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ABSTRACT 

 

The response of organisms to habitat edges is a key factor affecting their distribution across the 

landscape. Resources are commonly expected to be the primary driver of edge responses, but 

additional processes may be important. Here I tested resource-based hypotheses and their 

alternatives by measuring the distribution of organisms and their resources at edges in laboratory 

and field settings.  

One non-resource-based process for animal accumulation at edges is a slowing of 

movement. I recorded the movement paths and distribution of Tribolium confusum beetles in an 

artificial arena devoid of resources. Beetles took smaller steps with larger turn angles near edges 

than in the arena’s centre, resulting in a distribution biased towards the edge. The proportion of 

time spent at edges also depended on the beetles’ propensity to cross the edge. These results 

suggest that proximate mechanisms such as movement behaviour should be explicitly considered 

when interpreting animal distributions. 

 To investigate distribution at edges in nature, I examined the response of moose (Alces 

alces) and deer (Odocoileus hemionus and O. virginianus) to forest-clearcut edges of different 

ages. Moose responded to differences among habitat types studied but not to distance from edge 

within habitat types. Clearcuts > 15 years in age contained the most food and cover and were 

preferred to the adjacent forest and to clearcuts < four years in age. Conversely, differences in 

deer preferences were detected both among and within habitats. Deer were found more 

frequently in forest habitats than clearcuts of any age. They were also generally found closer to 

edges than far from them, although in old clearcuts and the adjacent forests, deer abundance 
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dropped within 50 m of edges. I found evidence for the influence of food and cover availability 

on deer distribution among habitats, but it was weaker within habitats.  

These studies suggest that factors other than resources may affect the response of animals 

to habitat edges, although the field studies were largely consistent with resource tracking. To 

develop effective models predicting the impact of landscape heterogeneity, researchers should 

determine both the distribution patterns at habitat edges and the main mechanistic drivers behind 

these patterns.  
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CHAPTER 1 - INTRODUCTION 

 

The field of behavioural landscape ecology explores how the behaviour of a particular species is 

affected by changes in spatial structure of its habitat(s) (Knowlton and Graham 2010). In this 

context, behaviour is important because it links the patterns that emerge with the processes that 

create them (Bélisle 2005). Research into species movement patterns on different scales can 

provide many such connections. For example, knowledge of how individuals move through a 

landscape can be linked to distribution patterns, population persistence, and even species’ 

ongoing survival. In turn, this information can offer insights into management and protection of 

species in the face of environmental change (Lima and Zollner 1996, Hanski and Gaggiotti 2004, 

Bélisle 2005, Knowlton and Graham 2010).  

The fragmentation of natural habitats is occurring worldwide with the result that animals 

now live in patchier environments than they have historically (Burgess and Sharpe 1981, Murcia 

1995). Landscape heterogeneity is both a structural feature of landscapes and a measure of the 

complexity and variability in space of the ecological system (Li and Reynolds 1995, Kie et al. 

2002). An animal’s response to landscape heterogeneity depends on both the kind of information 

available to the animal as it moves through its environment and how this information is used to 

select a patch or habitat (Lima and Zollner 1996, Morales and Ellner 2002, Bélisle 2005, 

Baguette and Van Dyck 2007). Many investigations are being made into how a diversity of taxa 

move and operate in fragmented landscapes in such a way that the geographical distribution of 

species can be explained (e.g. Haddad 1999, Desrochers and Fortin 2000, Haynes and Cronin 

2006, Selonen and Hanski 2006, Row et al. 2012).  
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Habitat edges have been a particular focus of many studies over the past few decades 

because they are increasingly common in most landscapes (Dunning et al. 1992, Sisk et al. 1997, 

Fagan et al. 1999, Ries and Sisk 2010), are important for determining how habitat mosaics 

influence species’ distributions (Ewers and Didham 2006a, Laurance 2008, Prevedello and Viera 

2010) and are critical for conservation planning and management (Lindenmeyer et al. 2008, 

Hobbs et al. 2009, Pryke and Samways 2012). Edge responses have been shown to be the most 

common mechanism underlying area effects (the linking of diversity and abundance to patch 

area) and indeed, many area effects are really just scaled-up edge effects (Fletcher et al. 2007, 

Banks-Leite et al. 2010). Traditionally, the focus of responses to edges has been on describing 

patterns of species distribution in core habitat vs. edge habitat (Fagan et al. 1999, Lidicker 1999, 

Ries and Sisk 2004), an approach that takes a distinctly binary, and likely unrealistic, view 

(Hansen and Urban 1992, Villard 1998, Imbeau et al. 2003, Schlossberg and King 2008). In the 

same vein, ecologists have often categorized responses to edges according to apparent preference 

or avoidance (e.g. Imbeau et al. 2003, Ries et al. 2004 and references therein, Renfrew et al. 

2005, Schlossberg and King 2008), although neutral responses have recently received attention 

as well (e.g. Ries and Sisk 2010). This framework simplifies comparisons among and within 

species, but does not account for responses that do not fit neatly into these categories and 

ultimately has little utility for management planning in disturbed and changing landscapes.  

Developing ecological models that can be used to predict the impact of future 

environmental change can be a challenge for ecologists. However, such models are increasingly 

important in this period of unprecedented change (Guisan and Thuiller 2005, Steffen et al. 2006, 

Thuiller et al. 2008). For these models to be effective, they must rely on a mechanistic rather 

than a descriptive, or pattern-based, foundation (Evans 2012). Mechanistic ecological hypotheses 
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can be tested, but doing so is rare due to the difficulty of isolating potentially relevant factors and 

understanding their effects over the long-term (Kendall et al. 2005). By testing the favoured, or 

frequently proposed, mechanisms and determining their contributions to ecological patterns, 

researchers can then consider the potential for other mechanisms to be tested and added to the 

models. 

The factor most commonly attributed to edge responses by animals is the distribution of 

food resources (e.g. Zabel et al. 1995, Kristan et al. 2003, Ries et al. 2004, Püttker et al. 2008, 

Wirth et al. 2008). When the distribution of food resources varies with distance from the edge as 

a result of microclimatic differences such as sunlight penetration, humidity or soil pH, animal 

distribution is expected to vary accordingly. These microclimatic differences may also influence 

the distribution of other key resources, such as hiding and thermal cover, to which animals may 

also respond. In addition to resources, other processes that may influence the distribution of 

animals at edges include differences in predation rates (Yahner 1988, Fagan et al. 1999, Batáry 

and Báldi 2004, Ries et al. 2004), or in travel costs (St. Clair et al. 1998, Bélisle and Desrochers 

2002) from habitat interiors, or differences in movement patterns due to edge contrast or 

perceived edge permeability (Stamps et al. 1987, Gibbs 1998, López-Barrera et al. 2007, Young 

et al. 2013). 

Additionally, because there are often multiple factors underlying species’ responses to 

edges, relationships with distance from edge may not be as simple as ‘positive’ or ‘negative’. For 

example, they may be non-linear (see, for example, Ewers and Didham 2006b). In such cases, 

sampling methods that are constrained to short distances from the edge and analytical methods 

that assess edge-distance relationships linearly may not detect more complex patterns. Testing 

for non-linear responses over longer distances may uncover robust patterns in the way animals 
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respond to certain types of habitat edges. Such patterns could inform both the magnitude and 

extent of the edge response and, when combined with detailed measurements of food resources, 

cover and additional variables of interest at different distances from the edge, may also provide 

insight into the underlying processes to which species are responding. Ultimately, this 

information can assist conservation managers in identifying and maintaining core habitat. 

 

Thesis overview 

The overarching goal of my dissertation was to assess the effect of habitat edges on animal 

movement and distribution within and across landscapes. My approach was diverse and included 

an experimental study, a simulation model, a field study and a field experiment. The following 

describes the overall structure of the dissertation and outlines the key focus of each chapter.  

 

Empirical study and simulation modeling 

There are inherent challenges in testing ecological models in the natural world, one of the 

largest of which is that countless factors may affect the patterns under investigation. Measuring 

and controlling for all factors is not possible; deciding which are the most important often 

amounts to educated guesswork. For these reasons, small-scale experiments can be valuable. 

Empirically derived data can provide useful information about the relative effects and 

interactions of specific factors in a controlled environment. These data can then be used to 

parameterize theoretical or simulation models to elucidate processes behind observed patterns. 

Robust models can facilitate the generalization of findings across taxa and habitats (Holyoak et 

al. 2008, Ries and Sisk 2008).  
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The aim of Chapter 2 was to determine whether changes in movement behaviour are a 

proximate mechanism that influences the accumulation of animals at habitat edges. I examined 

the movement paths of the confused flour beetle (Tribolium confusum Jacquelin du Val, 

Tenebrionidae) at the edges of a resource-free, bounded experimental arena. Tenebrionid beetles 

have been used in previous experiments to investigate how animals respond to spatial 

heterogeneity and habitat edges because of their small size, tendency to walk rather than fly, and 

general tractability (e.g. McIntyre and Wiens 1999, Morales and Ellner 2002, Romero et al. 

2010, Campbell 2012). This allowed me to examine factors other than resources (including food, 

cover, mating opportunities, etc.) that may contribute to the movement patterns of individuals at 

habitat edges. It also allowed me to look at the distribution of individuals across the interior and 

edge zones of the arena over time. 

  I then developed individual-based computer simulation models that replicated the 

conditions of the empirical study. These models utilized step lengths and turn angles derived 

from the empirical distributions, and simulated beetle movement using correlated random walks. 

I compared the observed cumulative occupancy of individuals at the edges of the arena with the 

models’ predictions, and considered differences among individual beetles to account for 

discrepancies. This paper was published as Young, H.C., T.G. Reid, L.A. Randall, L.E. 

Lachowsky, D.J. Foster, C.J. Pengelly, T. Latty and M.L Reid. 2013. Influences of movement 

behavior on animal distributions at edge of homogeneous patches. International Journal of 

Zoology, Article ID 602845, 8 pp. Co-authors assisted me with determining initial aims and 

approaches (D. Foster, L. Randall, T. Reid, M. Reid), running the experiment and recording the 

results (D. Foster, L. Randall, T. Reid, T. Latty), building the models (T. Reid) and running the 

models (L. Randall, D. Foster, C. Pengelly, L. Lachowsky, M. Reid). I conducted all final 
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statistical analyses, created figures and tables, and wrote the paper, with input from M. Reid. Our 

collaborative approach allowed the sharing of knowledge, resources and skill sets from different 

specializations within the field of ecology and certainly enhanced both the process and the final 

product. 

 

Field study and field experiment 

Field studies and experiments generate data in a ‘real world’ setting, thereby avoiding 

some of the criticism leveled at lab experiments and models such as over-simplification of a 

system. However, they have their own challenges. Among these are accounting for all the factors 

influencing the variable in question, choosing a focal system and method of data collection that 

complement the aim of the research, and determining appropriate spatial and temporal sampling 

scales. 

 Chapters 3 and 4 evaluate the response of ungulates to habitat edges in the Rocky 

Mountain foothills of Alberta. I conducted a field study examining the habitat use of moose 

(Alces alces), mule deer (Odocoileus hemionus) and white-tailed deer (O. virginianus) among 

clearcuts of different ages and the adjacent forests, as well as the fine-scale distribution pattern of 

each taxon across the edges of these habitats. The studies emphasized potential factors driving 

these distribution patterns.  

I used the distribution of fecal pellet groups as an indicator of relative habitat use. This 

approach is beneficial because it is low-cost, leaves animals undisturbed, and sampling locations 

can be chosen a priori rather than being dependent on where radio-tagged or GPS-collared 

animals happen to be located. It also works well for animals that defecate frequently throughout 

the day, as deer and moose do. Pellet group counts have been shown to produce similar results 
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for relative habitat use to those acquired by radio-tracking (Loft and Kie 1988), GPS collars 

(Mansson et al. 2011) and direct observation (Leopold et al. 1984). 

Chapter 3 focuses specifically on the distribution of moose among and within clearcuts and 

forests and explores the ability of models addressing different hypotheses to describe these 

relationships. Moose are a circumpolar species found in forested regions across the northern 

hemisphere (Van Tighem 2001). Moose populations are relatively stable in the Rocky Mountain 

foothills of Alberta, after having declined sharply over a period of about 30 years beginning in 

the 1940s. This was likely a result of a combination of factors including competition with elk 

(Hurd 1999), habitat change due to lack of fire (Holroyd and Van Tighem 1983, Achuff et al. 

1996) and an increase in the prevalence of giant liver fluke (Fascioloides magna) infection 

(Butterworth and Pybus 1993). Having stabilized, moose population density in Canada (~ 0.1 – 

0.5 / km2), is now well below carrying capacity (K) of ≥ 1.5/ km2 (Bergerud 2001). In winter, 

moose browse mainly on young twigs and buds of shrubs, while in summer, their diet also 

includes leaves and aquatic plants (Shipley 2010). Adult moose are sexually dimorphic: males 

(bulls) typically weigh between up to 700 kg, while females (cows) weigh about half that (Van 

Tighem 2001). They are generally solitary, with short-term bonds between mother and calf, 

although groups may gather during the fall rutting season (Van Tighem 2001).  

Chapter 4 investigates the distribution of deer within the same landscape and explores how 

they respond to the manipulation of factors hypothesized to drive these patterns. Mule deer and 

white-tailed deer are medium-sized deer found in forested regions of North America. Deer are 

the second-most economically important mammal species in North America, after cows 

(Conover 1997), and direct revenues from deer hunting are well over one billion dollars annually 

in the US (IAFWA 2002). The species are comparable in size: for both, bucks can weigh up to 
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about 150 kg, while does rarely exceed 90 kg. The diets of the two species are also very similar, 

with buds and browse as the main winter staples, and forbs, grass and leaves comprising the bulk 

of the summer diet (Mackie et al. 2003). In this study, I tested multiple established hypotheses 

predicting the distribution of deer at habitat edges. Among the factors considered was the 

influence of key food resources and hiding cover, as well as the respective influence of 

experimentally manipulated predation risk and salt availability.  

In Alberta, the distributions of the two deer species have been dynamic over the past 

century. White-tailed deer were rare and locally distributed in the early part of the last century, 

but are now more abundant than mule deer in the province as a whole. In southwestern Alberta, 

in the foothills of the Rocky Mountains, the two species coexist, but little is known about the 

fine-grained distribution of each species. The Government of Alberta conducts intermittent aerial 

surveys in a subsample of Wildlife Management Units (WMUs) that vary in size from a few 

hundred to a few thousand km2. The scale at which this information is collected does not inform 

the degree of spatial segregation or overlap of the species on the landscape. The species are 

known to prefer different habitat elements; however, mixed species groups have been observed 

in south-central Alberta (S. Lingle, pers. comm.) as well as in Kananaskis Country, Alberta 

(Lobo and Millar 2013). As part of a separate, but related project, I sought to determine the 

distribution of mule deer and white-tailed deer in sites of approximately 0.25 km2 in size within 

and adjacent to Kananaskis Country. I used molecular methods to extract, amplify and analyze 

DNA from passively collected fecal pellets (for details of procedure, see Appendix A). Overall, I 

found evidence of both species within sites even this small (for detailed findings, see Appendix 

A). I also found a hybridization rate of 31%, which is higher than the rate of 19% found by 
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Hornbeck and Mahoney (2000) in south-central Alberta. Because of the occurrence of both deer 

species within the majority of the study sites, the species were not distinguished within the study. 

In Chapter 5, I summarize my results in the context of my hypotheses and a broader 

ecological framework. I also consider how research into habitat edges may inform the 

management of species given that human-induced disturbances are becoming more frequent and 

extensive (Millenium Ecosystem Assessment 2005, Turner 2010).   

