.4 Implications for mammal management in forests fragmented by seismic lines 

This study has found that despite their narrow width, seismic linear clearings affected the 

configuration of forest landscapes, as well as their mammal communities, at the fine, local 

habitat scale. The effects of seismic lines on boreal forest mammals varied for different species, 

but generally diminished as body size decreased and little evidence was found to indicate 

substantial effects on small mammals. A few large mammals (wolf, moose/elk group) were 

affected at the landscape scale but mid-sized and smaller mammals were not. Given the densities 

of seismic lines found in this study area (max. 4.4 km/km2) it would be useful for management 

actions to focus on larger mammals. However, given the potential for large increases in 
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fragmentation due to seismic lines, in various forest biomes, additional research is needed to 

assess the consequences of higher seismic line densities, which could increase to approximately 

twice the maximum seismic line densities recorded in this study area (Lee and Boutin 2006). 

Others have concluded that seismic line densities higher than those recorded in this study area 

(max. 4.4 km/km2) can lead to population declines for some species (Tigner et al. 2015, Fisher 

and Burton 2018). Recently so-called low-impact seismic techniques have reduced the width of 

new seismic lines to 2-3 m (Westlund and Thurber 2010, Latham and Boutin 2015) but this 

thesis assessed only wider conventional (5-8 m) seismic lines. Further research is needed in areas 

with higher seismic line densities, to assess all types of seismic lines for their effects on a wider 

group of species.  

Linear clearings such as this study’s seismic lines dissected forest habitat with little 

decrease in total forest area, did not increase the effective isolation between remaining forest 

patches, and did increase the efficiency of longer-distance movements for large mammals. These 

effects potentially provide the most benefit to large predators, with possible adverse 

consequences for large herbivores, which were attracted to seismic lines and their edges. 

Previous research has concluded that seismic lines, in otherwise continuous forest, detrimentally 

affect caribou populations by altering their relationships with large predators (e.g. wolf, black 

bear, cougar) (Latham et al. 2011, Tigner et al. 2014, Dickie et al. 2016). The results of this 

study suggest that relative abundances of other large herbivores (e.g. moose/elk) may also be 

negatively associated with fragmentation by seismic lines. To mitigate these adverse effects, 

actions could usefully focus on reducing the efficiency gains among large predators and 

concentrate on landscapes where predator attraction to seismic lines is greatest (such as flat 

terrain and more continuous forest). Seismic line restoration is challenging but recent studies 

suggest that seismic lines with low vegetation height (<1 m) should be targeted first with actions 

such as tree planting, blocking with woody debris and controlling off-highway-vehicle use 

(Kansas et al. 2015, Pigeon et al. 2016, Finnegan et al. 2018b). Furthermore, it would be prudent 

to avoid establishing new seismic lines in areas where they are likely to have the greatest effect 

on large predator movement efficiencies.  

Consistent with studies highlighting the importance of environmental condition in habitat 

selection (de Knegt et al. 2011, Street et al. 2016, William et al. 2018), mammal usage of seismic 
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line habitat depended on the environmental conditions in the landscape. Even though a particular 

species may strongly prefer or avoid seismic lines over a region, this study found that these 

responses were much stronger in some landscapes, while in other landscapes, the same species 

could respond to seismic lines oppositely. Therefore, environmental conditions in the landscape 

could be used by managers to identify the landscapes where management actions would likely 

have the greatest impact and where they would potentially be unnecessary. However, such 

decisions require prior research to provide the necessary evidence of species-specific responses 

to seismic lines under varying environmental conditions. 

This study’s findings also highlight the need for managers to exercise caution when 

predicting seismic line effects from the generalized fragmentation literature, because they could 

lead to incorrect predictions about responses of many mammals, especially with regard to 

matters related to spatial scale. Multiple studies have highlighted the influence of spatial scale in 

habitat selection (Dussault et al. 2005, Boyce 2006, Ciarniello et al. 2007, Van Beest et al. 2010). 

In this study, except for a few large mammals, habitat-scale effects of seismic lines generally did 

not translate into landscape-scale effects on relative abundance or species composition. 

Furthermore, one larger herbivore group responded oppositely at different scales, being attracted 

to the local habitat of seismic lines, but also being less abundant in the landscapes containing the 

highest seismic line densities. Extrapolating its fine-scale attraction to seismic lines to an 

expectation of increased relative abundance in fragmented landscapes, would lead to 

inappropriate management responses. Failure to differentiate between effects at different scales 

could lead to detrimental outcomes for affected species.  

Seismic lines did affect community composition at fine and landscape scales. Alterations 

to community composition and biodiversity alter ecosystem function in a variety of forest types 

(France and Duffy 2006, Haddad et al. 2015, Malhi et al. 2016, Sobral et al. 2017). The results 

from this study highlight the desirability of using a precautionary and proactive approach with 

regard to existing seismic lines and further seismic exploration. In addition, further research is 

needed both within boreal forest during the snow-free period and in forests outside the boreal, to 

better understand the impact of seismic line establishment associated with fossil fuel extraction. 
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Appendix 2: Chapter 3 Supplementary Table S1, mean percentage of conifer land cover 

uninfluenced by linear forest clearings (LFCs) using influence depths of 0m, 50m, 100m and 

400m. 

  Spatial scale (ha): 

 

        

5  

      

25  

    

200  
     750    1,400    2,800    4,900  

Study 

Areaa 

No. of sites 68 73 74 59 40 25 20 1 

Total conifer land cover (ha) 253 1,265 9,351 29,158 36,657 48,136 69,579 267,702 

 Influence depth = 0 m 

Effect of roads & rail (RR) -0.3 -0.6 -0.6 -0.5 -0.8 -0.7 -0.6 -0.6 

Uninfluenced by RR 99.7 99.4 99.4 99.5 99.2 99.3 99.4 99.4 

Power & pipeline (PP) effect -0.2 -0.5 -0.2 -0.2 -0.3 -0.3 -0.2 -0.3 

Uninfluenced by RR & PP 99.5 98.9 99.2 99.3 99.0 99.0 99.2 99.1 

Seismic line effect -0.9 -0.9 -1.2 -1.1 -1.2 -1.2 -1.1 -1.1 

Uninfluenced by LFCs 98.6 98.0 98.0 98.2 97.7 97.8 98.1 97.9 

 Influence depth = 50 m 

Effect of roads & rail (RR) -2.8 -3.8 -4.8 -4.0 -5.2 -5.2 -4.5 -4.7 

Uninfluenced by RR 97.2 96.2 95.2 96.0 94.8 94.8 95.5 95.3 

Power & pipeline (PP) effect -1.3 -3.1 -1.2 -1.0 -1.3 -1.4 -1.2 -1.6 

Uninfluenced by RR & PP 96.0 93.1 94.0 95.0 93.5 93.3 94.3 93.8 

Seismic line effect -16.2 -13.3 -18.0 -17.4 -18.4 -17.6 -16.0 -17.1 

Uninfluenced by LFCs 79.8 79.8 75.9 77.6 75.2 75.8 78.4 76.7 

 Influence depth = 100 m 

Effect of roads & rail (RR) -6.0 -8.0 -9.6 -8.0 -9.9 -10.3 -8.8 -9.3 

Uninfluenced by RR 94.0 92.0 90.4 92.0 90.1 89.7 91.2 90.7 

Power & pipeline (PP) effect -2.4 -4.7 -2.1 -1.7 -2.1 -2.3 -2.0 -2.6 

Uninfluenced by RR & PP 91.7 87.3 88.3 90.3 87.9 87.4 89.2 88.1 

Seismic line effect -27.5 -21.2 -29.3 -29.3 -29.6 -28.8 -26.4 -27.9 

Uninfluenced by LFCs 64.2 66.2 59.0 60.9 58.3 58.6 62.8 60.2 

 Influence depth = 400 m 

Effect of roads & rail (RR) -27.5 -32.2 -32.9 -30.6 -32.6 -35.9 -30.4 -32.7 

Uninfluenced by RR 72.5 67.8 67.1 69.4 67.4 64.1 69.6 67.3 

Power & pipeline (PP) effect -4.1 -5.1 -3.2 -2.7 -3.5 -3.5 -3.8 -4.5 

Uninfluenced by RR & PP 68.4 62.7 64.0 66.6 63.9 60.5 65.8 62.9 

Seismic line effect -47.3 -37.9 -44.3 -49.7 -47.4 -45.1 -45.2 -44.7 

Uninfluenced by LFCs 21.1 24.8 19.7 17.0 16.5 15.5 20.7 18.2 
aCalculations based on total conifer forest area of 267,702 ha. 
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Appendix 3: Chapter 3 Supplementary Table S2, mean conifer forest patch size (ha) by spatial 

scale, using 0 m, 50m, 100m and 400m influence depths. 

     Spatial scale (ha):  Study 
     5     25    200     750    1,400    2,800    4,900  Areaa 

No. of sites 68 73 74 59 40 25 20 1 

 Influence depth = 0 m 

No LFCs 3.6 14.6 67.5 155.9 174.3 339.1 285.4 122.7 

Effect of roads & rail (RR) -0.1 -0.9 -11.0 -54.5 -54.1 -239.0 -156.9 -51.6 

Patch size with RR 3.5 13.7 56.5 101.4 120.2 100.1 128.5 71.1 

Power & pipeline (PP) effect 0.0 -0.5 -5.2 -9.2 -14.3 -20.4 -35.1 -17.0 

Patch size with RR & PP 3.5 13.2 51.3 92.2 105.9 79.7 93.4 54.1 

Seismic line effect -0.6 -3.4 -29.5 -72.2 -84.6 -55.7 -62.9 -37.9 

Patch size with all LFC types 2.9 9.8 21.8 20.0 21.3 24.0 30.5 16.2 

 Influence depth = 50 m 

No LFCs 2.9 13.2 65.2 131.3 132.3 216.3 195.7 61.4 

Effect of roads & rail (RR) -0.1 -0.8 -12.0 -38.8 -27.8 -108.1 -80.8 -12.7 

Patch size with RR 2.8 12.4 53.2 92.5 104.5 108.2 114.9 48.7 

Power & pipeline (PP) effect -0.1 -0.5 -3.2 -2.3 -7.0 -15.7 -16.7 -4.7 

Patch size with RR & PP 2.7 11.9 50.0 90.2 97.5 92.5 98.2 44.0 

Seismic line effect -0.5 -2.9 -28.8 -69.0 -75.4 -58.1 -60.8 -28.6 

Patch size with all LFC types 2.2 9.0 21.2 21.2 22.1 34.4 37.4 15.4 

 Influence depth = 100 m 

No LFCs 2.2 9.8 46.7 92.6 110.2 193.9 138.3 53.9 

Effect of roads & rail (RR) -0.1 -0.9 -8.2 -21.9 -18.1 -103.6 -37.4 -9.0 

Patch size with RR 2.1 8.9 38.5 70.7 92.1 90.3 100.9 44.9 

Power & pipeline (PP) effect -0.1 -0.2 -1.1 -0.6 -3.3 -9.4 -9.2 -3.3 

Patch size with RR & PP 2.0 8.7 37.4 70.1 88.8 80.9 91.7 41.6 

Seismic line effect -0.5 -2.0 -20.1 -51.7 -66.7 -39.8 -58.5 -25.6 

Patch size with all LFC types 1.5 6.7 17.3 18.4 22.1 41.1 33.2 16.0 

 Influence depth = 400 m 

No LFCs 0.7 2.3 9.8 23.0 56.4 38.4 56.3 65.0 

Effect of roads & rail (RR) -0.1 -0.5 -1.7 -5.7 -4.5 -8.2 -5.7 -12.7 

Patch size with RR 0.6 1.8 8.1 17.3 51.9 30.2 50.6 52.3 

Power & pipeline (PP) effect 0.0 0.0 -0.1 -0.9 -0.9 -2.9 -6.7 -1.3 

Patch size with RR & PP 0.6 1.8 8.0 16.4 51.0 27.3 43.9 51.0 

Seismic line effect -0.3 -0.7 -4.5 -11.2 -41.5 -15.1 -31.0 -27.6 

Patch size with all LFC types 0.3 1.1 3.5 5.2 9.5 12.2 12.9 23.4 
aCalculations based on total conifer forest area of 267,702 ha. Conifer patches were truncated at 

sample circle edges.   



 Page 150 

Appendix 4: Chapter 3 Supplementary Table S3, mean number of conifer forest patches by 

spatial scale, using 0 m, 50m, 100m and 400m influence depths. 

       Spatial scale (ha):    Study 

     

5  
  25    200     750    1,400    2,800    4,900  Areaa 

No. of sites 68 73 74 59 40 25 20 1 

 Influence depth = 0 m 

No. patches without LFCs 1.1 1.5 3.7 8.3 13.7 18.4 26.8 2,182 

Effect of roads & rail (RR) 0.0 0.2 1.3 3.2 7.8 13.3 19.4 1,561 

No. patches with RR 1.1 1.8 5.0 11.5 21.4 31.6 46.1 3,743 

Power & pipeline (PP) effect 0.0 0.2 0.6 1.9 4.2 8.9 11.5 1,162 

No. patches with RR & PP 1.2 1.9 5.6 13.4 25.6 40.6 57.6 4,905 

Seismic line effect 0.4 1.4 7.5 24.1 52.2 90.8 132.0 11,321 

No. patches with all LFCs 1.6 3.3 13.1 37.5 77.8 131.4 189.6 16,226 

 Influence depth = 50 m 

No. patches without LFCs 1.0 1.0 3.1 8.5 15.2 23.1 35.9 3,288 

Effect of roads & rail (RR) 0.0 0.1 0.6 1.7 3.6 6.2 9.6 722 

No. patches with RR 1.0 1.1 3.7 10.2 18.8 29.2 45.5 4,010 

Power & pipeline (PP) effect 0.0 0.1 0.2 0.5 1.4 3.4 4.2 377 

No. patches with RR & PP 1.0 1.2 3.9 10.7 20.2 32.6 49.6 4,387 

Seismic line effect 0.2 0.4 4.3 14.0 26.2 48.7 73.0 5,989 

No. patches with all LFCs 1.2 1.7 8.2 24.6 46.4 81.3 122.6 10,376 

 Influence depth = 100 m 

No. patches without LFCs 0.8 1.0 2.6 7.3 11.5 19.9 33.2 2,784 

Effect of roads & rail (RR) 0.0 0.1 0.4 0.7 1.9 4.1 5.6 375 

No. patches with RR 0.8 1.1 3.0 8.0 13.4 24.0 38.8 3,159 

Power & pipeline (PP) effect 0.0 0.0 0.0 0.3 0.4 1.6 2.0 188 

No. patches with RR & PP 0.8 1.1 3.1 8.3 13.7 25.6 40.7 3,347 

Seismic line effect 0.0 0.0 1.7 7.0 11.4 24.4 38.5 2,834 

No. patches with all LFCs 0.8 1.2 4.8 15.3 25.1 50.0 79.2 6,181 

 Influence depth = 400 m 

No. patches without LFCs 0.3 0.2 0.5 1.5 2.4 4.8 7.7 457 

Effect of roads & rail (RR) 0.0 0.0 0.0 0.0 -0.1 0.4 -0.3 18 

No. patches with RR 0.2 0.2 0.5 1.4 2.4 5.2 7.4 475 

Power & pipeline (PP) effect 0.0 0.0 0.0 0.0 -0.1 -0.1 0.2 -8 

No. patches with RR & PP 0.2 0.2 0.5 1.4 2.3 5.1 7.5 467 

Seismic line effect -0.1 -0.1 -0.2 -0.6 -0.7 -2.3 -2.0 -116 

No. patches with all LFCs 0.1 0.1 0.2 0.8 1.6 2.8 5.6 351 
aCalculations based on total conifer forest area of 267,702 ha. Conifer patches were truncated at 

sample circle edges. 
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Appendix 5: Chapter 4 Supplementary Table 1, mean crossing propensity (%, standard error) for forest and seismic line transects (9 

surveys) with t-test p-values (n=14 paired sites; where normality assumption violated Wilcoxon p-value also shown), mean difference, 

95% confidence interval and Cohen’s effect size for correlated measurements (dz). Bold indicates significant Benjamini-Hochberg 

result, but p-values here are unadjusted for false discovery (Appendix 12 contains adjusted p-values).  

  Forest Seismic line    Confidence Interval1  

Taxonomic group % SE % SE P Wilc p 
Mean 

diff.1 
Lower Upper dz 

 Cougar 84.7  9.6  78.6  11.4  0.640  6.1 -21.5 33.7 0.13 

 Gray wolf 48.2  13.4  48.7  13.6  0.975  -0.5 -32.8 31.8 -0.01 

 Coyote 89.2  7.0  80.1  9.8  0.496  9.1 -19.0 37.2 0.19 

 Lynx 82.8  9.5  69.6  12.3  0.384  13.1 -18.4 44.6 0.24 

 Marten 85.7  6.7  84.8  6.7  0.703  1.0 -4.4 6.3 0.10 

 Weasel 78.6  9.4  70.0  8.8  0.537  8.6 -20.7 38.0 0.17 

 Moose & elk 95.2  2.1  93.1  2.0  0.516  2.1 -4.6 8.8 0.18 

 Deer 96.4  0.4  94.5  0.8  0.040  1.9 0.1 3.7 0.61 

 Hare 96.5  0.8  87.5  1.8  <0.001 0.003 9.0 5.4 12.6 1.45 

 Red squirrel 95.0  1.0  95.4  0.7  0.753  -0.4 -3.0 2.2 -0.09 

 Mouse 64.8  3.5  75.1  5.7  0.115  -10.3 -23.6 2.9 -0.45 

 Vole 71.2  2.7  73.4  4.4  0.583  -2.3 -11.0 6.4 -0.15 

 Shrew 59.6  4.3  70.6  6.6  0.104  -11.0 -24.7 2.6 -0.47 

Body size-diet group           

 Large predators 94.8  1.4  96.8  1.6  0.360  -2.0 -6.6 2.6 -0.25 

 

Mid-sized 

predators 92.7  1.0  86.5  1.6  0.007 0.007 6.2 2.1 10.4 0.86 

 Large herbivores 96.3  0.5  93.9  0.8  0.012 0.017 2.4 0.6 4.2 0.78 

 

Mid-sized 

herbivores 95.5  0.7  92.3  1.2  0.037 0.030 3.2 0.2 6.3 0.62 

 Small mammals 67.0  2.5  74.4  4.0  0.077  -7.4 -15.7 0.9 -0.51 

All species 92.3  0.9  89.4  1.2  0.074   3.0 -0.3 6.2 0.52 

1. Negative values indicate crossing propensity for forest transects was less than crossing propensity for seismic line transects. 
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Appendix 6: Chapter 4 Supplementary Table 2, mean linear travel propensity (%, standard error) for forest and seismic line transects 

(9 surveys) with t-test p-values (n=14 paired sites; where normality assumption violated Wilcoxon p-value also shown), mean 

difference, 95% confidence interval and Cohen’s effect size for correlated measurements (dz). Bold indicates significant Benjamini-

Hochberg result, but p-values here are unadjusted for false detection (Appendix 13 contains adjusted p-values).  

  Forest Seismic line    Confidence Interval  

Taxonomic group % SE % SE p Wilc p 
Mean 

diff. 
Lower Upper dz 

 Cougar 0.3 0.3 46.9 13.0 0.003 0.022 -46.5 -74.5 -18.6 -0.96 

 Gray wolf 5.5 3.7 57.6 12.7 <0.001 0.009 -52.2 -77.8 -26.6 -1.18 

 Coyote 19.5 7.5 93.3 2.5 <0.001 0.001 -73.8 -92.3 -55.2 -2.29 

 Lynx 2.2 1.5 23.2 10.4 0.065  -21.0 -43.5 1.5 -0.54 

 Marten 3.6 1.1 8.1 3.5 0.226  -4.5 -12.1 3.1 -0.34 

 Weasel 1.3 1.3 15.6 8.6 0.100  -14.4 -31.9 3.2 -0.47 

 Moose & elk 12.0 4.8 39.1 7.3 0.001  -27.1 -41.5 -12.7 -1.09 

 Deer 13.0 2.0 53.4 4.3 <0.001 <0.001 -40.4 -51.2 -29.6 -2.15 

 Hare 7.3 3.2 15.4 5.0 0.165  -8.1 -20.0 3.8 -0.39 

 Red squirrel 0.1 0.0 1.3 0.6 0.052  -1.2 -2.4 0.0 -0.57 

 Mouse 0.4 0.4 4.9 4.5 0.295  -4.4 -13.2 4.3 -0.29 

 Vole 0.2 0.1 1.8 1.8 0.358  -1.6 -5.2 2.0 -0.25 

 Shrew 0.5 0.4 0.0 0.0 0.168  0.5 -0.2 1.3 0.39 

Body size-diet group           

 Large predators 19.0 5.8 92.3 2.1 <0.001 <0.001 -73.3 -86.4 -60.1 -3.22 

 Mid-sized predators 3.4 1.1 14.8 4.0 0.013 0.013 -11.4 -19.9 -2.9 -0.77 

 Large herbivores 13.6 2.1 54.2 3.6 <0.001 <0.001 -40.7 -49.7 -31.7 -2.60 

 

Mid-sized 

herbivores 2.6 1.5 5.1 1.6 0.203  -2.6 -6.7 1.6 -0.36 

 Small mammals 0.4 0.3 3.8 3.6 0.321  -3.4 -10.7 3.8 -0.28 

Total all species 5.9 1.1 41.7 3.7 <0.001 <0.001 -35.8 -43.8 -27.8 -2.59 

1. Negative values indicate linear travel propensity for forest transects was less than travel propensity for seismic line transects. 
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Appendix 7: Chapter 4 Supplementary Table 3, mean habitat usage intensity (m/km; standard error and confidence interval) for forest 

and seismic line transects (9 surveys) and where assumptions were violated (normality, equal variance, no outliers), the transformation 

applied to conduct paired t-test analyses (n=14 paired sites). Also shown are mean differences and 95% confidence interval for the 

transformed variables. Bold indicates a significant Benjamini-Hochberg result, but p-values here are unadjusted for false detection 

(Appendix 14 contains adjusted p-values). Cohen’s effect size for correlated measurements (dz) is provided.   

  Forest Seismic line     
  

Transformed results    
  

m SE m SE 
Mean 

diff. 

 
Trans. 

Mean 

diff. 

Confidence Interval 
P dz 

Taxonomic group  Lower Upper 

 Cougar 3.3  1.0  25.9  12.6  -22.5  3rd -0.8 -1.58 0.04 0.060 -0.550 

 Gray wolf 4.0  1.9  78.1  28.5  -74.0  log -1.8 -2.90 -0.66 0.005 -0.915 

 Coyote 16.0  4.5  259.6  75.7  -243.6  3rd -3.5 -5.02 -2.05 <0.001 -1.373 

 Lynx 4.2  1.5  11.1  5.7  -6.9  3rd -0.1 -0.78 0.54 0.700 -0.105 

 Marten 71.1  15.4  40.9  9.8  30.2  na -8.4 13.40 47.02 0.002 1.037 

 Weasel 8.6  2.9  17.0  7.8  -8.4  2nd -0.8 -2.08 0.42 0.177 -0.382 

 Moose & elk 19.1  5.4  36.4  7.8  -17.3  2nd -1.7 -3.03 -0.30 0.021 -0.703 

 Deer 284.5  38.5  324.5  50.8  -40.0  na -40.0 -128.40 48.39 0.346 -0.261 

 Hare 318.8  127.1  177.3  61.6  141.4  4th 0.3 -0.16 0.84 0.162 0.396 

 Red squirrel 549.4  150.1  325.9  54.6  223.5  2nd 3.4 -1.69 8.45 0.174 0.385 

 Mouse 22.9  3.5  32.0  12.0  -9.1  4th 0.0 -0.34 0.30 0.910 -0.031 

 Vole 39.5  7.0  40.9  6.6  -1.4  4th 0.0 -0.13 0.07 0.494 -0.188 

 Shrew 30.2  6.5  24.1  6.2  6.1  3rd 0.2 -0.05 0.53 0.097 0.478 

Body size-diet group             

 Large predator 27.6  4.9  380.0  81.0  -352.4  2nd -13.0 -18.07 -7.99 <0.001 -1.494 

 Mid-sized predator 81.2  15.4  60.2  13.1  21.0  na 21.0 0.98 41.04 0.041 0.606 

 Large herbivore 303.6  39.0  361.0  48.0  -57.4  2nd -1.5 -3.48 0.55 0.140 -0.420 

 Mid-sized herbivore 868.2  187.8  503.2  69.3  365.0  2nd 5.2 0.43 9.92 0.035 0.630 

 Small mammal 92.6  11.7  97.0  17.0  -4.4  2nd 0.0 -0.89 0.81 0.918 -0.028 

All species 

1,373.