 

A note on statistical methods 

In the past, ecologists were generally restricted to a discrete set of analytical tools based on 

probabilities derived from normal distributions (Bolker et al. 2009). Data that were highly 

clustered, skewed, contained many zeros or were otherwise non-normal were analyzed using 

non-parametric, or ranking, tests. Over time, the use of maximum likelihood approaches became 

more prevalent given the increase in computing power now widely available. These techniques 

can accommodate a range of data distributions and sample sizes, allowing ecologists to explore 

data in ways that were previously inaccessible. Despite the versatility of these models, they are 

unable to account for the combination of random effects and highly zero-inflated data – for this, 

computational techniques for Bayesian inference such as the Markov Chain Monte Carlo 

technique are becoming more common. Assuming that a study is well designed and that data are 

thoughtfully collected, ecologists now have a suite of tools with which to explore the interactions 

of organisms with their environments. Learning about these tools is an on-going process – one 

that is reflected in the following chapters. From simple linear models to generalized mixed 

models to Bayesian statistics, the data analyses in this thesis reflect the current breadth of 

statistical methods in ecology.  
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CHAPTER 2 - MOVEMENT BEHAVIOUR AND DISTRIBUTION OF TENEBRIONID 

BEETLES AT EDGES OF HOMOGENEOUS PATCHES 

 

Introduction 

Movement of individuals is a critical factor for the population ecology of most organisms, 

affecting energy flow, distribution, and the genetic and demographic structure of populations 

(Johnson et al. 1992, Shigesada and Kawasaki 1997, McIntyre and Wiens 1999, Schtickzelle et 

al. 2007). Knowledge of the causes of movement behaviour may be key in developing a full 

understanding of the spatial structure and dynamics of populations (Turchin 1991, Johnson et al. 

1992, Wiens et al. 1993, Crist and Wiens 1995, Stapp and Van Horne 1997, Bowler and Benton 

2005, Nathan et al. 2008). For example, an increasingly large body of research finds that 

organisms generally move quickly and directly through low-quality habitats (e.g., Crist et al. 

1992, Berggren et al. 2002, Schtickzelle et al. 2007). This in turn predicts there will be fewer 

individuals in resource-poor than in resource-rich environments (Turchin 1991, Kuefler et al. 

2010), and many studies have found such a correspondence between movement behaviour and 

population density (e.g. Schultz 1998, Haddad 1999, Schultz and Crone 2001, Dickson et al. 

2005, Kuefler and Haddad 2006). 

In addition to habitat quality, another key factor affecting the movement of organisms is 

the degree of permeability of the interface between habitats (Stamps et al. 1987, Fagan et al. 

1999, Lidicker 1999, Schultz and Crone 2001). Permeability is the tendency of the edge to 

inhibit or enhance organisms’ movement across it (Buechner 1987, Stamps et al. 1987, Duelli et 

al. 1990, Lidicker 1999) and it directly affects the degree to which organisms leave a particular 



 

11 

habitat (Stamps et al. 1987, Haddad 1999, Berggren et al. 2002). Borders that are readily crossed 

by dispersing individuals are considered to be soft or semi-permeable edges, while those that are 

unlikely to be crossed are known as hard or impermeable. This distinction may be a result of the 

environment (a physical barrier, for instance), or a behavioural response from the animal itself 

(Stamps et al. 1987, Kindvall 1999, Schultz and Crone 2001, Berggren et al. 2002). Behavioural 

responses may vary inter- and intra-specifically according to species’ traits (e.g. specificity of 

diet, migratory status, scale of movement, etc.) and according to the characteristics of individuals 

(e.g. age, sex, reproductive state, condition, etc.). Individuals’ movement patterns at edges may 

also vary as a result of personality: the propensity of animals to explore or take on risks can be 

governed by whether or not they are innately bold (Sloan Wilson et al. 1994, Wolf et al. 2007), 

aggressive, active or social (Reale et al. 2007). 

While the notions of habitat-dependent movement behaviour and edge permeability are 

each well-established, links between them remain unclear although long recognized as of interest 

(Lima and Zollner 1996). I suggest they may share common mechanistic determinants of 

movement. A widely applied way of assessing changes in movement behaviour is to divide a 

movement path into a series of step lengths and turn angles (Karieva and Shigesada 1983). In 

this model, longer step lengths and a narrower distribution of turn angles characterize directed 

movement, whereas shorter step lengths and a wider range of turn angles typify more random 

movement. As noted above, directed movement can cause animals to quickly leave habitats with 

few resources, while more random movement behaviour results in longer durations in an area. If 

encounters with an edge cause individuals to shorten their step lengths or increase their turn 

angles, then I should see an increased density of individuals at the edge. Previously, high 

population density at edges has been attributed to the presence of complementary or 
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supplementary resources in two adjacent habitats, or to higher habitat quality at the edge itself 

(e.g. Ries and Sisk 2004, 2010). I suggest that the pattern could arise from altered movement 

behaviour at edges regardless of resource distribution.  

The idea that movement behaviour alone could explain accumulation at edges has been 

proposed occasionally (e.g. Courtney and Courtney 1982, Remer and Heard 1998), but to my 

knowledge there have been no empirical tests within patches where resources are known to be 

homogeneous. Some studies have found evidence of accumulation at edges without an associated 

increase in resources, but have not investigated the mechanism behind the accumulation. For 

example, Olofsson et al. (2004) found that reindeer grazed vegetation more intensely within 50 

m of a fence placed across continuous habitat than they grazed further away. Because there is no 

obvious change in intrinsic habitat quality with distance to the fence, this observation could be 

consistent with animals accumulating near the fence because of their movement behaviour. 

However, this movement-based hypothesis has not been explicitly tested. 

To examine how movement behaviour at edges might explain distribution at edges, I 

analyzed the movement paths of the confused flour beetle, Tribolium confusum Jacquelin du Val 

(Tenebrionidae) (Fig. 2.1) in a resource-free arena (or “patch”) bounded by a distinct but 

crossable edge. Tenebrionid beetles have previously been used to investigate animal responses to 

landscape patchiness because of their small size and propensity to move in only two dimensions 

(e.g. Crist and Wiens 1995, McIntyre and Wiens 1999, Morales and Ellner 2002). Furthermore, a 

recent study of edge responses in beetles found that nearly 60% of the 78 most common species 

encountered in New Zealand exhibited a significant change in abundance within two meters of 

the edge (Ewers and Didham 2008), which makes them an appropriate taxon for edge studies at 

small scales. I asked three main questions. First, are individuals equally likely to be in any part of 
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the patch, or is their distribution biased with respect to the edge? Second, do movement 

behaviours, measured as step length and turn angles, differ between the edge and the center of 

the patch? And third, can beetle distribution in a bounded patch be explained simply in terms of 

step lengths and turn angles, or might additional mechanisms such as edge permeability or 

individual differences in behaviour play a role? 

The use of simple models in studies of movement ecology can facilitate the generalization 

of findings across taxa and habitats (Ries and Sisk 2008) but they are rarely tested with empirical 

data (Holyoak et al. 2008). To answer the questions I posed above, I first observed the 

distribution and movement behaviours of individual beetles with respect to their distance from 

the edge of the experimental arena. I then developed an individual-based computer simulation 

that mimicked the conditions of the empirical experiment. The model drew step lengths and turn 

angles from the distributions that resulted from the experiment and simulated beetle movement 

using a correlated random walk. I predicted that if step length and turn angles determine beetle 

distribution with respect to the edge, I would be able to re-create the distributions observed in the 

empirical experiments in the simulation models.  

 

Methods 

Empirical study 

Tribolium confusum (3 – 5 mm in length, 0.5 - 1 mm in width) were obtained from a 

laboratory population that has been reared for fifteen years at the University of Calgary. Beetles 

were housed in a container of dry white wheat flour at room temperature. The experimental arena 

consisted of a 20 cm x 20 cm sheet of paper attached to a board on all four sides with 19 mm 

wide Scotch® Magic™ tape (a semi-permeable ‘edge’ that obstructed but did not prevent 
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movement across it). The tape differed in texture from the paper, and although it provided no 

vertical barrier, Morales and Ellner (2002) have shown that T. confusum are unlikely to cross 

such tape. The arena was marked into seven concentric zones of 1.5 cm in width, which were 

numbered from the center outwards (Fig. 2.2). The outer zone (zone 7a) also contained corner 

zones, each of which was 2.25 cm2 in area. These four corner areas were collectively known as 

zone 7b. These zones allowed us to quantify time spent near and far from the edge of the arena in 

such a way that could be compared to a simulation model.  

I conducted the experiment in a darkroom with a single incandescent light (60 W) placed 

60 cm above the arena to evenly illuminate it. The light was turned on 15 min prior to the 

experiment to allow the temperature to stabilize; the mean temperature of trials was 25.8  ± 0.09 

oC. One beetle was observed at a time, and a new experimental arena was used for each trial to 

eliminate the potential confounding effect of residual chemical cues from previous beetles 

(Reynolds 2010). Before each trial began, the test beetle was placed in the center of the arena 

covered by a transparent plastic vial (2.5 cm diameter) for one minute to reduce agitation 

dispersal (Karieva 1983, Southwood and Henderson 2000). The vial encompassed all of zone 1 

and extended into zone 2; therefore, for the purposes of analysis, zone 1 was incorporated into 

zone 2. Each trial was recorded using a digital camera (DCR-TRV 230, Sony Ltd.) (60 frames 

sec-1) fixed directly above the arena. The trial began immediately after the one-minute 

acclimation period and ended after the beetle had left the experimental arena (n = 42) or after 

600 seconds (n = 12), whichever occurred first. At the end of each trial, the beetle under 

observation was weighed to the nearest 0.1 mg and its length and width measured with a 

dissecting scope fitted with an ocular micrometer at 10 X magnification. Beetle condition index 
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was calculated as the residual of the regression of mass on volume (estimated as a cylinder) 

(Jakob et al. 1996).  

To determine the distribution of time spent in each zone from the digital videos of the 

trials, I used an event recorder (Jwatcher 1.0: www.jwatcher.ucla.edu/). Time spent in each zone 

was summed for each individual. I recorded edge encounter events as the extension of the 

beetle’s head past the interior edge of the transparent tape. To map the paths of beetles, I used 

motion analysis software (Tracker 1.7.2: www.cabrillo.edu/~dbrown/tracker/) to determine each 

beetle’s coordinates at 1-second intervals from which step lengths and turn angles were 

calculated. Turn angles were absolute changes from the previous step, and were therefore 

between 0 and 180o. I analyzed the first and last 30 seconds of each trial but found little 

difference in step lengths and turn angles between the two time periods. I therefore pooled data 

from both periods in my analyses. I used JMP 9.0 (SAS Institute 2011) and Oriana 2 

(www.kovcomp.co.uk/oriana/newver2.html) to analyze the distribution of step lengths and turn 

angles respectively.  

 

Simulation models 

I modeled each beetle’s movement using agent-based software (Netlogo 3.1.3: 

ccl.northwestern.edu/netlogo/). The conditions of the empirical experiment were replicated as 

closely as possible – beetles in the model began the trial in the center of an arena with the same 

dimensions and zones as the experimental arena. I modeled the movement of each individual 

beetle in the empirical trial as a correlated random walk (Karieva and Shigesada 1983, Turchin 

1998). Beetles in the simulation model took a step each second, and the length of the step and 

turn angle relative to the previous step were chosen from the distribution of observed movement 
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behaviours of each particular beetle. Therefore, distribution parameters were unique to each 

beetle. The observed distributions of step lengths and turn angles were consistent with a normal 

distribution when square-root and ln-transformed, respectively. Values were randomly drawn 

from the transformed distributions and then back-transformed; these angles were then applied 

relative to the beetle’s previous turn angle to move the beetle its next step. 

As with the empirical trials, simulated trials ended either after a beetle had left the arena or 

600 time steps (seconds) had elapsed. I initially ran two versions of the model. The edge-

independent model assumed that beetles did not alter their movement behaviour based on their 

location within the arena. For this model, distributions were determined for the step lengths and 

turn angles of each beetle over all zones. The edge-dependent model included different 

movement behaviours for the center zones (zones 2 - 6), the edge zone (zone 7a) and the corner 

zone (zone 7b) according to the observed distributions of step lengths and turn angles in these 

zones for each beetle. I combined center zones because I observed little difference in the 

movement behaviour of beetles among these zones (analyses not shown). Each version of the 

model was replicated 50 times for each of the 54 beetles. The output of each replicate was the 

number of seconds the simulated beetle was in each of the seven zones.  

 

Data analysis  

I employed an individual-based analysis to examine the movement behaviour of beetles in 

the empirical trials and in the models. I calculated the time spent in each zone for each beetle in 

the experimental study and for both models, and transformed (log (x+0.1), where x = summed 

time) these values to meet the assumptions of parametric tests, including normality, homogeneity 

of variance and independent errors. The proportion of time individual beetles spent in each zone 
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was then compared to the proportion of time expected based on the area of that zone (calculated 

as trial length/ zone area) with a one-sample t-test. I used simple linear regression to consider the 

effect of individual beetle and zone of the arena (center, edge and corner) on ln-transformed step 

lengths and turn angles. I compared the cumulative time spent at the edge zone in the empirical 

study and in the models using mixed linear models with individual beetle as a random effect. 

Finally, to address the influence of additional factors on beetle distribution across the 

experimental arena, I used multiple linear regression to determine whether beetle traits (body 

volume and condition index), beetle movement behaviour, and the response to edge (crosses per 

encounter) explained the proportion of time an individual spent at the edge. Statistical 

significance of regression analyses was determined via F-tests. For all analyses, I used a 

significance value of P < 0.05 as the criterion for rejecting the null hypothesis. 

 

Results 

Empirical study 

Distribution within the arena 

Observed trial lengths varied from 8.4 to the imposed maximum of 600 sec (median = 47.0 

sec, N = 54). The time beetles spent in each zone was not proportional to the area of each zone 

(Fig. 2.3a). Beetles spent significantly more time than expected at the edge (zone 7a: t52 = 4.90, P 

< 0.0001) and corners (zone 7b: t52 = 6.15, P < 0.0001). Conversely, they spent less time than 

expected in the middle zones (zone 4: t52 =-8.69, zone 5: t52 = -17.37, zone 6: t52 = -11.25; all: P 

< 0.0001). Time spent in the innermost zones was proportional to those areas of the arena (zone 

2: t52  = 1.39, P = 0. 17, zone 3: t52  = -2.00, P = 0.051). 
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Movement behaviour and distribution at edges  

Beetles took smaller steps (Fig. 2.4a) with larger turn angles (Fig. 2.4b) in the edge zone 

(7a) than in the center zones (zones 2 – 6). The mean difference in step length (95% CI) was 1.36 

mm (1.25 – 1.49 mm, back-transformed from analysis of ln-transformed data; t48 = 7.08, P < 

0.0001), while turn angles decreased by 11.9 o on average (95% CI: 5.6 – 18.2 o; t48 = -3.78, P < 

0.0005). Individual differences were evident in that mean step lengths at the edge were positively 

correlated with mean step lengths in the center (Fig. 2.4a; r48 = 0.85, P < 0.0001), but there was 

no consistency within individuals in the relative magnitude of turn angles at the center and edge 

(Fig. 2.4b; r48 = 0.12, P > 0.4). 

 

Simulation models 

The results of the two simulation models, with edge-independent or edge-dependent 

behaviour, differed from each other but neither replicated the distribution of time spent in each 

zone by beetles in the experimental study (Figs. 3b and 3c vs 3a). The edge-dependent model 

resulted in a higher proportion of time being spent at the edge zone (zone 7a) than the edge-

independent model (F1,96 = 15.56, P = 0.0002). Conversely, less time was spent in the innermost 

zones (zones 2, 3) and in zone 4 in the edge-dependent model than in the edge-independent 

model. However, despite differences in magnitude, both models predicted less time spent near 

the edge (in zone 7a) and more time spent near the center (zones 2 through 6) than was actually 

observed (Fig. 2.3). 

Given the above results, I remodeled beetle movement using only the step lengths and 

turns angles that were most different between the center and the edge observed for any beetle in 

the empirical trials. I wanted to explore whether any changes in movement behaviour between 
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center and edge, within the range of those observed, would result in a distribution of beetles’ use 

of the arena that was similar to the empirical results. As expected from the original hypothesis, 

the short steps and large turn angles at the edges, relative to the center, resulted in beetles 

spending most of their time near the edge (Fig. 2.3d). However, this modification to the edge-

dependent simulation model did not succeed in replicating the distribution of beetles in the 

empirical experiment. This version of the model produced a distribution in which twice as much 

time was spent in the edge zones than beetles had spent in the empirical study (80% vs. 40%) 

(Fig. 2.3d).  

To address the influence of additional factors on beetle distribution across the experimental 

arena, I investigated whether beetle traits, beetle movement behaviour, and the response to edge 

(crosses per encounter) explained the proportion of time an individual spent at the edge.  Beetle 

volume and condition did not significantly affect time at the edge (both P > 0.5) and were 

removed from subsequent models. Some movement behaviours had small but significant effects 

on the proportion of time at the edge.  Beetles that took larger steps with smaller turn angles at 

the center tended to spend more time at the edge (Table 2.1).  However, their behaviour near 

edges did not detectably affect the time they spent there, whether measured as the change in 

behaviour at the edge (Table 2.1) or when only edge step lengths and turn angles were used in 

models (P > 0.6, analyses not shown). The strongest predictor of the proportion of time spent at 

the edge was the proportion of encounters with an edge that resulted in the beetle crossing an 

edge (Table 2.1).  When the probability of crossing upon encountering an edge was low, the 

proportion of time spent at the edge was higher (Fig. 2.5). Furthermore, the ratio of crosses per 

encounter was affected neither by body volume (F1,49 = 1.15, P = 0.29) nor by condition index 

(F1,49 = 2.64, P = 0.11).  
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Discussion 

The beetles in the experiment were surrogates for any organism capable of movement. The 

experimental microlandscape was resource-free and, from the beetles’ point-of-view, was 

comprised of two habitat elements: the paper arena and the taped edge. For beetles born and 

raised in a container of flour, the arena was likely to seem foreign and exposed. It is reasonable 

to assume that beetles were motivated to find a better habitat (see Morales and Ellner 2002) but 

there was no reason to think that they should persist in trying to go in any particular direction. 

Thus my null hypothesis was that beetles would use the whole arena equally such that the time 

they spend in a given zone at some distance from the edge should be proportional to the size of 

that zone. The taped edge had virtually no vertical dimension and was likely not detectable from 

any distance. However, beetles encountering this slippery surface were unlikely to cross it to 

leave the experimental arena. This experimental design allowed us to consider the effect of a 

semi-permeable boundary on the movement patterns and resulting distribution of organisms in a 

controlled environment on a small, manageable scale. 

I found that beetles spent more time at edges and corners and less time in interior zones 

than expected from the area of each zone (Fig. 2.3a). This occurred despite the fact that beetles 

were initially placed in the center of the arena. Campbell and Hagstrum (2002) obtained similar 

results for the congeneric beetle T. castaneum, in that they found that beetles tended to be located 

near the edges of food patches. As in this study, they found this was due in part to beetles 

traveling more slowly along edges than farther away from them. The observation that animals 

often accumulate near edges is not new (Courtney and Courtney 1982 and references therein], 

and indeed certain bird and mammal species are commonly considered to be ‘edge species’ (but 
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see Villard et al. 1999, Imbeau et al. 2003 and Ries and Sisk 2010 for critical discussion of this 

term). The underlying reasons for these distribution patterns often remain unclear because of the 

sheer number of variables that must be taken into consideration in natural systems. This system 

suggests that an edge alone, without any evident edge-associated changes in resources, can result 

in greater animal activity at edges. 

My study proposed the hypothesis that disproportionate activity at edges could be 

explained mechanistically by changes in step lengths and turn angles. I did observe the proposed 

mechanism, namely shorter step lengths and higher turn angles at edges than at the center, and 

disproportionate time spent at edges in a putatively resource-free environment. Qualitatively, 

these movement patterns predict increased time spent at edges, as I observed. Quantitatively, 

however, I did not recreate the observed distributions using mean movement behaviours in 

centers and at edges in two simulation models (Figs. 3b and 3c) or using “extreme” movement 

behaviours in a third (Fig. 2.3d). Thus while it is possible that a combination of turn angles and 

step lengths could be found that would ultimately predict the observed distributions, it seems 

more likely that that there are more complex edge behaviours involved. It is important to note, 

however, that although the mechanism tested was not sufficient to explain the distribution of 

beetles with respect to edges in this study, it is a process that should be considered when 

integrating multiple paradigms to explain animal movement (Nathan et al. 2008). 

Generally, beetles encountered the edge a number of times before they crossed (Fig. 2.5). It 

seems plausible that there was something fundamentally different about their behaviour at the 

edge that I did not capture with my simple model of step lengths and turn angles. This 

behavioural change may be related to the beetles’ perceptual range, as they appeared not to 

perceive the edge until they were within millimeters of it. Many studies of animal movement 
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have found evidence of a “boundary effect” wherein organisms perceive and respond to both 

semi-permeable and impermeable habitat edges (e.g. Johnson et al. 1992, Schultz 1998, Ries and 

Debinski 2001, Schultz and Crone 2001, Schtickzelle and Baguette 2003, Schtickzelle et al. 

2007) but few studies have clearly linked edge behaviour to distribution with respect to the edge.  

 Crossing the boundary may be a result not of movement ability so much as movement 

propensity, or the probability that an individual will cross a boundary once it reaches an edge 

(Van Dyck and Baguette 2005).  Habitat edges acting as impermeable or semi-permeable 

boundaries may significantly affect the trajectory of movement paths in a number of species (e.g. 

Johnson et al. 1992, Schtickzelle and Baguette 2003). Indeed, there is increasing evidence that 

animals change their movement patterns upon encountering edges (e.g. Dmowski and 

Kozakiewicz 1990, Haddad 1999, Desrochers and Fortin 2000, Barding and Nelson 2008). 

Correlated random walks may not describe movement at edges well, for example, if animals 

‘reflect’ off boundaries and take a new direction at random, if animals respond to edges by 

linearizing their movement paths parallel to them, or if animals otherwise shift movement modes 

at edges (i.e. from a correlated random walk to a biased correlated random walk, sensu Crone 

and Schultz 2008). Future work incorporating explicit behavioural responses at edges into 

individual-based models could provide more insight into how animals are distributed around 

edges. 

Despite beetles’ general propensity to avoid crossing the edge upon their first encounter, 

they differed in the number of times they encountered the tape before passing over it and out of 

the arena (Fig. 2.5). I interpret this to mean that some beetles considered the tape to be a hard 

edge, while other beetles did not perceive the tape as an edge at all. It is possible that individual 

beetles responded differently to edges due to factors such as sex, reproductive state, condition 
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and personality (i.e. boldness). I found that the number of edge encounters prior to leaving was 

significantly related to the time beetles spent in the edge zone (Table 2.1). However, I did not 

find any correlation between beetle condition or body size and time spent in the edge zone.  

The beetles in this study exhibited a considerable amount of variation not just in their 

likelihood to cross the edge, but also in their movement behaviours (Fig. 2.4). However, despite 

this variation, individual beetles were generally consistent within themselves in that if they took 

large steps in the center, they took large steps at edges (Fig. 2.4). These results support the notion 

that population processes may depend more on the behaviours of a few bold individuals than on 

an average individual (Clobert et al. 2009). 

The empirical study found that animal activity can be concentrated at edges even without a 

change of resources there. Thus, animal distribution at edges may not always reflect resources 

(cf. Ries and Sisk 2004) or as a consequence, follow an ideal free distribution. Rather, the 

accumulation of individuals at edges may influence resources. For example, one of the 

consequences of higher reindeer activity near fences is altered ecosystem processes (Olofsson et 

al. 2004). Aggregation of individuals due to movement behaviour at edges may also influence 

community structure (Remer and Heard 1998). Understanding the complex behaviour of animals 

at edges independent of resources will help clarify population processes, which is critical as 

habitats become increasingly fragmented. 
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 Table 2.1. Model prediction of the proportion of time spent in the edge zone.  

 Parameter 
Variable Estimate SE t  P 

Intercept 0.40 0.045 8.86 < 0.0001 

Mean center step length (mm) 0.13 0.055 2.39 < 0.03 

Change in mean step length (center - 
edge; mm) 

-0.049 0.067 -0.73 0.47 

Mean center turn angle (rad) -0.003 0.002 -1.96 0.057 

Change in mean turn angle (center - 
edge; rad) 

-0.0004 0.002 -0.26 > 0.7 

Crosses per encounter -0.37 0.064 -5.76 < 0.0001 
 

Note: R2 = 0.50, N = 45. 

 

 

 

 

 

 

 

 

 

 

 

 



 

25 

 

Fig. 2.1. Drawing of adult Tribolium confusum. 

Reprinted with permission from Canada Grains Commission, www.grainscanada.gc.ca/storage-
entrepose/pip-irp/cfb-tbf-eng.htm. Body length ranges from 3 to 5 mm. 
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Fig. 2.2. Diagram of the experimental arena used to examine beetle movement. 
The 20 cm x 20 cm experimental arena was divided into seven concentric zones. Width of each 
zone was 1.5 cm. The outer zone (zone 7a) was interrupted at each corner by a 2.25 cm2 zone 
(zone 7b). 
 

 

 

 

 

 

 

 

 

 

 



 

27 

 

Fig. 2.3. The mean proportion of time Tribolium confusum beetles spent in each zone in (a) 
the empirical study (b) the edge-independent (EI) simulation model,  (c) the edge-
dependent (ED) simulation model and (d) the ED model using the maximum difference in 
behaviour between the center and edge zones. 

Error bars represent SE. N = 54. Black dots indicate the proportion of the arena for each zone. 
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Fig. 2.4. Movement behaviour of individual beetles at the edge (zone 7a) relative to their 
movement in center zones (zones 2-6) for (a) mean step lengths for beetles that took more 
than one step in each zone area and (b) mean turning angles for beetles that made more 
than one turn in each zone area.  
Dashed line indicates equal values at the center and edge.  
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Fig. 2.5. The proportion of crosses per encounter with the edge as a function of time spent 
in the edge zone during the empirical trials.  

Edge encounters were defined as the number of times a beetle extended its head beyond the inner 
edge of the tape surrounding the arena. Because trials ended once a beetle crossed the edge (i.e. 
exited the arena), the proportion of crosses per encounter is always 1/x, where x is the number of 
edge encounters. 
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CHAPTER 3 - MOOSE DISTRIBUTION AMONG AND WITHIN CLEARCUTS OF 

DIFFERENT AGES AND THE ADJACENT FORESTS 

 

Introduction 

 A consequence of habitat fragmentation is an increase in the overall proportion of habitat 

edges (Fahrig 2003, Bennett and Saunders 2010). The effects of habitat edges on ecological 

parameters such as species abundance, richness and diversity are widely recognized (Murcia 

1995, Fagan et al. 1999, Lidicker 1999, Laurance 2000, Ries et al. 2004, Banks-Leite et al. 2012, 

Matthews et al. 2014). Changes in community structures occurring at the boundary of 

two habitats, known as ‘edge effects’ can affect the distribution of wildlife species in a variety of 

ways. Edges have been found to positively affect many species (e.g. carnivores, game species, 

invasive plant species (Ries et al. 2004) and shrub-nesting birds (Batáry et al. 2014)) and 

negatively affect others (e.g. habitat specialists (Ries et al. 2004)). Alternatively, edges may not 

have a detectable effect on the distribution or fitness of species. Indeed, an extensive review of 

sixty years of edge literature by Ries et al. (2004) found that species responded in a neutral 

manner to habitat edges about 70% of the time. However, it can be challenging to determine 

whether a neutral response is a true indication of a species’ lack of affinity for, or avoidance of, 

edges or whether it is an artifact of the study design (Ries and Sisk 2010). For example, studies 

with low replication may not have the statistical power to detect clear patterns when confounding 

factors, such as edge contrast or permeability, exist. Furthermore, the scale at which a study 

occurs may not be appropriate for the species in question (Ewers and Didham 2008). 

 A more complete understanding of species’ responses to edges can be reached when the 

processes underlying patterns are considered in tandem with the patterns themselves. The 
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distribution of resources is considered to be a primary driver of edge responses (Ries and Sisk 

2004, Ries et al. 2004). In a meta-analysis of responses by plants and animals to edges, Ries et 

al. (2004) found that resource distribution predicted positive, negative or neutral responses in 

218 out of 263 (83%) of cases for animals. However, additional factors are also likely to 

contribute to animal distribution at edges. For example, animals may respond to factors that tend 

to be associated with resource availability, like slope and aspect, as much as to resources 

themselves (e.g. Richardson et al. 2005, Singh et al. 2010, Barrows 2011). The degree of edge 

contrast may also affect the time spent at edges (Stamps et al. 1987, Ries et al. 2004), and 

perceived edge permeability may affect movement behaviours (see Chapter 2). Because 

responses to edges may reflect a combination of the mechanisms above, the magnitude and shape 

of responses should be measured in addition to the direction (positive, negative or neutral), as 

responses are likely to be more complicated than simple attraction or avoidance (Ries et al. 2004, 

Ewers and Didham 2006b). For these reasons, it is important to measure resource availability and 

other potential contributing factors to distinguish among the processes contributing to the 

distribution pattern.  

Many natural and anthropogenic edges change over time. For example, as harvested 

forests grow back, the composition, structure and productivity of vegetation in previously clear-

cut areas change; these changes may in turn affect the nature and strength of edge effects on both 

sides of the edge. The distance of edge influence, or the distance into habitat blocks that edge 

effects are present, may also change with time as microclimatic factors vary. Such changes over 

time provide an opportunity to examine resource explanations as resources change. 

 Traditionally, cervid species in North America have been thought to be attracted to 

habitat edges, and management recommendations to enhance habitat for these species have 
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reflected this belief (e.g. Taber 1961, Billings and Wheeler 1979, Thomas et al. 1979, Wallmo 

1981). There are two main proposed reasons for cervids to utilize the edges between forest and 

adjacent openings: edges may contain an abundance of high quality browse, such as young 

deciduous shrubs (Saïd and Servanty 2005) or they may allow access to shelter provided by the 

cover of the adjacent forest (Welch et al. 1990). However, few studies have explicitly explored 

the relationship between cervids and forest-clearcut edges. Those that have generally 

conceptualize it as monotonic, consider only a few distances from the edge (minimally, and 

commonly, ‘near’ and ‘far’) and do not sample distances greater than 400 m from the edge (e.g. 