1  175.0  1,401.3  118.0  -28.2  2nd -1.0 -6.30 4.30 0.690 -0.109 

 

1. In total, 126 km were surveyed for each transect type. Multiple individuals were sometimes recorded simultaneously and multiple 

species are combined for body size-diet groups. 
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2. Transformations were applied to address unequal variance. 2nd indicates square root transform, 3rd is cubed root, etc., na indicates 

that a transformation as not applied, log applied as log(x+1). One paired t-test was performed on the transformed data.   

3. Negative values indicate that habitat usage intensity on forest transects was less than habitat usage on seismic line transects. 
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Appendix 8: Chapter 4 Supplementary Table 4, mean habitat usage intensity (m/sub-transect; standard error) for 100 m sub-transects 

which were located at various distances from the nearest seismic line (0-50 m; 51-150 m and 151-570 m) and means of log 

transformations of these values which were used to conduct repeated measures analysis of variance (ANOVA) where sites (n=14) 

were subjects which were measured repeatedly with track surveys of sub-transects (140 sub-transects). Also reported are repeated 

measures ANOVA p-values, Greenhouse-Geisser corrected p-values where sphericity was violated (Gg p), results of Shapiro-Wilk 

tests of residuals for normality (Sh-Wi p), generalized eta squared (ηG²) and partial eta squared (ηp²) which indicate effect size 

associated with proximity to seismic lines. 

  Meters of track per 100 m  Log meters of track per 100 m 

  0-50 51-150 151-570  0-50 51-150 151-570      

Taxonomic group Mean SE Mean SE Mean SE   Mean SE Mean SE Mean SE p Gg p 

Sh-Wi 

p ηG² ηp² 

 Cougar 0.2 0.1 0.3 0.1 0.4 0.1  0.14 0.06 0.18 0.05 0.24 0.07 0.401  <0.001 0.036 0.036 

 Gray wolf 0.5 0.3 0.4 0.2 0.4 0.2  0.19 0.11 0.20 0.09 0.19 0.10 0.996 0.966 <0.001 <0.001 <0.001 

 Coyote 1.7 0.8 1.2 0.3 1.4 0.6  0.57 0.20 0.57 0.14 0.49 0.13 0.878 0.806 <0.001 0.003 0.010 

 Lynx 0.3 0.1 0.7 0.3 0.4 0.2  0.16 0.08 0.29 0.12 0.19 0.09 0.544  <0.001 0.026 0.046 

 Marten 6.5 1.4 8.2 2.1 6.4 1.7  1.60 0.26 1.76 0.27 1.51 0.27 0.382  0.036 0.012 0.071 

 Weasel 0.5 0.3 1.1 0.4 0.9 0.4  0.26 0.12 0.42 0.14 0.38 0.13 0.329 0.313 <0.001 0.022 0.082 

 Moose/elk 4.1 1.4 1.8 0.6 1.4 0.5  1.21 0.23 0.70 0.18 0.60 0.15 <0.001  0.007 0.135 0.451 

 Deer 32.4 7.0 25.7 4.4 30.2 3.8  3.23 0.19 3.27 0.23 2.97 0.13 0.120  0.045 0.036 0.150 

 Hare 34.0 13.9 41.1 16.5 33.9 14.7  2.11 0.50 2.01 0.51 2.11 0.48 0.926  <0.001 0.001 0.006 

 Red squirrel 52.7 16.6 41.7 11.1 58.5 17.6  3.16 0.40 3.17 0.31 3.35 0.36 0.740  0.132 0.005 0.023 

 Vole 4.2 1.3 4.3 0.7 4.0 0.9  1.24 0.21 1.45 0.10 1.22 0.10 0.374  0.209 0.026 0.073 

 Mouse 2.1 0.4 3.3 1.0 1.8 0.4  0.94 0.16 1.03 0.20 0.71 0.12 0.249  0.188 0.048 0.101 

 Shrew 2.0 0.6 3.6 0.8 3.7 1.2  0.74 0.20 1.10 0.18 1.07 0.23 0.091 0.114 0.059 0.048 0.168 

Body size-diet group                   

 Large predator 2.7 0.8 2.6 0.4 2.6 0.6  0.95 0.19 1.01 0.14 0.98 0.13 0.883  0.570 0.002 0.010 

 Mid-sized predator 7.1 1.4 9.5 2.2 7.5 1.6  1.78 0.23 1.99 0.23 1.75 0.23 0.289  0.086 0.015 0.091 

 Large herbivore 36.5 7.5 27.6 4.4 31.7 3.8  3.37 0.16 3.14 0.16 3.33 0.13 0.113  0.984 0.034 0.154 

 

Mid-sized 

herbivore 86.7 19.6 82.8 19.4 92.5 20.8  3.83 0.36 3.75 0.32 3.97 0.36 0.683  0.009 0.005 0.029 

 Small mammal 8.3 1.8 11.1 1.3 9.6 1.9  1.95 0.19 2.29 0.13 2.05 0.18 0.212  0.847 0.049 0.113 

  All taxa 141.3 17.6 133.6 18.1 143.9 19.9   4.79 0.14 4.73 0.16 4.80 0.16 0.688   0.055 0.003 0.028 
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Appendix 9: Chapter 4 Supplementary Table 5. Crossing propensity results of post-hoc power 

(1-β) analysis using observed variance, for paired t-tests (n=14 paired transects) to detect a mean 

difference between seismic line and forest transects (α=0.05), of 20%, 50% or 80%, if one 

existed. Results shown where an effect was not detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  Mean crossing propensity difference 

Taxonomic group 20% 50% 80% 

 Cougar 0.303 0.949 0.999 

 Gray wolf 0.386 0.870 0.998 

 Coyote 0.389 0.987 0.999 

 Lynx 0.249 0.891 0.999 

 Marten >0.999 >0.999 >0.999 

 Weasel 0.334 0.968 0.999 

 Moose & elk 0.999 >0.999 >0.999 

 Deer - - - 

 Hare - - - 

 Red squirrel >0.999 >0.999 >0.999 

 Mouse 0.854 >0.999 >0.999 

 Vole 0.996 >0.999 >0.999 

 Shrew 0.826 0.999 >0.999 

Body size-diet group    

 Large predators >0.999 >0.999 >0.999 

 Mid-sized predators - - - 

 Large herbivores - - - 

 Mid-sized herbivores - - - 

 Small mammals 0.998 >0.999 >0.999 

All species >0.999 >0.999 >0.999 
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Appendix 10: Chapter 4 Supplementary Table 6. Travel propensity results of post-hoc power (1-

β) analysis using observed variance, for paired t-tests (n=14 paired transects) to detect a mean 

difference between seismic line and forest transects (α=0.05), of 20%, 50% or 80%, if one 

existed. Results shown where an effect was not detected. 

  Mean travel propensity difference 

Taxonomic group 20% 50% 80% 

 Cougar - - - 

 Gray wolf - - - 

 Coyote - - - 

 Lynx 0.429 0.993 0.999 

 Marten >0.999 >0.999 >0.999 

 Weasel - - - 

 Moose & elk - - - 

 Deer - - - 

 Hare 0.910 >0.999 >0.999 

 Red squirrel >0.999 >0.999 >0.999 

 Mouse 0.994 >0.999 >0.999 

 Vole >0.999 >0.999 >0.999 

 Shrew >0.999 >0.999 >0.999 

Body size-diet group    

 Large predators - - - 

 Mid-sized predators - - - 

 Large herbivores - - - 

 Mid-sized herbivores >0.999 >0.999 >0.999 

 Small mammals >0.999 >0.999 >0.999 

All species - - - 

 

  



Page 158 

Appendix 11: Chapter 4 Supplementary Table 7. Habitat usage intensity results of post-hoc 

power (1-β) analysis using observed variance, for paired t-tests (n=14 paired transects) to detect 

a mean difference between seismic line and forest transects (α=0.05), of 20%, 50% or 80%, if 

one existed. Results shown where an effect was not detected. 

 

  Mean usage intensity difference 

Taxonomic group 20% 50% 80% 

 Cougar 0.066 0.164 0.350 

 Gray wolf - - - 

 Coyote - - - 

 Lynx 0.063 0.173 0.329 

 Marten - - - 

 Weasel 0.073 0.269 0.549 

 Moose & elk - - - 

 Deer 0.313 0.957 0.999 

 Hare 0.103 0.382 0.756 

 Red squirrel 0.143 0.565 0.940 

 Mouse 0.081 0.283 0.612 

 Vole 0.717 >0.999 >0.999 

 Shrew 0.315 0.957 >0.999 

Body size-diet group    

 Large predators - - - 

 Mid-sized predators - - - 

 Large herbivores 0.397 0.988 >0.999 

 Mid-sized herbivores - - - 

 Small mammals 0.450 0.996 >0.999 

All species 0.314 0.956 >0.999 
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Appendix 12: Chapter 4 Supplementary Table 8. Crossing propensity results of Benjamini-

Hochberg procedure to correct for false discovery over 19 paired t-tests (n=14 paired sites) for a 

significant difference between seismic line and forest transects, with a false discovery rate (FDR) 

of 0.15. Mammals sorted by unadjusted p-value, bold indicates p<0.05 and the Benjamini-

Hochberg procedure declared a significant result. 

 

Taxonomic group Unadjusted 

p-value 

FDR-

derived 

significance 

threshold1 

FDR-

adjusted p-

values (q-

values)2 

Hare <0.001 0.008 0.002 

Mid-sized predators 0.007 0.016 0.063 

Large herbivores 0.012 0.024 0.074 

Mid-sized herbivores 0.037 0.032 0.152 

Deer 0.040 0.039 0.152 

All species 0.074 0.047 0.208 

Small mammals 0.077 0.055 0.208 

Shrew 0.104 0.063 0.242 

Mouse 0.115 0.071 0.242 

Large predators 0.360 0.079 0.664 

Lynx 0.384 0.087 0.664 

Coyote 0.496 0.095 0.729 

Moose & elk 0.516 0.103 0.729 

Weasel 0.537 0.111 0.729 

Vole 0.583 0.118 0.738 

Cougar 0.640 0.126 0.760 

Marten 0.703 0.134 0.786 

Red squirrel 0.753 0.142 0.795 

Gray wolf 0.975 0.150 0.975 

1. Calculated as iq/m where i is the p-value rank, q is the FDR and m is number of tests (19). 

Test declared significant for all tests ranked higher than the test with the largest p-value that 

had p<iq/m. 

2. Calculated as unadjusted p-value times m/i or the next adjusted p-value in the list, whichever 

is smaller and interpreted as the probability that the test was truly not significant given that it 

was declared significant. 
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Appendix 13: Chapter 4 Supplementary Table 9. Travel propensity results of Benjamini-

Hochberg procedure to correct for false discovery over 19 paired t-tests (n=14 paired sites) for a 

significant difference between seismic line and forest transects, with a false discovery rate (FDR) 

of 0.15. Mammals sorted by unadjusted p-value, bold indicates p<0.05 and the Benjamini-

Hochberg procedure declared a significant result. 