Kirchhoff et al. 1983, Takatsuki 1989, Kremsater and Bunnell 1992, Andren and Angelstam 

1993, Dussault et al. 2005). Such an approach facilitates generalizations among edge types and 

comparisons among taxa (e.g. Heske 1995, Whitaker and Montevecchi 1997) but provides less 

information about the edge response of a particular species. When combined with detailed 

environmental surveys, studies in which the distance interval measured is fine enough to detect 

significant fluctuations or thresholds in distribution over distance from an edge can provide 

information on process in addition to pattern. Non-linear relationships with distance from edges 

have been found for some species. For example, the territories of certain songbird species at 

forest edges (King et al. 1997), pronghorn antelope pellets near roads (Gavin 2006), and the 

abundance of particular beetle species at forest edges (Ewers and Didham 2008) all exhibit non-

linear patterns. However, none of these studies explicitly considered potential factors driving 

these relationships, whether in terms of underlying changes in habitat quality or in movement 

patterns due to permeability. Careful studies of the relationship of a species or population with 

distance from edges can provide managers with valuable information about the depth and 
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strength of edge influence after a disturbance (Matlack 1994, Harper et al. 2005, Ewers and 

Didham 2008).  

In western North America, moose (Alces alces) have been found to utilize shrubland and 

deciduous forest disproportionately to their availability (Cairns and Telfer 1980, Stewart et al. 

2010), and to avoid grasslands (Stewart et al. 2010) and unforested areas (Maier et al. 2005). 

This finding has implications for the distribution of moose in landscapes fragmented by the 

forestry industry, wherein new clearcuts are effectively grasslands offering little in the way of 

cover or food resources. If moose avoid not only clearcuts, but also the edges of forest fragments 

abutting clearcuts, the amount of effective remaining habitat is further reduced. Conversely, if 

new clearcuts are avoided but the edges of adjacent habitat are not, moose may accumulate at 

these low permeability edges (as per Chapter 2). The response of moose to edges may change as 

new clearcuts and the adjacent forests age, and edges provide more food resources in the form of 

browse than either adjacent habitat, or access to different resources in each habitat. In such cases, 

the amount of moose habitat may be enhanced by older clearcuts. 

I selected moose on the southeastern slopes of the Rocky Mountains in Alberta, Canada 

to study of the effects of habitat edges on the distribution of a large cervid species. To date, no 

study has investigated the changes in the relationship between moose distribution and forest-

clearcut edges over time. Moose are known to respond markedly to perturbations in their 

environment (Peek 1974, Wolff 1978, Bangs and Bailey 1980, Loranger et al. 1991, Weixelman 

et al. 1998, Maier et al. 2005, Stewart et al. 2010) and are an essential cultural and economic 

resource for both ecotourism and sport hunting in the country (Hessing et al. 2005). While 

overall, Alberta’s moose population is considered stable, key populations of moose in 

neighbouring British Columbia are in sharp decline for unknown reasons (McNay et al. 2013, 
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Hume 2013). Given ongoing commercial logging practices in montane ecosystems, there is a 

growing need to investigate how forest fragmentation affects moose distribution among and 

within patches, and how these patterns change over time.   

In this study, I test the hypothesis that edge responses by moose vary with habitat type 

and with distance from the edge. To do this, I investigated the distribution of moose in the 

southern Alberta Rocky Mountains across forest-clearcut edges of different ages. I assessed the 

distribution patterns of moose among four habitat types: recent clearcuts (< 4 years) and the 

adjacent forest, and established clearcuts (> 15 years) and the adjacent forest.  Within these 

habitat types, I focused explicitly on detecting the direction (positive, negative or neutral) and 

form (linear or non-linear) of the relationships of moose with distance from the forest-clearcut 

edges. The contributions of various explanatory variables to these patterns were also 

investigated. Resources and security cover (hereafter, "cover"), which provides visual protection 

from predators, have been reported to be key determinants of moose habitat use (Moen 1973, 

Cairns and Telfer 1980, Dussault et al. 2005, Dussault et al. 2006, Poole and Stuart-Smith 2006). 

Previous studies have also found that moose distribution is associated, whether positively or 

negatively, with biophysical attributes such as slope (Proulx and Joyal 1981, Proulx 1983, Baigas 

et al. 2010) and aspect (Prescott 1968, Langley 1993, Hurd 1999, Halko et al. 2001), and with 

coniferous forest cover (Stewart et al. 2010). I examined the influence of food resources, cover 

and biophysical attributes, respectively, on moose distribution across habitat edges through the 

comparison of three non-mutually exclusive models. These models were designed to provide 

information about the relative roles of potential underlying mechanisms on the relationship of 

moose distribution with distance to habitat edges. 
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Methods 

Study area 

This study was conducted in the eastern slopes of the southern Canadian Rocky 

Mountains, in Alberta, Canada (Fig. 3.1a). Two study areas were sampled, south and north of the 

TransCanada Highway. The south study area was located in northwest Kananaskis Country 

(centered at 50 58’ 53.95” N, 114 50’ 30.60” W) while the north area was approximately 45 km 

further north in the Ghost/ Water Valley region, (centered at 51 21’ 44.30” N, 115 3’ 18.45” W) 

(Fig. 3.1b). The region encompassing both study areas experiences an annual average 

precipitation of approximately 550 mm and a mean temperature of -10 oC in January and 14 oC 

in July (Hallworth and Chinnappa 1997). The study areas were on public land managed for 

forestry, cattle grazing, hunting, oil and gas extraction, and recreation. The mature forests were 

mostly 100+ years old, but forests have been commercially harvested in this region since the 

early 1900s, resulting in various age structures. In addition to moose, large mammals in the 

region included white-tailed deer and mule deer, elk (Cervus elaphus), cougars (Puma concolor), 

wolves (Canis lupus), coyote (Canis latrans), black bears (Ursus americanus) and grizzly bears 

(Ursus arctos horribilis). The plant species present were representative of the foothills and 

montane zones (Archibald et al. 1996). The dominant tree species was lodgepole pine (Pinus 

contorta var. latifolia), although white spruce (Picea glauca) and trembling aspen (Populus 

tremuloides) were also common. Common shrub species included bearberry (Arctostaphylos 

uva-ursi), willow (Salix spp.), juniper (Juniperus spp.), prickly rose (Rosa acicularis) and birch-

leaved spiraea (Spiraea betulifolia). Among the herbaceous plants present in this area were 

northern bedstraw (Galium boreale), northern twinflower (Linnaea borealis), cow parsnip 

(Heracleum lanatum), and common fireweed (Chaemerion angustifolium). 
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Study species 

Moose occurred at a density of approximately 0.4 moose / km2 in Kananaskis Country 

(Ranger and Anderson 2011): a ‘moderate’ density as per Dussault et al. (2005). Moose in 

western North America generally prefer shrubland, shrub- and sedge-dominated meadows and 

riparian zones over grassland and coniferous forest (Cairns and Telfer 1980, Peek 1997, Stewart 

et al. 2010), although conifer canopy provides thermal protection in both summer and winter 

(Peek et al. 1982, Timmerman and McNicol 1988, Mysterud and Østbye 1999). In particular, 

moose are known to prefer willow (Salix spp.) and poplar patches (Populus spp.) (Peek 1974, 

Hurd 1999, Baigas et al. 2010); willow is a key forage species in both the winter (Jenkins and 

Wright 1988, Dungan and Wright 2005, Maier et al. 2005, Baigas et al. 2010) and the summer 

(Knowlton 1960, Zimmermann et al. 2001, Dungan and Wright 2005) and comprises 75 – 91% 

of the diet year-round for moose in western North America (Shipley 2010).  

 

Sample site selection 

I sampled 16 sites in two regions (13 sites in Kananaskis Country; three sites in the 

Ghost/ Water Valley region) from 2007 to 2009 (Fig. 3.1b). The spatial location of sites is a 

confounding factor that I could not control: clearcuts that fit the study’s criteria were cut prior to 

the study by a commercial logging company. Each site comprised a clearcut and an adjacent tract 

of uncut forest (Fig. 3.1c). Of these 16 sites, nine contained a clearcut aged 15 - 35 years (an ‘old 

clearcut’) and the adjacent forest (‘old-clearcut forest’, hereafter ‘old-cc forest’). Seven sites 

contained a clearcut aged four years or fewer (‘new clearcut’) and the adjacent forest (‘new-cc 

forest’) (Appendix B). All clearcuts were a minimum of 300 m X 300 m in size. Sites were at 
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least one km away from a road, and one km away from another clearcut or similarly sized 

anthropogenic disturbance. 

 

Data collection 

Pellet group survey 

Indirect population monitoring methods such as fecal pellet group counts are useful 

because they integrate over long time periods and are unaffected by animal visibility (Bailey and 

Putman 1981, Putman 1984, Hemami et al. 2005, Heinze et al. 2011). While criticism has been 

leveled at the use of pellet count surveys to estimate population density, many studies have 

shown that they can be used successfully to develop indices of habitat use for many species of 

ungulates, including roe deer (Capreolus capreolus) and fallow deer (Dama dama) (Heinze et al. 

2011), mule deer (Loft and Kie 1988), elk (Edge and Marcum 1989), and moose (Franzmann et 

al. 1976, Forbes and Theberge 1993). Moose defecation rates vary per season and by location. In 

North America, moose defecate approximately 13 to 21 times a day (Timmerman 1975, Jordan 

and Wolfe 1980, Miquelle 1983). Moose pellets are large and easily seen; they range in size from 

16.4 mm to 32.7 mm in length and 11.9 mm to 19.0 mm in width, and size varies by age and sex 

(MacCracken and Van Ballenberghe 1987). Heikkilä and Härkönen (1993) and Härkönen and 

Heikkilä (1999) found that moose pellet group density was positively correlated with browsing 

intensity in Finland, indicating that pellet groups are indicative of more than resting and traveling 

behaviour. I assumed that moose occurrence was reflected in moose pellet abundance, as has 

been shown by Persson (2003) and Mansson et al. (2011). In comparing the results of habitat use 

by pellet group counts with GPS positions from collared moose, Mansson et al. (2011) found that 

there was no significant difference in use among the five habitat classes examined. They 
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concluded that pellet counts could be used to study moose habitat use without bias in the winter. 

Persson (2003) show that moose pellet counts can be useful in summer when differences in 

visibility among habitat types and over the course of the season are accounted for.  

Moose pellet group counts were conducted immediately following snowmelt and through 

the summer (from May – August). Visibility of moose pellets changed over the course of each 

study season due to concealment by vegetation; however, observer effort increased accordingly 

and more time was taken to search plots with dense vegetation (observers swept vegetation aside 

and searched from a crouched position). Differences in the visibility of pellets among habitat 

types were accounted for in a similar way. Moose pellet groups were defined as more than five 

pellets of similar size, shape and colour occurring within a pellet’s length of each other. They 

were counted if more than half of the pellets within the group were in the plot (Strong and 

Freddy 1979, Härkönen and Heikkilä 1999, Stewart et al. 2010). Only pellets likely to have been 

deposited within one year of sampling were included in the study, as assessed by texture, colour 

and position on leaf litter. Moldy pellet groups, those found underneath fallen leaves and those 

showing signs of decomposition were recorded as “old” and were not included in the analysis 

(Franzmann et al. 1976, Cairns and Telfer 1980). In an experiment by Persson (2003), moose 

pellets deposited in a cold, dry climate similar to that of my study region had still not 

decomposed four years after they were placed. Lehmkuhl et al. (1994) also emphasize that a 

colder, dryer climate increases the persistence time of pellet groups.  

I counted pellets in plots along two transects, 200 m apart, at each site. Plots were 

circular and were 100-m2 in size (radius = 5.65 m) (Neff 1968, Stewart et al. 2010). Transects 

extended 982 m into the forest and 232 m into the clearcut (Fig. 3.2). Plots were distributed in 

such a way that the edge was sampled more intensively than plots farther from the edge in order 



 

39 

to identify a non-linear effect if present. There were 21 plots along each transect: 15 plots in the 

forest and six in the clearcut (Fig. 3.2). Plots nearest to the edge were 33 m apart until 132 m 

from the edge, and the distance intervals increased to 50 m, 75 m and 100 m until the last two 

plots in the forest were 150 m apart. Fourteen sites were sampled according to this method. For 

two sites, plots were evenly distributed along each transect and were 40 m apart. Sites sampled 

using this method had 30 plots along each transect (five in the clearcut and 25 in the forest). In 

total, 708 plots were sampled.   

Moose pellet group surveys were conducted by a total of four observers over three field 

seasons. I trained all observers and allowed observers to independently sample plots once 

consistency was obtained among our pellet group counts. To maintain consistency, observers 

sampled at least one plot together per week to compare counts and species identification. 

Multiple observers sampled different plots within each site (as per McCullough et al. 1994, 

Weckerly and Ricca 2000, Mansson et al. 2011).  

 

Shrub, forb and cover survey 

In 2007, I identified the genus, and when possible, species of shrubs present within one 

randomly chosen quarter of each 100-m2 plot and estimated the percent coverage of each. In 

2008, I began recording information about forb species in addition to shrub species. As a result, 

information on forbs is only available for sites sampled in 2008 and 2009 (N = 10). The presence 

of browse by cervids on any shrub species was recorded for all field seasons (Appendix C). This 

information was used in conjunction with previous findings on the diet of moose in western 

North America (McMillan 1953, Cairns and Telfer 1980, Jenkins and Wright 1988, Hurd 1999, 

Dungan and Wright 2005, Baigas et al. 2010, Shipley 2010) to create two composite food 
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resource variables: a browse index and a forb index. A third index, the cover index, was based on 

shrub species that were tall and full enough to contribute to hiding cover for moose (Table 3.1). 

These new variables encompass species likely to be of the greatest importance to moose in my 

study region.   

 

Landscape attributes 

Metrics such as slope and aspect have been found to influence the distribution of moose 

on the landscape. For example, Proulx and Joyal (1981), Proulx (1983), Maier et al. (2005), and 

Poole and Stuart-Smith (2006) found that moose are associated with gentle to moderate slopes in 

winter. Prescott (1968), Matchett (1985) and Langley (1993) found that moose selected for 

south- and/or west-facing slopes; however, moose in Banff National Park selected for north-

facing slopes (Hurd 1999), while the results of other studies are equivocal (e.g. Proulx 1983 and 

Molvar et al. 1993).  

For this study, maximum slope and average aspect (northness and eastness) for the 16 

clearcuts and the forest adjacent to each were derived from Landsat maps using the Spatial 

Analyst function in ArcGIS. The tool fits a plane to each cell according to the z-values of its 

neighbours. The slope is the maximum rate of change in the z-value from each cell, and the 

direction the plane is facing is the aspect of the centre-most cell (ESRI 2014). To linearize a 

measure of aspect taken in degrees, which is circular, trigonomic transformations can be applied. 

‘Northness’ is cos(aspect) and a value near 1 represents aspects that are generally northward, 

while values near -1 represent values that are mostly southward. ‘Eastness’, or sin(aspect), 

behaves similarly, except that values around 1 represent east-facing slopes. Edges in this study 

tended to be oriented north-south with clearcuts equally likely to be on the east or west side 
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(Appendix D). Consequently, forests were unlikely to differ greatly among sites in microclimate 

as a function of distance from edges (Bennie et al. 2008). 

 

Coniferous cover 

The requirement for mature coniferous forest habitat for moose is controversial. While 

some studies have found that a fairly continuous coniferous canopy cover is important for moose 

in winter (Proulx 1983, Kirchhoff and Schoen 1987, Poole and Stewart-Smith 2006), moose in 

the foothills of Alberta were found to use coniferous areas less than expected (Stewart et al. 

2010). Poole and Stuart-Smith (2006) also found no relationship between canopy cover and 

either moose forage selection or moose travel in the B.C. interior. Therefore, I considered this 

variable without an explicit expectation for its effect on moose distribution. 

The number of coniferous trees > two m in height per plot was used as an indicator of 

coniferous forest cover at that distance interval. 

 

Data analysis 

Analyses were performed using JMP® version 10 (SAS Institute 2013), R version 3.0.2 

(R Development Core Team 2013) and JAGS version 3.4.0 (http://mcmc-jags.sourceforge.net/). 

JAGS is a program for analysis of Bayesian hierarchical models by means of Markov Chain 

Monte Carlo (MCMC) techniques using Gibbs sampling. Variables were transformed as required 

to meet the assumptions of statistical tests, or for Bayesian analyses, to reduce skewness. 

Interactions were included in analyses and were considered in tandem with main effects.  
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Habitat-level analyses 

Vegetation indices 

I used Restricted Maximum Likelihood (REML) estimation to determine whether there 

were significant differences in the three vegetation indices among habitat types. Each index was 

tested separately against habitat type as a main effect, with site included as a random effect. 

 

Moose pellet groups  

 For the analysis of moose pellet group counts among habitat types, I took a Bayesian 

approach. A zero-inflated Poisson generalized linear mixed model (ZIP-GLMM) was fit to the 

data (details and code provided in Appendix E) because of overdispersion in the data and an 

excess of zeros. Theory suggests that the excess zeros are generated by a separate process from 

the count values and that these zeros can be modeled independently (Agarwal et al. 2002, Martin 

et al. 2005). A ZIP model is therefore a combination of logistic regression that accounts for zero 

vs. non-zero values (called the ‘zero-model’), and a Poisson-model for counts (called the ‘count-

model’). Rather than using P-values to reject or support a null hypothesis, a Bayesian approach 

estimates effect sizes with an uncertainty estimate (credible intervals, or CrI) to describe the 

result and judge biological relevance. For two means to be statistically significantly different 

from each other, one mean must not be included in the 95% CrI of the other. 

A graphical examination of the moose pellet group counts within sites suggested that 

there was a large between-site variance in the proportion of zeros, but that the two transects of 

the same site were similar; therefore, transects were not included as a covariate in the model. The 

zero-model included the intercept and the among-site standard deviation (modeled as a random 

effect), while the count-model included habitat type (N = 4), overdispersion, and the among-site 
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standard deviation (modeled as a random effect). An observation-level random effect, which is 

effectively a random effect for each observation, was also included in the count model to account 

for overdispersion. Markov Chain Monte Carlo (MCMC) sampling was used to simulate 3000 

data sets and these new data sets were compared with the observed data (posterior predictive 

model checking, Gelman et al. 1996) to assess model fit. The number of adjacent zeros that 

occurred in a row was well captured by the model; in other words, the length of a series of zeros 

or ones along distance within a transect was very similar for the replicated data and the observed 

data (Appendix E). Thus, there was no need to correct for spatial autocorrelation. The proportion 

of zero values in the observed data was 69%, and this was replicated well by the simulated 

distribution (Appendix E).  

To explore the distribution of pellet groups across clearcuts and forests at new and old 

sites, I calculated the mean number of pellet groups per plot ± SE for the clearcut and the forest 

of each site and displayed this information graphically.  

 

Edge effects 

I used non-Bayesian, or frequentist, methods to explore the relationship of distance from 

edge with moose pellet groups and other explanatory variables because the exponential family of 

probability distributions adequately captured the overdispersion in the data. A significance level 

of P < 0.05 was used to reject the null hypothesis.  

 

Vegetation indices 

 I examined the distribution of the three vegetation indices across habitat edges in two 

ways. First, I employed Harper and MacDonald’s (2011) method of estimating distance of edge 
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influence (DEI). The Randomization Test of Edge Influence (RTEI) method examines changes 

in the variable of interest at different distances from habitat edges. The method involves 

randomization of the values at the edges and of the values in the reference habitats – in this case, 

the interior of the new-cc and old-cc forests, respectively (see Harper et al. 2005 for model 

mechanics). I used the RTEI model to calculate DEI for the browse index, forb index and cover 

index, respectively, in new-cc forests and old-cc forests. I summed each site’s two transects to 

minimize zero counts. RTEI was only calculated for forests because clearcuts were too small to 

contain ‘interior’ habitat for reference. The output of the R script provided by K. Harper provides 

the two-tailed significance for the value of each distance interval being different (higher or 

lower) than the interior values. I used this output to determine whether or not depth of edge 

influence was clearly detectable for each vegetation index in old-cc forest and new-cc forest.  

I also compared the mean values of the plot-level vegetation indices grouped according to 

two distance intervals for each habitat type. These intervals were a) ≤ 99 m from the edge, and b) 

the remainder of the transect (132– 982 m for forests, and 132 – 232 m for the clearcuts). These 

distance intervals were chosen for three reasons. First, while the RTEI analysis defined the 

habitat interior narrowly in order to determine the depth of edge influence, this approach defined 

the edge narrowly and the interior broadly as another means of detecting a potential change in 

vegetation indices. Second, it allowed the inclusion of clearcuts in the vegetation analysis. Third, 

in a review of studies of vegetation at edges, Kremsater and Bunnell (1999) found that the 

majority of edge effects extended only 100 - 150 m into the forest. These analyses were run as 

Restricted Maximum Likelihood tests with habitat type, distance category (edge vs. interior) and 

the interaction of the two as fixed effects. Site was included as a random factor. 
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Moose pellet groups 

I tested for linear and non-linear responses of moose to edges using three approaches. 

First, I employed the RTEI method (Harper and Macdonald 2011) that I used with the vegetation 

indices to look at the depth of edge influence in the new-cc forests and old-cc forests for moose 

as indicated by the distribution of moose pellet groups. I compared the first twelve plots closest 

to the edge to the three most distant plots (see Fig. 3.2), classifying these three plots as being 

representative of interior values.  

I also ran Generalized Linear Mixed Models (GLMM) and Generalized Additive Mixed 

Models (GAMM) for each habitat type with pellet number per plot as a function of distance from 

edge and site as a random effect. All GLMM were fit with a Poisson distribution and a log link 

function and run in R using the lme4 package (http://cran.r-project.org/web/packages/lme4/). 

Model comparison and selection was performed using Akaike’s Information Criterion (AIC), 

with the best-supported model having the lowest AIC score (Burnham and Anderson 2002, Zuur 

et al. 2009). Models were compared to the best-supported model based on differences in AIC 

scores (ΔAIC) (Burnham and Anderson 2002, Zuur et al. 2009). Models with ΔAIC scores < 2 

indicate substantial support in the data, and scores of 4-7 indicate weak support; scores > 10 

show no support in the data (Burnham and Anderson 2002). AIC weights indicate the relative 

improvement of one model over another; higher weights indicate a better fit (Wagenmakers and 

Farrell 2004).  

Additive models like GAMM allow for non-linear relationships between response 

variables and multiple explanatory variables by means of a smoothing function (Zuur et al. 

2009). I ran the GAMM analyses using the gamm4 package (http://cran.r-

project.org/web/packages/gamm4/), which makes use of penalized regression splines for 
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smoothing. As with the GLMM, probability distributions and link functions were chosen 

according to the properties of each dataset, particularly regarding dispersion.  

 

Distance models with explanatory variables 

To test whether the relationship of moose pellet group distribution across distance could 

be best understood in tandem with other explanatory variables, I designed four a priori models, 

each addressing a different set of potential underlying drivers of moose distribution. The 

candidate models are termed food resources 1, food resources 2, shrub cover and biophysical 

attributes. To test the influence of short-lived but highly preferred diet items, two variations of 

the food resource model were included, one with forb index and one without. Selecting variables 

and creating candidate models a priori reduces the chance of finding spurious effects that can 

occur when examining a large suite of covariates (Forcey et al. 2007). All models included 

distance from the edge, as this was the main variable under investigation, and each model 

included site as a random effect. The fixed predictors of each model are outlined below: 

 

Food resources 1 model 

Moose pellet groups ~ distance + browse index + forb index +  

browse index*distance + forb index*distance 

 

Food resources 2 model 

Moose pellet groups ~ distance + browse index + browse index*distance 

 

Cover model 
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Moose pellet groups ~ distance + cover index + cover*distance 

 

Biophysical attributes model 

Moose pellet groups ~ distance + northness + eastness + maximum slope +  

number of conifers 

 

These models were run as GLMM because there was no indication from previous analyses that 

non-linear effects were present (see below). All models were fit with a Poisson distribution using 

the lme4 package in R except for old-cc forest, which was fit with a zero-inflated Poisson 

distribution using R’s MCMCglmm package (http://cran.r-

project.org/web/packages/MCMCglmm/). 

 

Results 

Habitat-level analyses 

Vegetation Indices 

The availability of browse differed among habitat types (F3, 18.18 = 11.2, P = 0.0002). 

There was significantly more browse, as measured by the index, in the old clearcut than in any 

other habitat type (Fig. 3.3b); the other habitat types did not differ from any other in the amount 

of available browse (Tukey's HSD). The forb index did not vary among habitat types (F3, 10.02 = 

1.01, P = 0.43) (Fig. 3.3c). There was more cover in the old clearcuts than in either the new-cc 

forests or the new clearcuts, and old-cc forest had more cover than new clearcuts (F3, 15.46 = 4.32, 

P = 0.004) (Fig. 3.3d). There were no detectable differences in cover between new clearcuts and 

new-cc forests or between old clearcuts and old-cc forests. 
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Moose pellet groups 

Overall, the percentage of plots containing at least one moose pellet group was 31% (N = 

708). Habitat types differed in the proportion of plots with at least one pellet group (F3, 18.8 = 

4.87, P = 0.012, R2 = 0.84): plots in old clearcuts contained ≥ 1 moose pellet groups with greater 

frequency than did plots in new clearcuts. There was no significant difference between old-cc 

forests and new-cc forests (Fig. 3.4). 

The abundance of moose pellet groups varied significantly among habitat types (Table 

3.2). Fitted values from the ZIP-model’s posterior distribution show that old clearcuts were 

associated with the highest number of pellet groups by a factor of almost two over the next 

habitat type, old-cc forest (0.96 vs. 0.50), and new clearcuts were associated with the fewest 

pellet groups (0.17) of all the habitat categories (Table 3.3). Old clearcuts had significantly more 

pellet groups than all other habitat types; furthermore, new clearcuts had significantly fewer 

pellet groups than old-cc forests. Although lacking statistical significance, it is also worth noting 

that mean number of pellet groups in the new-cc forests was nearly twice that of new clearcuts; 

however, the median of both habitat types was still zero (Fig. 3.3a). Table 3.2 also shows that the 

overdispersion parameter was large (as per F. Korner-Nievergelt, Oikostat group, pers.comm.), 

indicating that pellet groups tended to be clustered within sites, and the among-site variance was 

higher in the zero-model than in the count-model. This suggests that within each habitat type, 

more moose tended to be found in certain sites than in others. More pellets were found in old 

clearcuts than in old-cc forests at seven of the nine old sites, and more pellets were found in new-

cc forests than in new clearcuts at six of the seven sites (Fig. 3.5). Furthermore, the old clearcut 

habitat type has the widest range of pellet group numbers per plot (Fig. 3.5). Note that the site 
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that clearly contains the most pellets is the oldest site sampled, Old Baldy, which had been cut 35 

years prior to sampling (Appendix B).  

 

Edge effects 

Vegetation indices 

 The RTEI method allowed a comparison of the vegetation indices in edge plots with 

interior plots to determine the depth of edge influence (DEI) for each vegetation index. As 

mentioned previously, this analysis was done for new-cc forests and old-cc forests only, as 

transects in the clearcuts were too short to apply this method. No clear depth of edge influence 

was found for any of the indices (browse, forbs or cover) for either new-cc forest (for each index, 

all distances P > 0.08) or old-cc forest (all P > 0.05). 

 Because the RTEI analysis defined the habitat interior narrowly in order to focus on the 

depth of edge influence, I compared vegetation indices within 99 m of the edges of each habitat 

type with the remainder of distances sampled. Such a comparison also allowed the inclusion of 

clearcut habitat types in addition to just forests. Consistent with the conclusions of the RTEI 

analyses, there was no difference within vegetation indices within 99 m of the edge and the 

remainder of distances sampled for any habitat type for the browse index (F1,42 = 0.14, P = 0.71), 

the forb index (F1,24 = 0.04, P = 0.85) or the cover index (F1,42 = 0.41, P = 0.52); all controlling 

for habitat type and all with no significant interaction between habitat type and distance category 

and site as a random variable). 
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Moose pellet groups 

I found that moose preferred old clearcuts to the adjacent forests. Based on this result, I 

would expect pellet group counts to generally increase from the interior of the adjacent forest 

towards the habitat edge and into the old clearcut. The specific form of the relationship with 

distance would depend on the underlying factors driving moose preference, and may reflect the 

degree of disparity in quality between adjacent habitat types. At new sites, moose preferred the 

forest adjacent to new clearcuts over the clearcuts themselves. If moose avoided both the 

clearcuts and the edges of new-cc forest adjacent to the clearcuts, I would expect to see a 

decrease in pellet group counts from the interior of the new-cc forests toward the edges of the 

new clearcuts. Conversely, if moose perceived the edges as impermeable, I would expect to see 

moose accumulate within new-cc forests near the edge of the new clearcuts.  

I looked for linear and non-linear relationships between distance from edge and moose 

pellet distribution for each habitat type using both GLMMs and GAMMs for each habitat type. 

Because there were too little data for a GAMM to converge in new clearcuts, only a GLMM was 

generated for that habitat type. The only habitat types for which the full models were significant 

were the new-cc forests and old-cc forests (both P ≤ 0.02). The distance predictor, however, was 

not significant in the GLMM or the GAMM for any of the four habitat types (all P > 0.45; see 

Appendix F), regardless of the significance of the full model. Thus, these models suggest that 

without covariates, distance from edge had neither a significant linear nor non-linear effect on 

the distribution of moose pellet groups in any habitat type.  

The RTEI analysis supported a lack of effect of distance. In new-cc forests, none of the 

edge plots were significantly different than the interior plots (all P > 0.09; depth of edge 

influence (DEI) = 0). The results for DEI for the 7 old sites that were sampled in a consistent 
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matter were similar. No significant edge influence was detected in old-cc forests at any distance 

interval (all P > 0.16) except for one: 482 m from the edge, which had fewer pellet groups than 

other sites (P = 0.04).  

 

Distance models with explanatory variables 

I compared four a priori candidate models (food resources 1, food resources 2, cover, and 

biophysical attributes) to examine the relative effects of selected explanatory variables on moose 

pellet group distribution over distance within habitat types. Site was included in all models as a 

random effect. Results varied among habitat types (Table 3.4). For the new clearcut, two models 

best explained moose distribution: food resources 1 (browse and forbs), and cover. For the old 

clearcut, food resources 2 (browse only) was the best fit, while for new-cc forest, the landscape 

attributes model fit best. In the old-cc forest, cover was the best fitting model.  

 

Discussion 

My analyses indicated that moose responded to differences among the habitat types 

studied, but not to distance from edge within the habitat types. The detectability of pellet groups 

was not explicitly evaluated in different habitat types, and it is possible that systematic variation 

among habitat types in ground cover increased or decreased the detectability of intact pellets in 

my study sites (Forsyth et al. 2007). However, exhaustive searches of 107 plots by Hemami et al. 

(2004) immediately following their initial survey showed no difference in detectability among 

forest growth stages in a managed coniferous forest. I assume that my protocol of spending more 

time and effort examining densely vegetated plots minimized any bias in detectability of pellet 

groups across sites and habitat types, and that my results reflect moose habitat preference.  
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 The use of clearcuts by moose depended on the age of the clearcut. Moose pellet group 

counts were low in clearcuts younger than four years in age; indeed, new clearcuts were the least 

used of all four habitat types. Conversely, moose preferred clearcuts > 15 years in age to the 

adjacent forests. A low density of moose in recently clearcut areas was found by Eason et al. 