 

Taxonomic group Unadjusted 

p-value 

FDR-

derived 

significance 

threshold1 

FDR-

adjusted p-

values (q-

values)2 

Large predators <0.001 0.008 <0.001 

Large herbivores <0.001 0.016 <0.001 

All species <0.001 0.024 <0.001 

Coyote <0.001 0.032 <0.001 

Deer <0.001 0.039 <0.001 

Gray wolf <0.001 0.047 0.002 

Moose & elk 0.001 0.055 0.003 

Cougar 0.003 0.063 0.007 

Mid-sized predators 0.013 0.071 0.027 

Red squirrel 0.052 0.079 0.099 

Lynx 0.065 0.087 0.112 

Weasel 0.100 0.095 0.159 

Hare 0.165 0.103 0.228 

Shrew 0.168 0.111 0.228 

Mid-sized herbivores 0.203 0.118 0.257 

Marten 0.226 0.126 0.268 

Mouse 0.295 0.134 0.330 

Small mammals 0.321 0.142 0.339 

Vole 0.358 0.150 0.358 

1. Calculated as iq/m where i is the p-value rank, q is the FDR and m is number of tests (19). 

Test declared significant for all tests ranked higher than the test with the largest p-value that 

had p<iq/m. 

2. Calculated as unadjusted p-value times m/i or the next adjusted p-value in the list, whichever 

is smaller and interpreted as the probability that the test was truly not significant given that it 

was declared significant. 
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Appendix 14: Chapter 4 Supplementary Table 10. Habitat usage intensity results of Benjamini-

Hochberg procedure to correct for false discovery over 19 paired t-tests (n=14 paired sites) for a 

significant difference between seismic line and forest transects, with a false discovery rate (FDR) 

of 0.15. Mammals sorted by unadjusted p-value, bold indicates p<0.05 and the Benjamini-

Hochberg procedure declared a significant result. 

 

Taxonomic group Unadjusted 

p-value 

FDR-

derived 

significance 

threshold1 

FDR-

adjusted p-

values (q-

values)2 

Large predators <0.001 0.008 0.002 

Coyote <0.001 0.016 0.002 

Marten 0.002 0.024 0.012 

Gray wolf 0.005 0.032 0.021 

Moose & elk 0.021 0.039 0.080 

Mid-sized herbivores 0.035 0.047 0.111 

Mid-sized predators 0.041 0.055 0.111 

Cougar 0.060 0.063 0.143 

Shrew 0.097 0.071 0.205 

Large herbivores 0.140 0.079 0.258 

Hare 0.162 0.087 0.258 

Red squirrel 0.174 0.095 0.258 

Weasel 0.177 0.103 0.258 

Deer 0.346 0.111 0.470 

Vole 0.494 0.118 0.626 

All species 0.690 0.126 0.782 

Lynx 0.700 0.134 0.782 

Mouse 0.910 0.142 0.918 

Small mammals 0.918 0.150 0.918 

1. Calculated as iq/m where i is the p-value rank, q is the FDR and m is number of tests (19). 

Test declared significant for all tests ranked higher than the test with the largest p-value that 

had p<iq/m. 

2. Calculated as unadjusted p-value times m/i or the next adjusted p-value in the list, whichever 

is smaller and interpreted as the probability that the test was truly not significant given that it 

was declared significant. 
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Appendix 15: Chapter 4 Supplementary Table 11. Habitat usage intensity results of Benjamini-

Hochberg procedure to correct for false discovery over 19 repeated measures ANOVA tests 

(n=140 sub-transects) for a significant difference between sub-transects (100 m in length) located 

varying distances from seismic lines, with a false discovery rate (FDR) of 0.15. Mammals sorted 

by unadjusted p-value, bold indicates p<0.05 and the Benjamini-Hochberg procedure declared a 

significant result. 

Taxonomic group Unadjusted 

p-value 

FDR-

derived 

significance 

threshold 

FDR-

adjusted p-

values (q-

values) 

Moose/elk <0.001 0.008 0.008 

Large herbivore 0.113 0.016 0.570 

Shrew 0.114 0.024 0.570 

Deer 0.120 0.032 0.570 

Small mammal 0.212 0.039 0.692 

Mouse 0.249 0.047 0.692 

Mid-sized predator 0.289 0.055 0.692 

Weasel 0.313 0.063 0.692 

Vole 0.374 0.071 0.692 

Marten 0.382 0.079 0.692 

Cougar 0.401 0.087 0.692 

Lynx 0.544 0.095 0.862 

Mid-sized herbivore 0.683 0.103 0.934 

All taxa 0.688 0.111 0.934 

Red squirrel 0.740 0.118 0.938 

Coyote 0.806 0.126 0.957 

Large predator 0.883 0.134 0.966 

Hare 0.926 0.142 0.966 

Gray wolf 0.966 0.150 0.966 

 

1. Calculated as iq/m where i is the p-value rank, q is the FDR and m is number of tests (19). 

Test declared significant for all tests ranked higher than the test with the largest p-value that 

had p<iq/m. 

2. Calculated as unadjusted p-value times m/i or the next adjusted p-value in the list, whichever 

is smaller and interpreted as the probability that the test was truly not significant given that it 

was declared significant. 
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Appendix 16: Mammal taxa and functional groups (acronyms in parentheses), component species, overall habitat preference, number 

of sites where the mammal was detected, minimum, maximum and mean seismic line/forest preference index in the study area (n=14 

sites) and the prey and predators which were used as coexisting mammal predictors in generalized linear models.  

    SL/forest preference index    

Taxon/functional 

groupa 

Component 

speciesa 

SL/forest 

pref.a  

(Ch. 4) 

No. 

Sites 

Min. Max. Mean (SE) Preyb Predatorsc References 

Cougar (Cu) Felis concolor N 13 0.00 1.00 0.68 (0.09) Lherb Gw  Kortello et al., 

2007  

Gray wolf (Gw) Canis lupus SL 10 0.32 1.00 0.86 (0.07) Lherb Cu  Kortello et al., 

2007  

Coyote (Cy) Canis latrans SL 14 0.64 1.00 0.90 (0.04) Mherb + 

Smam 

 Cu+Gw 

+Ly  

 Murray & Boutin, 

1994; Bekoff, 

1977; Arjo & 

Peltscher, 2004; 

Bayne et al., 2008  

Lynx (Ly) Lynx canadensis N 13 0.00 1.00 0.50 (0.11) Ha  Cu+Gw 

+Cy  

 Koehler & Aubry, 

1994; Murray & 

Boutin, 1994; 

Buskirk et al., 

1999  

Bobcat (Bc) Lynx rufus N 3 0.00 1.00 0.33 (0.15) na na  na  

Fisher (Fi) Martes pennanti N 7 0.00 1.00 0.35 (0.12) na na  na  

Red fox (Rf) Vulpes vulpes N 9 0.00 1.00 0.42 (0.13) na na  na  

Marten (Ma) Martes americana F 13 0.08 0.68 0.28 (0.04) Mherb+ 

Smam 

Lpred  Buskirk & 

Ruggiero, 1994; 

Moriarty et al., 

2015; Palomares, 

1999  
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    SL/forest preference index    

Taxon/functional 

groupa 

Component 

speciesa 

SL/forest 

pref. Ref 

(MS2) 

No. 

Sites 

Min. Max. Mean (SE) Preya Predatorsb References 

Weasel (We) Mustela erminea, 

M. nivalis, M. 

frenata 

N 14 0.00 1.00 0.65 (0.09) Smam Lpred  Haapakoski et al., 

2013; King, 1983; 

Palomares, 1999  

Moose/elk 

(Mo/ek) 

Alces alces, Cervus 

elaphus 

SL 14 0.20 0.96 0.71 (0.06) na Cu+Gw  Kortello et al., 

2007  

Deer (De) Odocoileus 

hemionus, O. 

virginianus 

N 14 0.31 0.72 0.53 (0.04) na Cu+Gw  Kortello et al., 

2007  

Hare (Ha) Lepus americanus N 14 0.04 0.94 0.40 (0.09) na Lpred+ 

Mpred 

 Krebs & 

Boonstra, 2001; 

Bekoff, 1977  

Red squirrel 

(Rs) 

Tamiasciurus 

hudsonicus 

N 14 0.08 0.88 0.46 (0.07) na Lpred+ 

Mpred 

 Krebs & 

Boonstra, 2001; 

Bekoff, 1977  

Vole (Vo) Clethrionomys 

gapperi, 

Phenacomys 

intermedius, 

Microtus 

pennsylvanicus, M. 

longicaudus 

N 14 0.33 0.70 0.52 (0.03) na Lpred+ 

Mpred 

 Alexander & 

Verts, 1992; 

Haapakoski et al., 

2013; King, 1983; 

Bekoff, 1977  

Mouse (Mu) Peromyscus 

maniculatus 

N 14 0.06 0.93 0.47 (0.08) na Lpred+ 

Mpred 

 

Shrew (Sh) Sorex cinereus, S. 

monticolus , S. 

arcticus, S. hoyi 

N 14 0.16 0.78 0.41 (0.05) na Lpred+ 

Mpred 
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    SL/forest preference index    

Taxon/functional 

groupa 

Component 

speciesa 

SL/forest 

pref. Ref 

(MS2) 

No. 

Sites 

Min. Max. Mean (SE) Preya Predatorsb References 

Large predator 

(Lpred) 

Cu+Gw+Cy+Ly SL 14 0.75 1.00 0.92 (0.02) Lherb+ 

Mherb+ 

Smam 

na 
 

Mid-sized 

predator 

(Mpred) 

Bc+Fi+Rf+Ma+We F 14 0.20 0.95 0.41 (0.06) Mherb+  

Smam 

Lpred 
 

Large herbivore 

(Lherb) 

Mo/ek+De N 14 0.33 0.72 0.56 (0.04) na Cu+Gw 
 

Mid-sized 

herbivore 

(Mherb) 

Ha+Rs F 14 0.19 0.87 0.40 (0.06) na Lpred+ 

Mpred 

 

Small mammal 

(Smam) 

Vo+Mu+Sh N 14 0.34 0.68 0.49 (0.03) na Lpred+ 

Mpred 

  

 

a. Overall preference for seismic line (SL), forest (F) or neither (N) habitat. 

b. Component species included for each taxon and functional group. 

c. Prey and predators used to calculate abundance index predictor variables. Abbreviations shown in column 1. Taxa were combined 

for predators which regularly feed on more than one prey. Functional group component predators and prey were combined. Not 

applicable indicated by na.  
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Appendix 17: Correlation coefficients (p≤0.05 shown in bold) for landscape variables (n=14 sties) at three scales, based on radii from 

site transects. 

 SL density % forest Edge density TRI Elevation 

  1000m 1500m 4000m 1000m 1500m 4000m 1000m 1500m 4000m 1000m 1500m 4000m 1000m 1500m 

SLD 1500m 0.98              

SLD 4000m 0.87 0.93             

%for 1000m 0.19 0.19 0.15            

%for 1500m -0.11 -0.11 -0.12 0.92           

%for 4000m -0.33 -0.34 -0.35 0.75 0.91          

ED 1000m 0.81 0.78 0.69 -0.25 -0.48 -0.65         

ED 1500m 0.85 0.84 0.79 -0.22 -0.50 -0.69 0.98        

ED 4000m 0.81 0.86 0.91 -0.17 -0.44 -0.67 0.83 -0.91       

TRI 1000m -0.73 -0.74 -0.78 0.12 0.29 0.43 -0.77 -0.81 -0.80      

TRI 1500m -0.78 -0.80 -0.85 0.07 0.27 0.44 -0.80 -0.85 -0.86 0.99     

TRI 4000m -0.79 -0.81 -0.87 0.02 0.22 0.44 -0.82 -0.86 -0.89 0.91 0.94    

Elev. 1000m -0.66 -0.67 -0.73 0.10 0.29 0.50 -0.76 -0.82 -0.83 0.90 0.90 0.90   

Elev. 1500m -0.68 -0.69 -0.75 0.09 0.28 0.50 -0.77 -0.82 -0.84 0.90 0.91 0.91 0.99  
Elev. 4000m -0.69 -0.70 -0.78 0.10 0.27 0.48 -0.79 -0.83 -0.85 0.91 0.92 0.95 0.99 0.99 

 

a. SLD: seismic line density; %for: % forest; ED: edge density; TRI: terrain ruggedness index. 
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Appendix 18: Mean range standardized abundance/activity index (± SE) for predator, prey and 

human predictor variables, calculated across 14 landscapes and used in models of mammal 

seismic line/forest preference.  