(1981), Girard and Joyal (1984), Kufeld and Bowden 1996, and Rempel et al. (1997). It is 

unclear if these patterns are due to avoidance because of perceived predation risk or a lack of 

resources, or to increased mortality caused by hunting and predation. My study did not explicitly 

take predation risk into account but instead used shrub cover as an indication of reduced risk. 

Rempel et al. (1997) found that hunter access to new clearcuts increased as a consequence of 

high road density. Such an effect is plausible for the study sites given that hunting is permitted 

on the land, but only over the short-term as forestry roads are generally decommissioned within 

two to three years after being built. 

Moose pellet group counts were almost twice as high in the old clearcuts as the habitat 

type with the second-highest pellet group count, the old-cc forests (Table 3.3). The clear 

association of moose with the old clearcut habitat type is in keeping with the findings of other 

studies where open areas containing deciduous shrubs are heavily used (e.g. Peek et al. 1976, 

Jordan 1987, Härkönen and Heikkilä 1999, Stewart et al. 2010). In my study, old clearcuts 

contained significantly more browse than any other habitat type, and significantly more shrub 

cover than all but new-cc forests. More specifically, old clearcuts had an abundance of key food 

species, including four times the abundance of willow (Salix spp.) and four times more poplar 

and aspen (Populus spp.) than the next most frequented habitat, the old-cc forest. Willow, 

especially, is a key resource for moose in western North America (Dungan and Wright 2005, 
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McMillan 1953, Van Ballenberghe et al. 1989, Risenhoover and Maass 1987, Poole and Stuart 

Smith 2005), and comprises 50 – 99% of moose diets in some populations (Shipley 2010).  

The success of habitat selection studies depends in part on the choice of scales that are 

appropriate for the way animals perceive and react to the landscape. Rettie and Messier (2000) 

and Dussault et al. (2005) suggested that selection patterns among the scales reflect the 

importance of limiting factors. For example, selection at a coarse, home range scale may 

function primarily to minimize predation risk, while selection at a finer, more local scale may in 

turn maximize food availability. I would therefore expect that at a coarse scale, moose would 

select home ranges that minimize exposure to newer clearcuts, which may be associated with 

higher predation risk. Their fine-scale distribution within habitat types would then reflect the 

resources as measured by the food index. The coarse scale hypotheses were not supported by my 

data. Moose did not appear to avoid areas containing new clearcuts: by consequence, they would 

also have avoided the adjacent forests, but there were no significant differences between moose 

pellet group counts in new-cc forests and those in old-cc forests despite the preference for old 

clearcuts over new. This result is supported by the findings of Courtois et al. (2002), who found 

that the selection of home ranges of moose in Quebec was not affected by the proportion of 

clearcuts (defined as < 11 yrs) they contained. Conversely, Stewart and Komers (2012) found 

that moose density varied non-linearly with habitat amount, suggesting that moose avoided less 

preferred habitats such as grasslands and in turn were less common in shrubland (preferred) 

when grassland was abundant than when grassland was scarce.  

On a fine scale, I did not detect any relationship, whether linear or non-linear, of moose 

pellet groups with distance from habitat edges. This finding was consistent for all four habitat 

types, for distance considered as the sole predictor in a univariate analysis, and for distance in 
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conjunction with additional explanatory variables. Furthermore, the RTEI analysis indicated that 

there was no significant depth of edge influence for moose in forests near old or new clearcut 

edges. Initially, this result seems surprising given the number of moose studies that have reported 

a preference for, or proximity to, edges in different contexts. However, the reported attraction of 

moose to edges is rarely consistent even within studies. For example, some have found only a 

seasonal effect (e.g. Courtois et al. 2002) or a year effect of edges (e.g. Dussault et al. 2006), 

while others have found an effect for one activity but not others (e.g. Poole and Stuart-Smith 

2006) or for certain edge types only (e.g. Courtois et al. 2002, Baigas et al. 2010). Still others, 

like my study, report finding no association of moose with edges (e.g. Andren and Angelstam 

1993).  The neutral response of moose to edges found in my study is a robust result. Moose pellet 

groups at edges were sampled intensively using closely spaced plots where effects were expected 

to be the strongest (i.e. near the edge; Fig. 3.2), and analyses considered non-linear effects in 

addition to linear effects. The total distance from the edge sampled was also extensive (982 m) 

compared to other studies (e.g. Andren and Angelstam 1993, Courtois et al. 2002), and a 

relatively large number of sites (N = 16) were sampled in total. 

 When patterns of abundance by distance from edge are examined without a parallel 

examination of the potential underlying factors, such as resources and hiding cover, contributing 

to these patterns, it can be challenging to interpret neutral or inconsistent results. My study found 

that browse, forb and cover availability did not vary with distance from the edge. This was 

perhaps not unexpected for the edges between forest and new clearcuts, given how recently 

microclimatic variables had changed near the edge. However, it was surprising that older, 

established clearcuts and their adjacent forests, exposed to the microclimatic variables of the 

adjacent habitat for a minimum of fifteen years, showed no significant changes in the 
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composition or % cover of vegetation at the edges. Regardless, it seems likely that the lack of 

edge response by vegetation is a contributing factor in the lack of edge (or fine-scale) response 

by moose. Härkönen and Heikkilä (1999) showed that pellet group counts could be used as an 

indication of browsing intensity when food resources are high and there is little movement 

among food patches; they are also an inexpensive, non-invasive means of understanding where a 

large number of moose have been. However, to determine resource selection in more detail, 

including what species moose have eaten and how often, direct observation or the use of collars 

with GPS technology would be necessary. 	  

A clear finding of my study was that sites were significantly different even within the 

same habitat type. It is possible that one unaccounted for difference among sites was in hunting 

pressure; Stewart et al. (2010) found that a WMU’s total hunter-days in a given year as a 

measure of hunting effort was a significant predictor of moose pellet group occurrence. Adult 

moose have few natural predators, although a pack of wolves can still pose a threat. In southern 

Alberta, hunters are the main population control agents for moose (Jon Jorgenson, AESRD, pers. 

comm.), and in 2012, they harvested 72 animals from WMU 406 (1982 km2 in size and 

encompassing Kananaskis Country) and five from WMU 412 (509 km2 in size and 

encompassing the Ghost/ Water Valley area) (Government of Alberta 2013). 

In addition to potential differences in hunter pressure, there were also site differences that 

were more easily observed. The highest number of moose pellet groups was found in the clearcut 

of the ‘Old Baldy’ site, which was the oldest clearcut in the study by over ten years (Fig. 3.5). In 

addition to its age, it was the wettest site of the study and contained aquatic plants rarely found at 

other sites, including various horsetail species (Equisetum spp.). It also had the highest 

proportion of willow (Salix spp.). The ‘Water Valley’ site contained very few moose pellet 
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groups in both the clearcut and the forest. This site had a disproportionately high amount of 

blowdown compared to the others, undoubtedly making travel very difficult and energetically 

expensive for moose. It would have been revealing to examine the landscape context and the 

level of human disturbance for each site (i.e. proximity to water bodies, road density, recreational 

pressure) to better understand the uneven distribution of moose among sites.  

A priori models developed to consider the effect of food resources, cover and landscape 

attributes on distance fit each habitat type differently (Table 3.4). Two models, food resources 1 

(browse and forbs) and cover best fit new clearcuts. New clearcuts were generally devoid of a 

substantial shrub layer, so it is possible that what little was there was important when moose 

were present. Perhaps primary succession forbs, like fireweed, were an important resource for 

moose in summer. The landscape attributes model best described the moose pellet distribution in 

the new-cc forest. This model incorporated measures of slope, aspect and coniferous cover. In 

the literature, the association of moose with gentle to moderate slopes is a more consistent 

biophysical association than that of a particular aspect. It is possible that slope is more important 

for moose in forests than for clearcuts because timber is characteristically harvested from flatter, 

more accessible terrain. The coniferous cover variable in the landscape attributes model may also 

be of importance for moose travelling near new clearcuts, especially in winter when snow can be 

deep in open habitats (Berndt 1965, Winkler et al. 2005). 

The old clearcut habitat type was best described by the food resources 2 model (browse 

only), while the cover model fit the old-cc forest best. On first glance, this result seems to 

suggest that edges provide access to complementary (or different) resources: food resources in 

old clearcuts and cover in the adjacent forests. However, old clearcuts contained the highest 

proportion of browse and also had the highest cover index. The cover type measured by this 



 

57 

study was hiding, or security, cover that provided visual protection from predators. Moose also 

require other types of cover, such as escape cover, thermoregulatory cover and snow interception 

cover (Schwab and Pitt 1991, Demarchi and Bunnell 1995, Moen et al. 1996). These cover types 

were not explicitly considered, although the number of conifers per plot provides information on 

snow interception cover. This metric was included in the landscape attributes model, which was 

not the best-fit model for old clearcuts. 

Because of the relatively low proportion of plots with pellets, I cannot conclude that edge 

effects for moose in areas harvested for timber were absent; however, if they existed, it is likely 

that they were modest. Few signs of moose were found in new clearcuts, but there was no 

indication that this effect permeated into the adjacent forest, even over the long distance 

sampled. It is plausible that neutral responses to edges are under-reported in the literature 

because of a publication bias for significant results (Ries et al. 2004). I found that that a proposed 

driver of animal distribution across edges, resources, also did not vary with distance from edges. 

It did vary, however, at the habitat level, and moose distribution matched resource distribution at 

this scale. This finding is consistent with the ideal free distribution theory (Fretwell and Lucas 

1970) wherein the number of individuals that will aggregate in various patches, or habitats, is 

proportional to the amount of resources available in each. Results such as these are important 

because in spite of the confounding environmental factors that can complicate large-scale field 

studies, they offer support to simple theories. 

My	  results	  suggest	  that	  the	  negative	  impacts	  of	  clearcutting	  on	  moose	  are	  temporary	  

and	  do	  not	  extend	  into	  the	  neighbouring	  forests.	  As	  previously	  mentioned,	  the	  neutral	  

response	  of	  moose	  to	  habitat	  edges	  is	  consistent	  with	  the	  lack	  of	  an	  edge	  effect	  for	  food	  

resources	  at	  these	  edges.	  Stewart	  and	  Komers	  (2012)	  found	  that	  moose	  pellet	  density	  in	  
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northern	  Alberta	  was	  lower	  in	  smaller	  patches	  of	  preferred	  habitat	  and	  greater	  in	  larger	  

patches.	  My	  study	  did	  not	  evaluate	  the	  effect	  of	  clearcut	  and	  remnant	  forest	  size	  on	  the	  

abundance	  and	  distribution	  of	  moose,	  but	  my	  results	  support	  Stewart	  and	  Komers’	  (2012)	  

suggestion	  that	  mechanisms	  other	  than	  edge	  effects	  are	  responsible	  for	  their	  findings.	  	  

Forest	  and	  wildlife	  managers	  in	  the	  Rocky	  Mountain	  foothills	  should	  make	  decisions	  about	  

the	  size,	  location	  and	  density	  of	  new	  cuts	  with	  the	  understanding	  that	  moose	  avoid	  new	  

clearcuts	  but	  neither	  avoid	  the	  surrounding	  forests	  nor	  accumulate	  near	  the	  edges	  of	  new	  

cuts.	  	  This	  is	  especially	  relevant	  when	  the	  continued	  persistence	  of	  moose	  populations	  is	  a	  

concern.	  	  
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Table 3.1. Shrub and forb species comprising the aggregate variables browse index, forb 
index and cover index.1 

 
Variable 

name 
Species included Mean % cover (% freq) 

 
  New cc Old cc New-cc 

Forest 
Old-cc 
Forest 

 
Browse 
index 

 
Willow  
(Salix spp.) 
 
Poplar 
(Populus spp.) 
 
Buffaloberry  
(Shepherdia canadensis) 
 
White spruce  
(Picea glauca) 
 
Bracted honeysuckle  
(Lonisera involucrata)  

 
0.07 
(9.5) 
 
0.08 
(9.5) 
 
0.14 
(9.5) 
 
0.08 
(11.9) 
 
0.00  
(0) 

 
4.0 
(52.4) 
 
0.62 
(35.0) 
 
0.96 
(10.7) 
 
0.13 
(8.7) 
 
0.01 
(0.01) 

 
0.24 
(11.9) 
 
0.10 
(9.0) 
 
0.98 
(23.3) 
 
0.12 
(13.9) 
 
0.06 
(0.01) 

 
1.13 
(19.5) 
 
0.153 
(6.4) 
 
0.37 
(15.1) 
 
0.12 
(3.7) 
 
0.26 
(0.11) 

 
 
Forb  
index 

 
 
Fireweed 
(Epilobium angustifolium) 
 
Cow parsnip  
(Heracleum spp.) 
 
Twisted stalk  
(Streptopus amplexifolius) 

 
 
1.35 
(41.7) 
 
<0.01 
(1.2) 
 
0.02 
(3.5) 

 
 
4.35 
(58.3) 
 
0.21 
(11.7) 
 
0.06 
(5.8) 

 
 
0.3 
(28.6) 
 
0.09 
(7.2) 
 
0.08 
(13.8) 

 
 
0.63 
(30.9) 
 
0.15 
(5.7) 
 
0.36 
(22.8) 
 

_________________________________________________________________________ 
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Table 3.1 Shrub and forb species comprising the aggregate variables browse index, forb 
index and cover index.1 

 
Variable 
name 

Species included Mean % cover (% freq) 
 

  New cc Old cc New-cc 
Forest 

Old-cc 
Forest 

 
Cover 
index 
 
 
 
 
 
 
 

 
Willow  
(Salix spp.) 
 
Poplar  
(Populus spp.) 
 
Alder  
(Alnus spp.) 
 
Buffaloberry  
(Shepherdia canadensis) 
 
Bog birch  
(Betula pumila) 
 
Rocky mountain maple 
(Acer glabrum) 
 
Raspberry  
(Rubus spp.) 
 