Predators 

Mean 

abundance/ 

activity 

index 

SE 

Cougar 0.31 0.08 

Gray wolf 0.28 0.10 

Cougar + gray wolf 0.33 0.09 

Cougar + gray wolf + lynx 0.39 0.09 

Cougar + gray wolf + coyote 0.50 0.09 

Large predator 0.42 0.08 

Large predator + mid-sized predator 0.47 0.08 

Prey   

Hare 0.18 0.07 

Large herbivore 0.37 0.08 

Small mammals 0.39 0.08 

Mid-sized herbivores + Small mammals 0.38 0.09 

Large herbivores + Mid-sized herbivores + Small mammals 0.45 0.09 

Human 0.28 0.08 
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Appendix 19: Models of seismic line/forest preference modification in mammals by environmental condition predictors (significant p-

values shown in bold) across 14 boreal forest landscapes. Best models were selected using adjusted AIC, from all possible candidate 

models (two best models reported for Moose & elk). Full models contained all predictor variables. 

     Best modela,b   Full modela,b,c 

Taxon Variable(s) in 

best predictive 

model 

n= Null 

deviance 

  Residual 

deviance 

R2 P AICc AICc 

Weight 

  Residual 

deviance 

R2 P AICc 

Cougar SL density + 

ruggedness 

13 62.133 
 

48.244 0.224 <0.001 83.584 0.67 
 

45.629 0.266 0.011 108.99 

Gray wolf Prey + SL 

density 

10 34.980 
 

8.120 0.768 <0.001 27.112 0.84 
 

0.278 0.992 <0.001 78.990 

Coyote % forest 14 21.961 
 

15.797 0.281 0.013 38.671 0.26 
 

7.795 0.645 0.028 54.996 

Lynx Predator + 

Human 

activity + % 

forest + 

Ruggedness 

13 94.001 
 

67.192 0.285 <0.001 109.010 0.50 
 

64.067 0.318 <0.001 122.779 

Marten Predator 13 11.288 
 

9.572 0.152 0.190 44.310 0.13 
 

4.472 0.604 0.338 71.539 

Weasel 
 

14 Diagnostics indicated multicollinearity and unstable predictor variables. 
  

Moose & elk1 Human 

activity 

14 25.841 
 

13.215 0.489 <0.001 51.181 0.23 
 

5.834 0.774 0.001 62.244 

Moose & elk2 % forest 14 
  

14.171 0.452 <0.001 51.677 0.20 
     

Deer Ruggedness 14 12.697 
 

10.077 0.206 0.106 49.819 0.29 
 

8.952 0.295 0.587 67.994 

Hare Predator + 

Human 

activity 

14 57.619 
 

46.574 0.192 0.004 84.124 0.46 
 

45.772 0.206 0.037 99.760 

Red squirrel Ruggedness 14 36.656 
 

33.280 0.092 0.066 69.247 0.32 
 

32.147 0.123 0.479 86.910 

Vole Ruggedness 14 6.811 
 

5.767 0.153 0.307 48.327 0.22 
 

3.442 0.495 0.643 65.787 

Mouse SL density + 

ruggedness 

14 42.346 
 

36.801 0.131 

 

0.063 75.829 0.13 
 

32.999 0.221 0.096 87.198 
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     Best modela,b   Full modela,b,c 

Taxon Variable(s) in 

best predictive 

model 

n= Null 

deviance 

  Residual 

deviance 

R2 P AICc AICc 

Weight 

  Residual 

deviance 

R2 P AICc 

Shrew Human 

activity 

14 18.136 
 

14.338 0.209 0.051 57.354 0.31 
 

12.517 0.310 0.345 74.605 

Functional group 
              

Large Predator Human 

activity + % 

forest 

14 11.300 
 

6.249 0.447 0.080 31.479 0.39 
 

5.037 0.554 0.281 45.163 

Mid-sized     

predator 

Ruggedness 14 24.198 
 

14.120 0.416 0.002 54.963 0.39 
 

12.748 0.473 0.075 81.001 

Large herbivore SL density 14 9.654 
 

8.380 0.132 0.259 49.456 0.18 
 

6.775 0.298 0.719 67.224 

Mid-sized 

herbivore 

Ruggedness 14 27.668 
 

22.337 0.193 0.021 62.291 0.18 
 

19.694 0.288 0.158 78.374 

Small mammal % forest 14 6.102   5.585 0.085 0.472 47.715 0.15   3.457 0.433 0.754 65.097 

 

a. Diagnostic measure for multicollinearity was variance inflation factor. 

b. R2 was calculated as 1-(residual deviance/null deviance). P values calculated using chi-square test for deviance explained by the 

model, p<0.05 shown in bold type. Models for different mammals should not be compared based on R2 because null deviance was 

unequal for each mammal. 

c. Variables in full model included SL density, % forest, human activity index, and abundance index for co-existing mammals (prey 

and predators) which are identified in Appendix 16. 
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Appendix 20: Correlation coefficients (p≤0.05 shown in bold) for predictor variables (n=14 sties) used in models of mammal seismic 

line/forest preference. 

  

%for SLD TRI Gw Cu Cu+Gw Cu+Gw+ 

Ly 

Cu+Gw+ 

Cy 

Lpred Lpred+ 

Mpred 

Lherb Mherb+ 

Smam 

Ha Smam All 

Prey 

SLD -0.10 
              

TRI 0.27 -0.79 
             

Gw 0.18 0.28 -0.32 
            

Cu 0.33 -0.36 0.18 0.04 
           

Cu+Gw 0.27 0.15 -0.24 0.95 0.36 
          

Cu+Gw+ 

Ly 

0.13 0.41 -0.51 0.89 0.28 0.92 
         

Cu+Gw+ 

Cy 

-0.11 0.17 0.04 0.25 -0.01 0.23 0.17 
        

Lpred -0.18 0.34 -0.14 0.30 -0.04 0.27 0.29 0.97 
       

Lpred+ 

Mpred 

0.11 -0.13 0.10 0.47 0.15 0.49 0.32 0.67 0.61 
      

Lherb -0.32 -0.22 0.12 0.03 0.02 0.04 -0.09 -0.01 -0.07 0.27 
     

Mherb+ 

Smam 

0.09 0.25 -0.28 -0.08 -0.06 -0.10 0.02 -0.15 -0.09 -0.24 -0.35 
    

Ha -0.14 0.44 -0.57 -0.22 -0.04 -0.22 0.02 -0.44 -0.31 -0.57 -0.45 0.62 
   

Smam -0.52 0.24 -0.29 0.13 0.05 0.14 0.29 -0.07 0.01 -0.18 -0.12 0.03 0.33 
  

All Prey 0.02 0.22 -0.27 -0.08 -0.06 -0.09 0.00 -0.16 -0.11 -0.19 -0.15 0.98 0.56 0.00 
 

Hum Act -0.73 0.04 -0.09 -0.05 -0.03 -0.05 0.09 0.43 0.50 0.15 -0.03 -0.03 -0.04 0.65 -0.03 

 

a. Model predictors. %for: % forest; SLD: seismic line density; TRI: terrain ruggedness index; Hum Act: human activity index; see 

Appendix 16for taxa and functional group acronyms.  
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Appendix 21: Mammals assessed for modification to their response toward seismic lines by environmental conditions in surrounding 

landscape. Their average preference for either seismic line (SL), forest (FO), or neither habitat (I: indifference) in the study area and 

the relative contribution by environmental condition predictors (sum of AICc weights across models (ΔAICc<4) containing the 

variable) to modifying these responses across the 14 boreal forest landscapes (bold were included in significant best model). Also 

shown are best model (lowest AICc) R2, chi-square test results (p<0.05 in bold) and the predicted response modification (see also 

Figure 5.2; Appendix 16 and Appendix 19 for additional model details). 

  Predictor variables for SL/forest preference index  Best Modelc    
Coexisting 

mammal abund.a,b 

 
Fragmentationb 

    
    

 

Taxon SL/forest 

(FO) 

pref. 

Prey Predator 
 

SL 

density 

% 

forest 

 
Human 

activityc 

Terrain 

rugged.c 

 
R2 P Response modification 

Cougar SL 0.11 0.10 
 

1.00 0.00 
 

0.12 1.00 
 

0.224 <0.001 Stronger SL preference as SL 

density decreased and terrain 

became flatter. 

Gray wolf SL 0.84 0.16 
 

0.84 0.16 
 

0.16 0.00 
 

0.768 <0.001 Stronger SL preference as SL 

density decreased and prey 

abundance decreased. 

Coyote SL 0.09 0.05 
 

0.45 0.95 
 

0.17 0.24 
 

0.281 0.013 Stronger SL preference when 

higher % forest 

Lynx I 0.09 1.00 
 

0.08 0.72 
 

0.60 0.92 
 

0.285 <0.001 Stronger SL preference where 

higher % forest and human 

activity and as terrain became 

flatter; Higher forest preference 

where higher predator 

abundance. 

Marten FO 0.31 0.33 
 

0.19 0.17 
 

0.12 0.33 
 

0.152 0.190 No strong predictors 

Weasel I Diagnostics indicated multicollinearity and unstable predictor variables. 
 

Moose\elk SL na 0.20 
 

0.23 0.42 
 

0.66 0.15 
 

0.489 <0.001 Stronger SL preference when 

lower human activity 
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  Predictor variables for SL/forest preference index  Best Modelc    
Coexisting 

mammal abund.a,b 

 
Fragmentationb 

    
    

 

Taxon SL/forest 

(FO) 

pref. 

Prey Predator 
 

SL 

density 

% 

forest 

 
Human 

activityc 

Terrain 

rugged.c 

 
R2 P Response modification 

Moose\elk2 SL 
         

0.452 <0.001 Stronger SL preference when 

higher % forest 

Deer I na 0.15 
 

0.28 0.19 
 

0.13 0.52 
 

0.206 0.106 No strong predictors 

Hare I na 0.92 
 

0.07 0.25 
 

0.59 0.06 
 

0.192 0.004 Stronger forest preference where 

lower predator abundance and 

higher human activity 

Red 

squirrel 

I na 0.10 
 

0.30 0.20 
 

0.12 0.62 
 

0.092 0.066 No strong predictors 

Vole I na 0.16 
 

0.24 0.21 
 

0.23 0.43 
 

0.153 0.307 No strong predictors 

Mouse I na 0.36 
 

0.31 0.19 
 

0.34 0.60 
 

0.131 0.063 No strong predictors 

Shrew I na 0.14 
 

0.22 0.17 
 

0.63 0.16 
 

0.209 0.051 No strong predictors 

Functional group 
            

Large 

predator 

SL 0.06 na 
 

0.23 0.72 
 

0.53 0.08 
 

0.447 0.080 Stronger SL preference where 

higher % forest and human 

activity. 

Mid-sized 

predator 

FO 0.08 0.18 
 

0.26 0.08 
 

0.08 0.82 
 

0.416 0.002 Stronger SL preference where 

terrain was flatter  

Large 

herbivore 

I na 0.19 
 

0.34 0.31 
 

0.21 0.28 
 

0.132 0.259 No strong predictors 

Mid-sized 

herbivore 

FO na 0.06 
 

0.29 0.36 
 

0.33 0.47 
 

0.193 0.021 Stronger forest preference where 

terrain was flatter  

Small 

mammal 

I na 0.24   0.24 0.28   0.28 0.29   0.085 0.472 No strong predictors 
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Appendix 22: Generalized linear models for mean (over 9 surveys) mammal SL/forest preference 

in 14 boreal forest landscapes. Models were generated with % forest, SL density, terrain 

ruggedness index (TRI), prey abundance (for predators), predator abundance and human activity 

index predictors. Number of parameters (k), AICc, delta AICc and Akaike weights (wi) are 

shown for the most supported models (ΔAICc<4). 