Mountain ash  
(Sorbus scopulina) 
 
Shrubby cinquefoil 
(Dasiphora fruticosa) 
 
Subalpine fir  
(Abies lasiocarpa) 
 
Lodgepole pine  
(Pinus contorta var. 
latifolia) 

 
0.07 
(9.5) 
 
0.08 
(9.5) 
 
1.01 
(25.0) 
 
0.14 
(9.5) 
 
0  
(0) 
 
0.01 
(2.4) 
 
0.49 
(16.7) 
 
0  
(0) 
 
0.05 
(4.8) 
 
0  
(0) 
 
0.34 
(17.9) 
 

 
4.0 
(52.4) 
 
0.62 
(35.0) 
 
7.69 
(46.60) 
 
0.96 
(10.7) 
 
<0.01 
(1.0) 
 
0.03 
(4.9) 
 
1.41 
(10.7) 
 
<0.01 
(1.0) 
 
0.06 
(2.9) 
 
<0.01 
(1.0) 
 
0.57 
(16.5) 
 

 
0.24 
(11.9) 
 
0.10 
(9.0) 
 
1.16 
(22.4) 
 
0.98 
(23.3) 
 
0.02 
(1.0) 
 
0.01 
(1.9) 
 
0.07 
(5.7) 
 
0  
(0) 
 
0.09 
(9.6) 
 
0.17 
(13.0) 
 
0.01 
(3.4) 
 

 
1.13 
(19.5) 
 
0.153 
(6.4) 
 
6.12 
(48.0) 
 
0.37 
(15.1) 
 
0.10 
(3.7) 
 
0.06 
(5.7) 
 
0.83 
(21.8) 
 
<0.01 
(0.7) 
 
0.08 
(4.7) 
 
0.11 
(3.0) 
 
0  
(0) 
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Table 3.1 Shrub and forb species comprising the aggregate variables browse index, forb 
index and cover index.1 

 
Variable 
name 

Species included Mean % cover (% freq) 
 

  New cc Old cc New-cc 
Forest 

Old-cc 
Forest 

Cover 
index 
cont’d 
 

White spruce  
(Picea glauca) 

0.08 
(11.9) 

0.13 
(8.7) 

0.12 
(13.9) 

0.12 
(3.7) 
 

 1 Included are mean % coverage in randomly chosen quarters of 100-m2 sample plots (N = 708) 
and % frequency of occurrence among plots. Tree species were considered to be shrubs if < 2 m 
in height.  
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Table 3.2. Parameter estimates from ZIP-GLMM with standard error and 95% credible 
intervals in the model explaining the distribution of moose among habitats in the Rocky 

Mountain foothills of Alberta.1  
                                                                                     95% credible interval 

  
Mean 

 
SE 

 
Lower 

 
Upper 

 
Zero-model 
 
Intercept 

 
-1.71 

 
0.891 

 
-3.71 

 
-0.20 

 
szsite  (among-site 
standard 
deviation) 

 
 
 
2.23 

 
 
 
1.26 

 
 
 
0.27 

 
 
 
5.32 

 
Count-model 
 
New clearcut 

 
-1.78 

 
0.43 

 
-2.68 

 
-0.99 

 
Old clearcut 

 
-1.19 

 
0.35 

 
-1.95 

 
-0.56 

 
New-cc forest 

 
-0.04 

 
0.27 

 
-0.61 

   
0.44 

 
Old-cc forest 

 
-0.70 

 
0.26 

 
-1.22 

 
-0.22 

 
szsite  (among-site 
standard 
deviation) 

 
 
 
0.44 

 
 
 
0.22 

 
 
 
0.08 

 
 
 
0.95 

 
sOD 

(overdispersion) 

 
 
0.79 

 
 
0.11 

 
 
0.58 

 
 
1.01 
 

1 Given are the mean, SE, the 2.5% (lower) and 97.5% (upper) quantile of the posterior 
distributions. Factors with 95% credible intervals that do not overlap zero are highlighted in 
bold. The four habitat-age parameters in the count-model are four independent intercepts. Thus, 
they correspond to the mean log of the number of pellets in the different habitat-age categories.  
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Table 3.3. Fitted values from ZIP-GLMM corresponding to the means of moose pellet 
groups for each habitat type in the study.1 

Site age Habitat Fitted value Lower Upper 
 
New 

 
Clearcut 

 
0.17 

 
0.07 

 
0.37 

 
New 

 
Forest 

 
0.30 

 
0.14 

 
0.57 

 
Old 

 
Clearcut 

 
0.96 

 
0.54 

 
1.55 

 
Old 

 
Forest 

 
0.50 

 
0.29 

 
0.80 
 

1 Given are the fitted value, the 2.5% (lower) quantile and the 97.5% (upper) quantile of the 
posterior distributions. Fitted values are calculated as the inverse-log of the means in Table 3.2.  
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Table 3.4. Model selection results from analysis investigating moose distribution in the 
south-eastern slopes of the Alberta Rocky Mountains. Four a priori models were compared 

to investigate predictions about the factors influencing moose pellet group distribution: 
food resources 1, food resources 2, cover, and landscape attributes.1  

 
Habitat 
type 

Model name  ∆AIC K Deviance 

 
 
New 
Clearcut 

 
 
Food resources 1 

 
 
0 

 
 
5 

 
 
72.07 

Food resources 2 5.02 3 81.09 
Cover 0.46 3 76.53 
Landscape attributes 8.77 5 80.84 

 
 
Old 
Clearcut 

 
 
Food resources 1 

 
 
3.23 

 
 
5 

 
 
270.27 

Food resources 2 0 3 271.04 
Cover 4.31 3 275.35 
Landscape attributes 9.46 5 276.5 

 
 
New–cc 
Forest 

 
 
Food resources 1 

 
 
15.51 

 
 
5 

 
 
307.33 

Food resources 2 11.92 3 307.74 
Shrub cover 10.32 3 306.14 
Landscape attributes 0 5 291.82 

 
 
Old –cc 
Forest 

 
 
Food resources 1 

 
 
7.15 

 
 
5 

 
 
700.17 

Food resources 2 4.49 3 697.51 
Cover 0 3 693.02 
Landscape attributes 6.0 5 699.02 

 
1 See Chapter 3 Methods for additional details of the models. I selected the best model(s), 
indicated in bold, using Akaike’s Information Criterion; the number of parameters (K) for each 
model and deviance are also reported. For model parameters, see Data Analysis. 
 
 



 

65 

 
Fig. 3.1. Maps depicting the geographic location of the study.  

(a) This study took place on the Eastern slopes of the Rocky Mountains in Alberta, Canada. (b) 
Two regions were sampled: the first was located north of the Trans Canada Highway (TCH) 
alongside the Ghost River and spanned 450 km2. The other covered about 707 km2 and was 
located south of the TCH in the northwestern part of Kananaskis Country. Red stars represent 
new sites (clearcuts and adjacent forests), and yellow stars represent old sites (clearcuts and 
adjacent forests). (c) Each study site was comprised of a clearcut and the adjacent forest. Red 
lines represent the approximate size of each site (about 24 ha). 
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Fig. 3.2. Illustration of the plot-based pellet sampling design.  

Two transects were established perpendicular to the forest/ clearcut edge at each site.  Each 
transect extended 982 m into the forest, and 232 m into the clearcut. 100-m2 plots were sampled 
along each transect in such a way as to maximize sampling near the forest/ clearcut edge.  
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Fig. 3.3. The distributions among habitat types of (a) moose pellet groups, (b) browse index, 
(c) forb index, and (d) shrub cover index.  

Moose pellet groups are measured as count / plot, while all vegetation indices are measured as % 
cover / plot. Boxplots show the median, quartiles and upper and lower range. Data was 
transformed as needed to meet the assumptions of parametric tests, and Tukey’s HSD tests were 
used to determine whether differences existed among habitat types for each variable. Different 
letters represent significant differences. 
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Fig. 3.4. The proportion of 100-m2 plots containing one or more moose pellet group in the 
four habitat types. 

Shown are boxplots depicting the median, quartiles and upper and lower range. Habitat types 
with different letters are significantly different from one another as per Tukey’s HSD test. 
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Fig. 3.5. Mean number of moose pellet groups per plot by habitat type (clearcut and forest).  

Each data point represents one site: closed diamonds = new sites (N = 7), open circles = old sites 
(N = 9). Line indicates 1:1 line. 
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CHAPTER 4 – A MECHANISTIC APPROACH TO UNDERSTANDING DEER 

DISTRIBUTION AT FOREST-CLEARCUT EDGES 

 

Introduction 

Although habitat edges are natural components of landscapes, pervasive anthropogenic 

activities have increased the proportion of habitat edge through the process of fragmentation on 

both local (Lords and Norton 1990, Smith et al. 2011, Gieselman et al. 2013, Betts et al. 2014) 

and global (Burgess and Sharpe 1981, Harrison and Bruna 1999, Bennett and Saunders 2010, 

Crooks et al. 2011, Kennedy et al. 2013) scales. Understanding whether and how ecological 

patterns such as species’ distributions respond to habitat edges is key to managing populations 

over the short- and long-term (Murcia 1995, Lidicker 1999, Laurance et al. 2002, Ries et al. 

2004, Ewers and Didham 2008). The term “edge effect” was first used over 80 years ago to 

describe the relationship between wildlife abundance and habitat edges (Leopold 1933) and since 

then, this relationship has become a key focus of many ecological researchers.  

Resource availability can be affected by changes in vegetation at edges and is often 

considered a primary driver of the distribution of animal species at edges (Kristan et al. 2003, 

Ries and Sisk 2004, Ries et al. 2004, Sisk 2007). Vegetation richness, diversity or density might 

vary with distance to edge because of increased light, drier conditions and other microclimatic 

changes (Matlack 1993, Camargo and Kapos 1995, Gehlhausen et al. 2000). However, resources 

can be defined broadly as anything that benefits an individual’s survival, whether in the form of 

food, thermoregulatory cover, hiding cover, etc. Predictions about animal responses to edges can 

then be made on the basis of the resources available in two adjacent patches: 1) If resources were 

similarly distributed within two habitats, but the habitats differed in the amount or quality of 
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resources, one of two corresponding distributions may be expected. In the first instance a), 

animal distribution might be constant within the adjacent habitats, but change abruptly near the 

common edge of these habitats proportionally to the resources in each (resource mapping, 

Fretwell and Lucas 1970). In the second instance b), animal distribution may decrease more 

gradually towards the common edge of the higher quality habitat, and increase towards the 

common edge of the lower quality habitat ('matrix effect' sensu Lidicker 1999, or a transitional 

response (Ries et al. 2004). 2) An increased abundance of animals at and near the edge would be 

expected if resources were concentrated at the edge itself ('ecotonal effect' sensu Lidicker 1999, 

Ries et al. 2004), although; 3) An increased abundance of animals at the edge would also be 

expected if the two adjacent habitats offered complementary (or different) resources (Ries et al. 

2004). In this case, proximity to an edge would provide access to both types of resources.  

 Mechanisms other than resources have also been found to affect the distribution of 

individuals at edges. Edges have been linked to increases in predation rates and risk (Gates and 

Gysel 1978, Wilcove 1985, Andren and Angelstam 1988, Andren 1994, Schmidt 2003, Malt and 

Lank 2007, Suvorov et al. 2014), in which case mobile prey species may avoid them. Organisms 

have also been found to respond to edge contrast, or the degree to which the interface of two 

adjacent habitats differs structurally (Yahner et al. 1989, Suarez et al. 1997, Haynes and Cronin 

2003). Such responses influence edge permeability, or the likelihood that a species will cross a 

habitat boundary (Stamps et al. 1987). Individuals may modify their behaviour at high contrast, 

low permeability edges in such a way that results in spending more time at edges (Desrochers 

and Fortin 2000, Whittington et al. 2005, Young et al. 2013) or more time in a favourable patch 

(Schultz and Crone 2001, Ovaskeinen 2008). Conversely, edges may have fewer than expected 

individuals due to having more limited sources of immigrants, mainly from the habitat side, than 
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in the interior habitat that receives individuals from all directions (geometric edge effects (GEE): 

Prevedello et al. 2013). The edge responses predicted by resource- and non-resource-based 

mechanisms are not mutually exclusive and therefore complicate the interpretation of 

distributions of individuals across habitat edges. However, resources are expected to be a 

primary driver of distributions.  

Two characteristics of edge effects that provide insight into mechanistic underpinnings 

but are rarely considered explicitly in edge studies are non-linear effects and depth of edge 

influence. Non-linear effects have been found incidentally in a number of studies (e.g. Kremsater 

and Bunnell 1992, Albrecht 2004, Conradt and Roper 2006, Ewers and Didham 2008), and 

others have found that edge effects can penetrate into habitats further than previously believed 

(e.g. Laurance 2000, Ewers and Didham 2008, Fujinuma and Harrison 2012). The shape and 

depth of the relationship of species abundance with distance from edge have conservation 

implications because they provide insight into how much habitat is effectively lost during 

fragmentation (Ewers and Didham 2008). However, large-scale field experiments that consider 

far-reaching edge effects and the mechanisms behind observed patterns at edges are few, 

possibly due to the logistical and statistical challenges they present. Studies evaluating changes 

in edge responses over time are also surprisingly rare, despite the likelihood of changes in 

underlying factors such as edge contrast and the distribution of key resources. This is especially 

true of anthropogenic edges that are not maintained. 

Cervid species in North America and Western Europe have historically been considered 

‘edge-loving’ and have been managed as such (Taber 1961, Wallmo 1981). Empirical findings 

for the relationship of white-tailed and mule deer (Odocoileus virginianus and O. hemionus, 

respectively) with edges, however, are equivocal. While some studies have found that deer 
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preferentially use habitat edges between shrublands and forests (Willms et al. 1979, Scott 1982, 

Hanley 1983, Doerr et al. 2005), others found no preference (e.g. Lyon and Jensen 1980, Hanley 

1983, Kirchhoff et al. 1983, Kremsater and Bunnell 1992) while still others found that responses 

varied temporally and/ or spatially (e.g. Williamson and Hirth 1985). Generally, the proposed 

mechanisms attracting deer to the edge are increased food resources in the form of browse at the 

edge (hypothesis 2 above), and proximity to both food resources in shrublands and cover in 

forests (hypothesis 3 above). “Cover” is a broad term and can encompass many categories 

(Rahme 1985, Mysterud and Østbye 1999), but is used hereafter to refer to security cover, which 

provides visual protection from predators (Taber 1961, Peek et al. 1982).  

The objective of this study is to expand on current models of animal distribution at 

habitat edges by considering mechanisms that may underlie responses to edges by deer. I 

examined the distribution of deer at forest-clearcut edges on the south-eastern slopes of Alberta’s 

Rocky Mountains. I chose to focus on the edges between forests and clearcuts of different ages 

for four main reasons: first, forest-clearcut edges are common both in the heavily forested 

foothills of Alberta and around the world. Second, sites containing edges could easily be divided 

into two categories, ‘new’ and ‘old’, according to the age of the clearcut and the corresponding 

degree of edge contrast. Newer forest-clearcut edges had a higher degree of physical contrast 

than older forest-clearcut edges. Third, confounding factors are minimized when like edge types 

are compared, improving the chances of detecting patterns and the potential mechanisms 

underlying them. Fourth, findings for these edge types can inform changes over time in the 

response of deer to edges within dynamic landscapes. 

I assessed the distribution of deer among four habitat types: new clearcuts (< 4 years in 

age), old clearcuts (> 15 years in age) and the forests adjacent to new and old clearcuts. I also 
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assessed deer distribution within each habitat type with respect to distance from edge. Edge 

effects were evaluated in terms of depth of edge influence (DEI) and non-linear responses from 

the edge. To my knowledge, no previous study of deer has examined the effect of distances > 

500 m from the edge (e.g. Hanley 1983, Williamson and Hirth 1985, Kremsater and Bunnell 

1992). However, Woodroffe and Ginsberg (1998) suggest that edge effects may extend further 

than previously thought for animals with large home ranges, and Ewers and Didham (2008) 

found that several beetle species studied were affected by edges at scales of up to 1 km. I 

therefore considered distances of up to 1 km from the edge to account for potential large-scale 

edge effects. In addition to distribution patterns, mechanistic hypotheses were evaluated in two 

ways. First, I considered the contribution of variables measured in the field to the relationship of 

deer with edges. Among these variables were food and cover resources and variables related to 

snow depth. Deer have been reported to travel more frequently near edges in winter where the 

snow is shallower to minimize energetic output (Mysterud et al. 1997, Doerr et al. 2005, 

although see Kirchhoff et al. 1983). Deer have also shown associations with landscape attributes 

such as slope and aspect (Rost and Bailey 1979, Ordway and Krausman 1986), and with 

coniferous canopy cover (Collins and Urness 1981, Pauley et al. 1993, Serrouya and D’Eon 

2008), which are also related to snow depth. Second, I conducted three field experiments: a) 

manipulation of the availability of resources near the edge through the addition of artificial salt 

licks; b) manipulation of perceived predator risk near edges through the addition of coyote urine 

and; c) introduction of semi-permeable barriers in areas with uniform food resource and cover 

availability. These experiments were meant to test the strength of the influence of resource 

availability, perceived predation risk, and movement behaviour near barriers on deer distribution 

at edges. If deer responded to resource availability at edges, I would expect that the addition of 
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salt licks would cause an accumulation of deer at edges. However, it is worth noting that salt is 

likely a different type of food resource than those available at edges (e.g. browse and forbs), and 

the strength of the response by deer may differ. If the risk of predation influenced the response of 

deer to edges, I would expect that after the addition of coyote urine, deer abundance would be 

lower at edges than in the interior of adjacent habitats. Fences were meant to test the influence of 

movement behaviour on deer distribution at edges in isolation from other potentially relevant 

factors. Associations of pellet group abundance with distance from edge could indicate deer were 

responding behaviourally in different ways to fences. For example, a higher abundance of pellet 

groups near fences could indicate that deer approached fences and followed them, or that they 

approached and reflected off of them. A lower abundance of pellet groups near fences could 

indicate active avoidance or, potentially, passive avoidance due to geometric constraints imposed 

by the barrier (as per Prevedello et al.’s (2013) GEE).  