Large predators 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Cougar 
    

 SL density + Terrain ruggedness 3 83.58 0.00 0.67 

 Human activity + SL density + Terrain ruggedness 4 87.03 3.45 0.12 

 Prey abundance + SL density + Terrain ruggedness 4 87.21 3.63 0.11 

 Predator abundance + SL density + Terrain ruggedness 4 87.40 3.81 0.10 

Gray wolf     

 Prey abundance + SL density 3 27.11 0.00 0.84 

 Predator abundance + human activity + % forest 4 30.50 3.39 0.16 

Coyote     

 % forest 2 38.67 0.00 0.26 

 % forest + SL density 3 39.42 0.75 0.18 

 % forest + SL density + Terrain ruggedness 4 40.01 1.34 0.13 

 Human activity + Terrain ruggedness 3 40.89 2.22 0.09 

 Prey abundance + % forest 3 40.90 2.23 0.09 

 % forest + Terrain ruggedness 3 41.50 2.83 0.06 

 Predator abundance + % forest 3 41.83 3.16 0.05 

 SL density 2 41.97 3.30 0.05 

 

Human activity + % forest + SL density + Terrain 

ruggedness 5 42.26 3.59 0.04 

 Human activity + % forest + SL density  4 42.34 3.67 0.04 

Lynx     

 

Predator abundance + human activity + % forest + Terrain 

ruggedness  5 109.01 0.00 0.50 

 Predator abundance + Terrain ruggedness 3 110.80 1.79 0.21 

 Predator abundance + % forest + Terrain ruggedness 4 111.87 2.87 0.12 

 

Predator abundance + prey abund + human act + % forest 

+ Terrain ruggedness 6 112.40 3.40 0.09 

 Predator abundance + SL density 3 112.77 3.76 0.08 

Large predator functional group     

 Human activity + % forest 3 31.48 0.00 0.39 

 % forest 2 32.94 1.46 0.19 

 SL density 2 34.39 2.91 0.09 

 Human activity + % forest + SL density 4 34.72 3.24 0.08 
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 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

 Terrain ruggedness 2 34.80 3.32 0.08 

 Prey abundance 2 35.32 3.84 0.06 

 % forest + SL density 3 35.35 3.87 0.06 

 Human activity 2 35.39 3.91 0.06 

Mid-sized predators 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Marten     

 Predator abundance 2 44.31 0.00 0.13 

 Terrain ruggedness 2 44.33 0.02 0.13 

 Prey abundance 2 45.23 0.92 0.08 

 SL density 2 45.41 1.10 0.08 

 Predator abundance + Prey abundance 3 45.55 1.24 0.07 

 Prey abundance + Terrain ruggedness 3 45.63 1.32 0.07 

 % forest 2 45.69 1.38 0.07 

 Human activity 2 46.19 1.88 0.05 

 Predator abundance + Terrain ruggedness 3 46.60 2.29 0.04 

 Prey abundance + SL density 3 46.78 2.47 0.04 

 % forest + Terrain ruggedness 3 47.22 2.91 0.03 

 Predator abundance + % forest 3 47.37 3.06 0.03 

 Human activity + Terrain ruggedness 3 47.49 3.18 0.03 

 Predator abundance + SL density 3 47.62 3.31 0.03 

 Human activity + Predator abundance 3 47.78 3.47 0.02 

 SL density + Terrain ruggedness 3 47.78 3.47 0.02 

 % forest + SL density 3 47.92 3.61 0.02 

 Human activity + Prey abundance 3 48.04 3.73 0.02 

 Prey abundance + % forest 3 48.07 3.76 0.02 

Weasel     

 

Human activity + SL density + Prey abundance + Terrain 

ruggedness 5 69.26 0.00 0.56 

 

Human activity + Predator abundance + Prey abundance + 

Terrain ruggedness 5 71.79 2.53 0.16 

 Human activity + Predator abundance + Prey abundance 4 72.54 3.28 0.11 

 Human activity + Prey abundance 3 72.96 3.70 0.09 

 

Human activity + % forest + SL density + Prey abundance 

+ Terrain ruggedness 6 73.01 3.75 0.09 

Mid-sized predator functional group     

 Terrain ruggedness 2 54.96 0.00 0.39 

 Predator abundance + Terrain ruggedness 3 57.41 2.45 0.11 
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 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

 SL density 2 57.42 2.46 0.11 

 Prey abundance + Terrain ruggedness 3 58.09 3.13 0.08 

 Human activity + Terrain ruggedness 3 58.17 3.21 0.08 

 SL density + Terrain ruggedness 3 58.18 3.22 0.08 

 % forest + Terrain ruggedness 3 58.26 3.30 0.08 

 Predator abundance + SL density 3 58.47 3.51 0.07 

Large herbivores 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Moose/elk     

 Human activity 2 51.18 0.00 0.23 

 % forest 2 51.68 0.50 0.18 

 Predator abundance + Human activity 3 52.07 0.89 0.15 

 Human activity + SL density 3 53.15 1.97 0.09 

 Human activity + % forest 3 53.38 2.20 0.08 

 Human activity + SL density + Terrain ruggedness 4 53.41 2.23 0.08 

 % forest + SL density 3 53.48 2.30 0.07 

 Predator abundance + % forest 3 54.25 3.07 0.05 

 Human activity + Terrain ruggedness 3 54.54 3.36 0.04 

 % forest + Terrain ruggedness 3 54.91 3.73 0.04 

Deer     

 Terrain ruggedness 2 49.82 0.00 0.29 

 SL density 2 50.68 0.86 0.19 

 Predator abundance 2 52.04 2.22 0.09 

 % forest 2 52.35 2.53 0.08 

 Human activity 2 52.45 2.63 0.08 

 % forest + Terrain ruggedness 3 52.58 2.76 0.07 

 Predator abundance + Terrain ruggedness 3 53.12 3.30 0.06 

 Human activity + Terrain ruggedness 3 53.13 3.31 0.05 

 SL density + Terrain ruggedness 3 53.16 3.34 0.05 

 % forest + SL density 3 53.81 3.99 0.04 

Large herbivore functional group     

 SL density 2 49.46 0.00 0.18 

 % forest 2 49.85 0.39 0.15 

 Terrain ruggedness 2 49.94 0.48 0.14 

 Human activity 2 50.43 0.97 0.11 

 Predator abundance 2 50.47 1.01 0.11 

 % forest + SL density 3 51.82 2.36 0.05 

 % forest + Terrain ruggedness 3 51.98 2.52 0.05 
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 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

 Human activity + SL density 3 52.57 3.11 0.04 

 Predator abundance + SL density 3 52.78 3.32 0.03 

 SL density + Terrain ruggedness 3 52.86 3.40 0.03 

 Human activity + Terrain ruggedness 3 53.03 3.57 0.03 

 Human activity + % forest 3 53.04 3.58 0.03 

 Predator abundance + % forest 3 53.22 3.76 0.03 

 Predator abundance + Terrain ruggedness 3 53.26 3.80 0.03 

      

Mid-sized herbivores 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Hare     

 Human activity + Predator abundance 3 84.12 0.00 0.46 

 Predator abundance + % forest 3 86.15 2.03 0.17 

 Predator abundance 2 86.19 2.07 0.16 

 % forest 2 87.52 3.40 0.08 

 Human activity + Predator abundance + SL density 4 87.90 3.78 0.07 

 

Human activity + Predator abundance + Terrain 

ruggedness 4 88.11 3.99 0.06 

Red squirrel     

 Terrain ruggedness 2 69.25 0.00 0.32 

 SL density 2 70.27 1.02 0.19 

 % forest + Terrain ruggedness 3 71.40 2.15 0.11 

 Human activity + Terrain ruggedness 3 72.20 2.95 0.07 

 SL density + Terrain ruggedness 3 72.51 3.26 0.06 

 Predator abundance + Terrain ruggedness 3 72.56 3.31 0.06 

 % forest 2 73.04 3.79 0.05 

 Human activity 2 73.11 3.86 0.05 

 % forest + SL density 3 73.13 3.88 0.05 

 Predator abundance 2 73.24 3.99 0.04 

Mid-sized herbivore functional group     

 Terrain ruggedness 2 62.29 0.00 0.18 

 % forest 2 62.95 0.66 0.13 

 Human activity + Terrain ruggedness 3 63.03 0.74 0.12 

 Human activity 2 63.56 1.27 0.10 

 % forest + Terrain ruggedness 3 63.60 1.31 0.09 

 SL density 2 63.65 1.36 0.09 

 % forest + SL density 3 63.80 1.51 0.08 

 Human activity + SL density 3 63.97 1.68 0.08 
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 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

 SL density + Terrain ruggedness 3 65.58 3.29 0.03 

 Predator abundance + Terrain ruggedness 3 65.61 3.32 0.03 

 Human activity + % forest 3 65.94 3.65 0.03 

 Predator abundance + % forest 3 66.26 3.97 0.02 

      

Small mammals 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Vole     

 Terrain ruggedness 2 48.33 0.00 0.22 

 Human activity 2 49.29 0.96 0.13 

 SL density 2 49.30 0.97 0.13 

 Predator abundance 2 49.56 1.23 0.12 

 % forest 2 49.65 1.32 0.11 

 % forest + Terrain ruggedness 3 50.75 2.42 0.06 

 Human activity + Terrain ruggedness 3 50.78 2.45 0.06 

 Predator abundance + Terrain ruggedness 3 51.44 3.11 0.05 

 SL density + Terrain ruggedness 3 51.60 3.27 0.04 

 Human activity + SL density 3 51.91 3.58 0.04 

 % forest + SL density 3 52.22 3.89 0.03 

Mouse     

 SL density + Terrain ruggedness 3 75.83 0.00 0.13 

 Human activity 2 76.21 0.38 0.11 

 Terrain ruggedness 2 76.24 0.41 0.11 

 Predator abundance + Terrain ruggedness 3 76.70 0.87 0.08 

 Predator abundance 2 76.85 1.02 0.08 

 Human activity + Terrain ruggedness 3 77.10 1.27 0.07 

 Predator abundance + SL density + Terrain ruggedness 4 77.42 1.59 0.06 

 % forest 2 77.48 1.65 0.06 

 Human activity + SL density + Terrain ruggedness 4 77.61 1.78 0.05 

 Human activity + Predator abundance 3 77.93 2.10 0.05 

 Predator abundance + % forest 3 78.00 2.17 0.04 

 % forest + Terrain ruggedness 3 78.80 2.97 0.03 

 

Human activity + Predator abundance + Terrain 

ruggedness 4 79.02 3.19 0.03 

 SL density 2 79.12 3.29 0.03 

 Human activity + % forest 3 79.52 3.69 0.02 

 Human activity + SL density 3 79.55 3.72 0.02 

 % forest + SL density + Terrain ruggedness 4 79.58 3.75 0.02 
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 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

 Predator abundance + % forest + Terrain ruggedness 4 79.65 3.82 0.02 

Shrew     

 Human activity 2 57.35 0.00 0.31 

 SL density 2 59.41 2.06 0.11 

 % forest 2 59.43 2.08 0.11 

 Human activity + SL density 3 59.58 2.23 0.10 

 Terrain ruggedness 2 59.98 2.63 0.08 

 Human activity + Terrain ruggedness 3 60.23 2.88 0.07 

 Human activity + Predator abundance 3 60.26 2.91 0.07 

 Predator abundance 2 60.54 3.19 0.06 

 Human activity + % forest 3 60.63 3.28 0.06 

Small mammal functional group     

 % forest 2 47.72 -14.57 0.15 

 Human activity 2 47.75 -14.54 0.15 

 Terrain ruggedness 2 47.82 -14.47 0.15 

 Predator abundance 2 48.21 -14.08 0.12 

 SL density 2 48.41 -13.88 0.11 

 SL density + Terrain ruggedness 3 50.06 -12.23 0.05 

 Human activity + Terrain ruggedness 3 50.59 -11.70 0.04 

 % forest + Terrain ruggedness 3 50.72 -11.57 0.03 

 Predator abundance + % forest 3 50.75 -11.54 0.03 

 Predator abundance + Terrain ruggedness 3 50.88 -11.41 0.03 

 Human activity + % forest 3 50.94 -11.35 0.03 

 Human activity + Predator abundance 3 50.96 -11.33 0.03 

 % forest + SL density 3 51.04 -11.25 0.03 

 Human activity + SL density 3 51.08 -11.21 0.03 

 Predator abundance + SL density 3 51.54 -10.75 0.02 
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Appendix 23: Mammal taxa and functional groups with abbreviations (Abr.), number of sites where each occurred, body weight, 

forest, SL and mean weighted abundance (meters per kilometer surveyed), across 14 boreal forest landscapes. 

Taxon/Functional 

Group 

Abr. Species included in taxa groups/taxa 

included in functional groups 

No. 

Sites 

Body 

weight 

(kg) 

Forest 

Abundance 

(SE) 

SL 

Abundance 

(SE) 

Mean (SE) 

weighted 

abundance 

Grizzly bear Gb Ursus arctos horribilis 1 204.1 0.0 (0.0) 5.5 (5.4) 0.5 (0.5) 

Cougar Cu Felis concolor 13 67.0 3.3 (1.0) 25.9 (12.6) 5.0 (1.2) 

Gray wolf Gw Canis lupus 10 37.4 4.0 (1.9) 78.1 (28.5) 10.2 (3.6) 

Coyote Cy Canis latrans 14 15.9 15.9 (4.5) 259.6 (75.7) 37.0 (7.0) 

Lynx Ly Lynx canadensis 13 11.6 4.2 (1.5) 11.1 (5.7) 5.0 (1.7) 

Bobcat  Bc Lynx rufus 3 9.1 0.2 (0.1) 0.1 (0.1) 0.2 (0.1) 

Fisher Fi Pekania pennanti 7 3.5 0.6 (0.2) 0.8 (0.6) 0.6 (0.2) 

Red fox Rf Vulpes vulpes 9 5.4 0.7 (0.3) 1.4 (0.9) 0.7 (0.3) 

Marten Ma Martes americana 13 1.0 70.9 (15.4) 40.9 (9.8) 68.2 (14.8) 

Weasel We Mustela erminea, M. nivalis, M. frenata 14 0.1 8.6 (2.9) 17.0 (7.8) 9.1 (3.0) 

Moose/elk Mo/ek Alces alces, Cervus elaphus 14 355.8 19.1 (5.4) 36.4 (7.8) 20.3 (4.9) 

Deer De Odocoileus hemionus, O.virginianus 14 94.1 283.7 (37.9) 324.5 (50.8) 287.0 (36.9) 

Hare Ha Lepus americanus 14 1.5 318.8 (127.1) 177.3 (61.6) 298.1 (116.5) 

Red squirrel Rs Tamiasciurus hudsonicus 14 0.3 549.4 (150.1) 325.9 (54.6) 529.9 (141.3) 

Vole Vo Clethrionomys gapperi, Phenacomys 

intermedius, Microtus pennsylvanicus, M. 

longicaudus 

14 0.02 39.5 (7.0) 40.9 (6.6) 39.5 (6.8) 

Mouse Mu Peromyscus maniculatus 14 0.02 22.9 (3.5) 32.0 (12.0) 24.7 (4.5) 

Shrew Sh Sorex cinereus, S. monticolus , S. arcticus, 

S. hoyi 

14 0.005 30.2 (6.5) 24.1 (6.2) 29.3 (6.3) 

  



Page 180 

Appendix 24: Relative contribution by environmental conditions (sum of AICc weights across models (delta AICc<4) containing the 

variable) predicted to affect landscape-scale abundance of mammals (refer to Appendix 16 for component species) in 14 boreal forest 

landscapes (bold included in significant best model). Also shown are best model results (lowest AICc, p<0.05 in bold).  

 Weighted track abundance predictors  Best Modelb 

 Fragmentationa     

Coexisting 

mammal 

abundancea      

Taxon % forest SL 

density 

 
Terrain 

rugged.a 

Human 

activitya 

 
Prey Predator 

 

R2 P 

Cougar 0.31 0.37  0.18 0.17  0.15 0.15  0.097 0.132 

Gray wolf 0.40 0.66  0.37 0.10  0.11 0.13  0.240 0.062 

Coyote 0.19 0.17  0.20 0.35  0.14 0.30  0.167 0.075 

Lynx 0.05 0.27  0.65 0.11  0.30 0.18  0.461 <0.001 

Red fox 0.30 0.18  0.13 0.34  0.19 0.22  0.184 0.019 

Bobcat poor model fit        

  

Fisher 0.37 0.16  0.16 0.23  0.31 0.15  0.164 0.089 

Marten 0.20 0.39  0.20 0.20  0.23 0.35  0.070 0.178 

Weasel 0.36 0.06  0.17 0.14  >0.99 0.06  0.382 0.004 

Moose\elk 0.19 0.48  0.41 0.17  na 0.16  0.428 0.001 

Deer 0.29 0.25  0.25 0.26  na 0.25  0.094 0.270 

Hare 0.07 0.26  0.85 0.06  na 0.92  0.439 0.002 

Red squirrel 0.47 0.18  0.19 0.18  na 0.20  0.114 0.194 

Vole 0.31 0.21  0.27 0.35  na 0.19  0.359 0.013 

Mouse 0.23 0.16  0.24 0.51  na 0.15  0.431 0.004 

Shrew 0.18 0.33   0.38 0.18   na 0.22   0.151 0.066 

a. Forest cover, seismic line (SL) density and terrain ruggedness calculated for forest surrounding site transects (radius = 1.5 km; 

area = 12.3 km2). Human activity index and coexisting mammal abundance index calculated across the whole site (1 km2) at the 

landscape center.  

b. R2 was calculated as 1-(residual deviance/null deviance) and P values calculated using chi-square test for deviance explained by 

the model according to Fox (2008). 
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Reference: Fox, J. 2008. Applied regression analysis and generalized linear models. SAGE Publications, Inc., Los Angeles, CA. 

Fox, J. 2008. Applied regression analysis and generalized linear models. SAGE Publications, Inc., Los Angeles, CA. 
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Appendix 25: Predictive models of various environmental conditions to mammal abundance in 14 boreal forest landscapes. 

Significant results shown in bold type. 

     Best modela,c  Full modelb,c 

Taxon/ 

functional 

group 

Variable(s) in 

best predictive 

model 

Null 

deviance 

 
Residual 

deviance 

R2 P AICc AICc 

Weight 

 
Residual 

deviance 

Res. 

d.f. 

R2 P AICc 

Cougar SL density 13.998 
 

12.635 0.097 0.132 78.086 0.17 
 

8.492 7 0.393 0.440 114.743 

Gray wolf SL density + 

%forest 

32.691 
 

24.837 0.240 0.062 99.077 0.19 
 

19.985 7 0.389 0.107 126.581 

Coyote human 8.539 
 

7.113 0.167 0.075 136.482 0.16 
 

4.139 7 0.515 0.281 169.908 

Lynx TRI 19.131 
 

10.304 0.461 <0.001 75.278 0.27 
 

5.467 7 0.714 <0.001 106.840 

Red fox human 11.183 
 

9.128 0.184 0.019 39.491 0.17 
 

8.331 7 0.255 0.587 75.095 

Bobcat not reported due to poor model fit 
          

Fisher %forest 10.761 
 

8.994 0.164 0.089 35.150 0.16 
 

6.643 7 0.383 0.339 69.199 

Marten SL density 18.380 
 

17.099 0.070 0.178 153.571 0.12 
 

9.809 7 0.466 0.228 182.681 

Weasel prey 22.734 
 

14.060 0.382 0.004 91.103 0.33 
 

6.375 7 0.720 <0.001 119.818 

Moose & elk SL density 9.076 
 

5.196 0.428 0.001 117.489 0.25 
 

3.817 8 0.579 0.009 140.377 

Deer %forest 2.924 
 

2.648 0.094 0.270 194.641 0.16 
 

1.808 8 0.382 0.405 218.067 

Hare predator + TRI 35.827 
 

20.104 0.439 0.002 184.295 0.45 
 

14.470 8 0.596 0.003 198.883 

Red squirrel %forest 13.447 
 

11.918 0.114 0.194 210.532 0.25 
 

10.887 8 0.190 0.763 233.768 

Vole human 3.957 
 

2.538 0.359 0.013 138.234 0.18 
 

1.707 8 0.569 0.024 161.669 

Mouse human 4.932 
 

2.808 0.431 0.004 124.611 0.26 
 

1.369 8 0.722 <0.001 147.438 

Shrew TRI 10.570   8.972 0.151 0.066 129.890 0.20   8.164 8 0.228 0.603 153.350 

a. Best model was selected as the model with the lowest adjusted AIC from all possible candidate models. 

b. Variables in full model included % forest, SL density, Terrain ruggedness index, human activity index, and abundance index for 

co-existing mammals (prey and predators) which are identified in Appendix 16. 

c. R2 was calculated as 1-(residual deviance/null deviance). P values calculated using chi-square test for deviance explained divided 

by the model dispersion parameter, p<0.05 shown in bold type.
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Appendix 26: Most supported (lowest AICc) generalized linear models predicting mammal 

abundance (m/km) as a function of environmental conditions in the landscape, using negative 

binomial distribution and log link function for 14 boreal forest landscapes in Alberta, Canada. 

Model coefficients (β), standard errors (SE), t-statistics and significance (p) shown. 

    Weighted abundance (m/km) 

Taxon Environmental 

context predictor 
β SE t-stat p 

Cougar SL density -0.376 0.246 -1.529 0.152 

Gray wolf SL density 1.328 0.468 2.837 0.016  
% forest 0.087 0.055 1.574 0.144 

Coyote Human activity 1.294 0.637 2.030 0.065 

Lynx TRI -0.027 0.009 -3.085 0.009 

Red fox Human activity 1.680 0.800 2.101 0.058 

Fisher % forest 0.074 0.049 1.511 0.157 

Marten SL density -0.362 0.241 -1.498 0.160 

Bobcat Predator abundance 4.980 2.031 2.453 0.031 

Weasel Prey abundance 2.838 0.992 2.862 0.014 

Moose/elk SL density -0.522 0.177 -2.947 0.012 

Deer % forest -0.020 0.016 -1.210 0.250 

Hare TRI -0.022 0.010 -2.281 0.043  
Predator abundance -2.437 1.027 -2.372 0.037 

Red squirrel % forest 0.054 0.032 1.677 0.119 

Vole Human activity 1.006 0.454 2.215 0.047 

Mouse Human activity 1.275 0.484 2.634 0.022 

Shrew TRI -0.011 0.006 -1.911 0.080 
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Appendix 27: Generalized linear models for mean mammal track abundance (m/km) in 14 boreal 

forest landscapes. Models were generated with % forest, SL density, terrain ruggedness index 

(TRI), prey abundance (for predators), predator abundance and human activity index. Number of 

parameters (k), AICc, delta AICc and Akaike weights (wi) are shown. Only the most supported 

models (ΔAICc<2) are shown. 

Large predators 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Cougar 
    

 SL density 2 79.18 0.00 0.17 

 % forest 2 79.87 0.69 0.12 

 TRI 2 80.21 1.03 0.10 

 Predator abundance 2 80.53 1.35 0.09 

 Human activity 2 80.53 1.36 0.09 

 Prey abundance 2 80.53 1.36 0.09 

Gray wolf     

 % forest + SL density 3 95.03 0.00 0.19 

 SL density 2 95.54 0.51 0.15 

 TRI 2 95.62 0.59 0.14 

 Predator abundance + SL density 3 96.86 1.83 0.08 

Coyote     

 Human activity 2 133.17 0.00 0.16 

 Predator abundance 2 133.59 0.42 0.13 

 % forest 2 134.10 0.93 0.10 

 TRI 2 134.44 1.26 0.09 

 Prey abundance 2 134.55 1.37 0.08 

 SL density 2 134.56 1.38 0.08 

Lynx     

 TRI 2 71.97 0.00 0.27 

 Predator abundance + TRI 3 73.68 1.71 0.11 

 Prey abundance + TRI 3 73.88 1.91 0.10 
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Mid-sized predators 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Red fox     

 Human activity 2 36.18 0.00 0.17 

 % forest 2 36.60 0.42 0.14 

 Predator abundance 2 37.30 1.12 0.10 

 Prey abundance 2 37.44 1.26 0.09 

 SL density 2 37.52 1.34 0.09 

 TRI 2 38.07 1.89 0.07 

Fisher     

 % forest 2 31.84 0.00 0.16 

 Prey abundance 2 32.33 0.49 0.13 

 Human activity 2 32.89 1.04 0.10 

 TRI 2 33.21 1.37 0.08 

 SL density 2 33.33 1.49 0.08 

 Predator abundance 2 33.58 1.74 0.07 

 Prey abundance + % forest 3 33.66 1.82 0.07 

Marten     

 SL density 2 150.26 0.00 0.12 

 TRI 2 150.87 0.61 0.08 

 Predator abundance 2 150.89 0.63 0.08 

 % forest 2 150.98 0.72 0.08 

 Prey abundance 2 150.99 0.73 0.08 

 Predator abundance + SL density 3 151.19 0.92 0.07 

 Human activity 2 151.32 1.06 0.07 

 Human activity + Predator abundance + SL density 4 152.03 1.77 0.05 

Bobcat     

 Predator abundance 2 16.19 0.00 0.26 

 Predator abundance + TRI 3 18.09 1.90 0.10 

 Prey abundance 2 18.12 1.92 0.10 

Weasel     

 Prey abundance 2 87.79 0.00 0.33 

 % forest + prey abundance 3 88.46 0.66 0.23 
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Large herbivores 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Moose/elk     

 SL density 2 114.18 0.00 0.25 

 TRI 2 114.78 0.60 0.18 

Deer     

 % forest 2 191.33 0.00 0.16 

 SL density 2 191.55 0.22 0.14 

 Predator abundance 2 191.59 0.26 0.14 

 Human activity 2 191.59 0.26 0.14 

 TRI 2 191.60 0.26 0.14 

      

Mid-sized herbivores 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Hare     

 Predator abundance + TRI 3 180.25 0.00 0.45 

 Predator abundance + SL density + TRI 4 181.11 1.86 0.18 

Red squirrel     

 % forest 2 207.22 0.00 0.25 

 Predator abundance 2 208.35 1.12 0.14 

 TRI 2 208.37 1.15 0.14 

 SL density 2 208.65 1.43 0.12 

 Human activity 2 208.67 1.45 0.12 
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Small mammals 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Vole     

 Human activity 2 134.93 0.00 0.18 

 % forest 2 135.15 0.22 0.16 

 TRI 2 135.60 0.67 0.13 

 SL density 2 135.96 1.04 0.11 

 Predator abundance 2 136.23 1.30 0.09 

Mouse     

 Human activity 2 121.30 0.00 0.26 

 TRI 2 122.78 1.48 0.12 

 % forest 2 122.85 1.55 0.12 

 SL density 2 123.14 1.84 0.10 

 Predator abundance 2 123.23 1.93 0.10 

Shrew     

 TRI 2 126.58 0.00 0.20 

 SL density 2 126.86 0.28 0.18 

 Predator abundance 2 127.47 0.89 0.13 

 % forest 2 127.95 1.37 0.10 

 Human activity 2 128.12 1.54 0.09 

 

 

  



Page 188 

Appendix 28: Generalized linear models for mean mammal track abundance (m/km) in 14 boreal 

forest landscapes. Models were generated with days since snow, distance category, % forest, SL 

density, terrain ruggedness index (TRI), prey abundance (for predators), predator abundance and 

human activity index. Number of parameters (k), AICc, delta AICc and Akaike weights (wi) are 

shown. Only the most supported models (ΔAICc<2) are shown. 

Large predators 

 Weighted abundance (m/km) 

  Model k AICc ΔAICc wi 

Cougar 
    

 Days since snow 2 77.47 0.00 0.23 

 SL density 2 79.18 1.71 0.10 

Gray wolf     

 Days since snow + SL density 3 90.62 0.00 0.30 

 Days since snow + distance category 3 91.76 1.14 0.17 

 Days since snow + Human activity + SL density 4 92.37 1.74 0.12 

Coyote     

 Days since snow 2 132.69 0.00 0.13 

 Human activity 2 133.17 0.49 0.10 

 Predator  2 133.59 0.90 0.08 

 % forest 2 134.10 1.42 0.06 

 Days since snow + Human activity 3 134.11 1.42 0.06 

 TRI 2 134.44 1.75 0.05 

 Prey 2 134.55 1.86 0.05 

 Distance category 2 134.56 1.87 0.05 

Lynx     

 TRI 2 71.97 0.00 0.21 

 Distance category + TRI 3 73.15 1.18 0.12 

 Predator + TRI 3 73.68 1.71 0.09 

 Human activity + TRI 3 74.10 1.91 0.08 

Red fox     

 Human activity 2 36.18 0.00 0.13 

 % forest 2 36.60 0.42 0.11 

 Predator 2 37.30 1.12 0.08 

 Prey 2 37.44 1.26 0.07 

 SL density 2 37.52 1.34 0.07 

 TRI 2 38.07 1.89 0.05 

Fisher     

 % forest 2 31.84 0.00 0.12 

 Prey 2 32.33 0.49 0.10 

 Human activity 2 32.89 1.04 0.07 

 Days since snow 2 33.13 1.29 0.06 
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  Model k AICc ΔAICc wi 

Fisher Con’t     

 TRI 2 33.21 1.37 0.06 

 SL density 2 33.33 1.49 0.06 

 Distance category 2 33.48 1.64 0.05 

 Predator 2 33.58 1.74 0.05 

 Prey + % forest 3 33.66 1.82 0.05 

Marten     

 SL density 2 150.26 0.00 0.07 

 Distance category + SL density 3 150.59 0.33 0.06 

 Distance category 2 150.61 0.35 0.06 

 TRI 2 150.87 0.61 0.05 

 Predator 2 150.89 0.63 0.05 

 % forest 2 150.98 0.72 0.05 

 Prey 2 150.99 0.73 0.05 

 Predatory + Prey 3 151.19 0.92 0.05 

 Human activity 2 151.32 1.06 0.04 

 Days since snow 2 151.35 1.09 0.04 

 Human activity + predator + SL density 4 152.03 1.77 0.03 

 Distance category + TRI 3 152.09 1.82 0.03 

Weasel     

 Prey 2 87.79 0.00 0.20 

 Days since snow + prey 3 88.26 0.46 0.16 

 % forest + prey 3 88.46 0.66 0.15 

Moose/elk     

 SL density 2 114.18 0.00 0.15 

 Distance category 2 114.40 0.22 0.13 

 TRI 2 114.78 0.60 0.11 

Deer     

 Days since snow 2 191.31 0.00 0.10 

 % forest 2 191.33 0.02 0.10 

 Distance category 2 191.47 0.16 0.09 

 SL density 2 191.55 0.24 0.09 

 Predator 2 191.59 0.28 0.08 

 Human 2 191.59 0.28 0.08 

 TRI 2 191.60 0.29 0.08 

Hare     

 Predator + TRI 3 180.25 0.00 0.29 

 Distance category + TRI 3 181.61 1.36 0.15 

 Days since snow + predator + TRI 4 182.08 1.83 0.12 

 Predator + SL density + TRI 4 182.11 1.86 0.12 
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  Model k AICc ΔAICc wi 

Red squirrel     

 % forest 2 207.22 0.00 0.12 

 Days since snow 2 207.63 0.40 0.10 

 Days since snow + % forest 3 207.71 0.49 0.09 

 Distance category 2 208.22 0.99 0.07 

 Predator 2 208.35 1.12 0.07 

 TRI 2 208.37 1.15 0.07 

 SL density 2 208.65 1.43 0.06 

 Human 2 208.67 1.45 0.06 

 Distance category + % forest 3 208.99 1.77 0.05 

Vole     

 Human 2 134.93 0.00 0.12 

 % forest 2 135.15 0.22 0.11 

 TRI 2 135.60 0.67 0.09 

 Days since snow 2 135.84 0.92 0.08 

 SL density 2 135.96 1.04 0.07 

 Predator 2 136.23 1.30 0.06 

 Distance category 2 136.29 1.37 0.06 

Mouse     

 Human 2 121.30 0.00 0.20 

 TRI 2 122.78 1.48 0.10 

 % forest 2 122.85 1.55 0.09 

 SL density 2 123.14 1.84 0.08 

 Predator 2 123.23 1.93 0.08 

 Distance category 2 123.26 1.96 0.08 

Shrew     

 TRI 2 126.58 0.00 0.13 

 SL density 2 126.86 0.28 0.11 

 Distance category 2 127.08 0.50 0.10 

 Predator 2 127.47 0.89 0.08 

 Days since snow 2 127.93 1.35 0.07 

 % forest 2 127.95 1.37 0.07 

 Human 2 128.12 1.54 0.06 
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Appendix 29: Results of non-metric multidimensional scaling ordination and correlations with 

mammal taxa, based on Bray-Curtis dissimilarities in 14 boreal forest and 14 seismic line 

transects. Significant (P<0.05) correlations shown in bold type. 

 

 

  

Taxon NMDS1 NMDS2 R
2

P

Cougar 0.579 -0.815 0.201 0.053

Gray wolf 0.995 -0.101 0.102 0.263

Coyote -0.822 -0.569 0.053 0.530

Lynx 0.939 -0.344 0.347 0.002

Red fox -0.415 0.910 0.079 0.365

Bobcat -0.760 0.650 0.282 0.013

Fisher 0.468 -0.884 0.113 0.222

Marten -0.948 0.318 0.471 <0.001

Weasel 0.951 -0.308 0.267 0.014

Moose/elk -0.123 -0.992 0.654 <0.001

Deer -0.716 0.699 0.165 0.107

Hare 0.966 0.260 0.511 <0.001

Red squirrel -0.415 0.910 0.394 0.001

Vole 0.999 0.051 0.366 0.003

Mouse 0.116 -0.993 0.056 0.514

Shrew 0.828 0.561 0.529 <0.001
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Appendix 30: Results of non-metric multidimensional scaling ordination and correlations with 

mammal taxa, based on Bray-Curtis dissimilarities in 14 boreal forest landscapes. Significant 

(P<0.05) correlations shown in bold type. 

  

Taxon NMDS1 NMDS2 R
2

P

Cougar 0.262 -0.965 0.168 0.371

Gray wolf 0.161 -0.987 0.094 0.571

Coyote -0.350 0.937 0.418 0.054

Lynx 0.990 -0.141 0.458 0.036

Red fox -0.265 -0.964 0.126 0.490

Bobcat -0.306 0.952 0.318 0.133

Fisher -0.258 -0.966 0.383 0.079

Marten -0.979 -0.204 0.333 0.108

Weasel 0.476 -0.879 0.559 0.009

Moose/elk -0.541 -0.841 0.515 0.015

Deer -0.997 0.083 0.077 0.638

Hare 0.992 0.125 0.658 0.001

Red squirrel -0.021 1.000 0.383 0.070

Vole 0.579 -0.815 0.482 0.019

Mouse -0.483 -0.876 0.046 0.778

Shrew 0.920 -0.392 0.481 0.024
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Appendix 31: Results of non-metric multidimensional scaling ordination and correlations with 

environmental conditions in the landscape (12.3 km2), based on Bray-Curtis dissimilarities in 14 

boreal forest landscapes. Bold indicates significant P (<0.05). 

 

 

Environmental condition NMDS1 NMDS2 R
2

P

% forest -0.995 -0.100 0.009 0.951

SL density 0.886 0.464 0.458 0.038

Terrain ruggedness index -0.995 -0.100 0.443 0.041

Human usage index 0.674 -0.739 0.008 0.959