 

Methods 

Study area 

This study was conducted at sites in Kananaskis Country (50 58’ 53.95” N, 114 50’ 

30.60” W) and the Ghost/ Water Valley area (51 21’ 44.30” N, 115 3’ 18.45” W) in southwest 

Alberta, Canada. These regions are on public land that is managed for a number of different uses, 

including forestry, grazing, recreation, transportation, and oil and gas extraction. The dominant 

tree species is lodgepole pine (Pinus contorta), followed by white spruce (Picea glauca) and 

trembling aspen (Populus tremuloides). For a full description of the study region, see Chapter 3. 
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Study species 

White-tailed deer and mule deer are closely related species and are distributed throughout 

Alberta. Historically, mule deer have primarily been found in western Canada and white-tailed 

deer in the east. White-tailed deer were rare and locally distributed in the early part of the 20th 

century, but their ranges are expanding quickly: a study in northeastern Alberta found that white-

tailed deer density increased > 17-fold from 1996 to 2009 (Latham et al. 2011). Furthermore, a 

study on roadside observations over a six-year period indicated that white-tailed deer appeared to 

be more abundant in the study region than mule deer (Lobo and Millar 2013). Their range 

expansion may be correlated with an increase in linear disturbance in forested areas, but this 

remains untested. Generally, mule deer primarily use rugged, steeper terrain (Telfer 1978, 

Collins and Urness 1983, Lingle 2002) and full tree canopy cover in winter (Thomas et al. 1979, 

Peek et al. 1982, Armleder and Waterhouse 1994). White-tailed deer tend to select flatter, 

forested habitats and agricultural landscapes, with shrub and canopy cover in winter (Cairns 

1976, Crawford 1984, Beier and McCullough 1990). However, both species can use a range of 

different habitats, resulting in sympatry in western North America generally (e.g. Wiggers and 

Beasom 1986, Whittaker and Lindzey 2004, Brunjes et al. 2009) and in Alberta specifically (e.g. 

Wishart 1980, Lingle 2001, Lingle 2002, Lobo and Millar 2013). Indeed, it has been recognized 

that the two species hybridize in Alberta since at least the 1970s (Wishart 1980), and the 

incidence of hybridization has been estimated to be as high as 19% in the southwestern part of 

the province (Hornbeck and Mahoney 2000). As part of a related study, S. Rogers, M. Reid and I 

found that the rate of hybridization in the study region may as high as 31.5% (H. Young et al., 

unpublished data. See Appendix A for details).   
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Both deer species occur at a fairly low density (< 1.0/ km2, as per Alverson et al. 1988) in 

the two areas studied. In sites north of the Trans-Canada highway, white-tailed deer are 

estimated to be at a density of 0.63 deer/ km2 and the mule deer population is estimated to be 

0.86 deer/ km2. For sites south of the Trans-Canada highway, white-tailed deer and mule deer 

populations are both estimated be 0.80 deer/ km2 (J. Jorgensen, Alberta Environment and 

Sustainable Resources Development, pers. comm.).  

The use of forage has been found to be very similar for the two deer species in northern 

Montana (Martinka 1968). In winter, both species depend on browse, the buds of deciduous trees 

and shrubs, and small amounts of grass and forbs found under the surface of the snow. In 

summer, deer expand their diets to include available forbs, such as fireweed (Chaemerion 

angustifolium), dandelions (Taraxacum spp.) and vetch (Vicia spp.). Spatial and temporal 

resource partitioning has been suggested as one strategy that has allowed like species to co-exist 

(Schoener 1974, Case and Gilpin 1974, Caughley and Sinclair 1994). However, it is possible that 

because both populations are at low densities in my study areas, competition is not a primary 

limiting factor.  

Besides humans, the main predators of white-tailed deer and mule deer in the study 

region were coyotes (Canis latrans), wolves (Canis lupus) and cougars (Puma concolor). Studies 

in other parts of the Rocky Mountains indicate that of the three non-human species, coyotes are 

the biggest threat (e.g. Whittaker and Lindzey 1999, Lingle 2001, Lingle 2002). Although 

coyotes use most habitat types, they are most commonly associated with open areas (Roy and 

Dorrance 1985, Theberge and Wedeles 1989, Murray et al. 1994). Most coyote predation is 

directed at fawns, although adult deer can be targeted as well (Truett 1979, Hamlin et al. 1984, 

Whittaker and Lindzey 1999, Lingle 2002). 
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Data collection 

Pellet group survey 

I sampled 13 sites in Kananaskis Country and three sites in Ghost/ Water Valley area in 

2007, 2008 and 2009 for a total of 16 sites. Each site was made up of a clearcut and its adjacent 

tract of forest. As mentioned previously, clearcuts sampled were considered either “new” (< 4 

years in age) or “old” (15 – 35 years in age), and forests adjacent to new and old clearcuts were 

named accordingly (“new-cc forests” and “old-cc forests”). For additional detail about site 

selection and criteria, see Chapter 3 and Appendix B.   

 I used pellet group counts as an index/ proxy for the distribution of deer among and 

within habitats (Loft and Kie 1988, Hemami et al. 2004, Heinze et al. 2011). Although 

defecation rates vary by sex, diet and age, the commonly accepted defecation rate used to 

extrapolate pellet group densities to deer densities is 13 pellet groups per day (Neff 1968, Ryel 

1971, Rogers 1987) based on Neff’s (1968) review of 17 studies of Odocoileus species mostly 

occupying winter range. Collins and Urness (1981) hypothesized that rates measured in the 

summer may be higher due to high moisture content in forage (as per Longhurst 1954 and 

Rogers et al. 1958), and indeed found mean defecation rates of deer to be approximately 22 

pellet groups/ day.  

I sampled pellets in 100-m2 plots placed along two transects that were perpendicular to 

the forest-clearcut edge of each site. Transects were 200 m apart. Fifteen plots were sampled in 

the forest portion of each transect, which extended 982 m from the edge, and six plots were 

sampled in the clearcut portion of each transect, which extended 232 m from the edge (see Fig. 

3.2 in Chapter 3 for details of plot distribution along transects). 
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Pellet group counts began in early spring following snowmelt, and continued though the 

summer (from May – August). The details of the pellet data collection process can be found in 

Chapter 3.   

 

Shrub, forb and cover survey 

I identified the genus, and when possible, species of shrubs and forbs present within one 

randomly chosen quarter of each 100-m2 plot and estimated the percent coverage of each.  I also 

recorded signs of browse by cervids on any shrub species (Appendix C).   

To develop a metric of food resources, I reviewed the primary diet species of white-tailed 

and mule deer in western North America studies as reported in previous studies (specifically: 

Webb 1967, Bouckhout 1972, Rhude and Hall 1978, Telfer 1978, Cairns and Telfer 1980, Geist 

1981, Berg 1983, Collins and Urness 1983, Ludewig and Bowyer 1985 and Wishart 1986). I then 

cross-referenced these lists with the shrub and forb species present in the study area and with the 

list of browsed shrubs (Appendix C) to create the new grouped variable ‘food index’. This 

variable is comprised of poplar (Populus spp.), willow (Salix spp.), blueberry (Vaccinium spp.), 

cow parsnip (Heracleum spp.), prickly rose (Rosa acicularis), juniper (Juniperus spp.), and 

fireweed (Chamerion angustifolium).  

I created an index of shrub cover by summing the estimated percent cover per plot of 12 

shrub species large enough to partially conceal an adult deer. These twelve species were willow 

(Salix spp.), poplar (Populus spp.), alder (Alnus spp.), buffaloberry (Shepherdia canadensis), bog 

birch (Betula pumila), Rocky mountain maple (Acer glabrum), raspberry (Rubus spp.), mountain 

ash (Sorbus scopulina), shrubby cinquefoil (Dasiphora fruticosa), subalpine fir (Abies 

lasiocarpa), lodgepole pine (Pinus contorta var. latifolia) and white spruce (Picea glauca). 



 

80 

Many studies estimate cover using aerial photographs or remote sensing technology, but these 

measures would not have been appropriate for this study’s plot-level scale.   

 

Landscape attributes 

Because differential habitat use among deer has been associated previously with 

landscape metrics like slope and aspect, I determined the average aspect (northness and eastness) 

and slope for the 16 clearcuts and the forest adjacent to each using digital elevation maps (see 

Chapter 3 for additional details). The majority of edges in this study were oriented north-south; 

clearcuts were not consistently found on a particular side of these edges (Appendix D). 

 

Experimental manipulations 

To further investigate two key factors potentially underpinning the distribution of deer at 

forest-clearcut edges, I conducted an experiment using a subset of eight sites (four of which 

contained old clearcuts and the adjacent forest, and four of which contained new clearcuts and 

the adjacent forest). After initial pellet group sampling was complete in 2008, these sites were 

exposed to one of two treatments: the addition of coyote urine to increase perceived predation 

risk, or the addition of salt licks to increase resource availability. The sites were sampled again in 

the summer of 2009 to examine the effect of the treatments on ungulate distribution. Pellets 

found in 2008 were flagged to distinguish them from pellets deposited post-treatment in 2009. 

 

Coyote urine   

Perceived predator risk was manipulated through the addition of coyote urine to edges. 

The importance of the non-lethal effect of predation (i.e. the threat or perception of predation 
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risk) has been posited to have considerable effects on multiple trophic levels (Ripple and Beschta 

2004). I chose coyote urine because of the threat coyotes are know to pose to deer in Alberta, and 

because a study of the response of deer to the scent of urine from various predator species found 

that deer exhibited the strongest aversion to coyote urine (Swihart et al. 1991). At four sites, I 

placed scent tags soaked in coyote urine in trees at two locations, 200 m apart, 25 m from the 

forest edge in the clearcut. Coyote urine was purchased from an online company, 

predatorpee.com (Fig. 4.1), and was replenished every 30 – 45 days over the course of a year.  

 

Salt licks 

 I chose to manipulate resources using salt. Salt availability was easier to manipulate over 

the short-term than other resources; soil and water levels of salt are generally low in inland areas 

(Jordan et al. 1973), and free-choice selection studies with herbivores have confirmed preference 

for sodium in deficient situations (Weeks and Kirkpatrick 1976). We placed two salt licks on 

trees at two locations, 200 m apart, just inside the clearcut. Wooden covers were attached to 

prevent disintegration (Fig. 4.1); salt licks were monitored every 60 – 90 days throughout the 

year for use and to ensure they were still intact.  

 

Fences 

In the summer of 2007, I erected five snow fences in forest habitats; each fence was 

placed in an area that was homogeneous in age and structure, and was free from significant 

disturbances (Fig. 4.2). Each fence (numbered 1 through 5) was 66 m in length and 2 m in 

height. These fences acted as semi-permeable barriers; deer can jump as high as 3 m from 

standing, and higher with a running start, but because of the great energy expenditure involved, 
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are expected to rarely engage in this behaviour. Fences were meant to test the influence of 

movement behaviour on deer distribution at edges in isolation from other potentially relevant 

factors. Associations of pellet group abundance with distance from edge could indicate deer were 

responding behaviourally in different ways to fences. For example, a higher abundance of pellet 

groups near fences than further away could indicate that deer approached fences and followed 

them, or that they approached and reflected off of them (e.g. Chapter 2). A lower abundance of 

pellet groups near fences could indicate active avoidance or it could result from passive 

avoidance due to geometric constraints imposed by the fence (as per the geometric edge effect). 

Two transects were established at each fence, bisecting the fence at the 22 m mark and 

the 44 m mark. Each transect extended 105 m in length from each side of the fence, for a total of 

210 m, and consisted of fifteen 30 m2 circular plots located at intervals of 15 m. All pellet groups 

in plots were flagged immediately following the erection of the fence to establish a baseline 

distribution of habitat use by deer in the area. During this sampling period, I also identified the 

genus, and when possible, species of shrubs present within each 30-m2 plot and estimated the 

percent coverage of each. All ten transects (a total of 150 plots) were sampled four times, in 

spring and fall of 2008 and 2009. The Fecal Accumulation Rate approach was used (Neff 1968, 

Campbell et al. 2004); however, instead of clearing plots following sampling, I flagged them so 

that I could distinguish old from new in subsequent counts. Each count, therefore, represents six 

months of accumulation. In cold, dry climates with relatively little vegetative ground cover, the 

decay rate of pellets is slowed (Lehmkuhl et al. 1994, Laing et al. 2003, Persson 2003, Hemami 

and Dolman 2005). Because the northeastern Rocky Mountain foothills are relatively cold and 

dry, and because fences were erected in a region with relatively uniform habitat characteristics, a 

six-month count interval likely ensured that no pellets decomposed before being counted.  
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Snow tracking 

To create an additional index of deer distribution at edges, I collected data on the density 

of deer track on either side of each fence in the winter of 2008/ 2009 (see Appendix G). Tracks 

were recorded within 48-hours of a fresh snowfall and were identified in the field using 

characteristics following Murie (1997) and Halfpenny (2001). Tracks of white-tailed and mule 

deer cannot be distinguished in the field (Murie 1997) and were therefore combined (D’Eon 

2001). Initially, I attempted to record the trajectory of individual snow tracks and the overall 

snow track density at the edges of the same forest-clearcut sites sampled for pellet groups. 

However, the logistics of accessing these remote sites in winter and the low number of tracks 

collected per visit resulted in a protocol change in the winter of 2008. At this time, I began 

sampling tracks at the fences, which were more easily accessed and showed more signs of winter 

activity. I sampled tracks along six 66-m transects that ran parallel to the fence at 15-m intervals, 

up to a distance of 90 m on each side of the fence. I recorded the number of deer tracks 

encountered along the transect; as snow track data were collected as a way of indexing activity at 

different distance intervals, meandering tracks that crossed the transect more than once were 

counted at each crossing.   

 

Data analysis 

Bayesian statistics were performed using JAGS version 3.4.0 (http://mcmc-

jags.sourceforge.net/), a program for analysis of Bayesian hierarchical models by means of 

Markov Chain Monte Carlo (MCMC) techniques. All other analyses were performed with JMP 

version 10 (SAS Institute 2013) or R version 3.0.2 (R Development Core Team 2013). 
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Deer pellet group counts are reported per 100-m2 plot or per distance interval, as 

specified, and are used as an indicator of the presence of deer on a local scale. Variables were 

transformed as required to meet the assumptions of statistical tests, or for Bayesian analyses, to 

reduce skewness. Interactions were included in analyses and were considered in tandem with 

main effects.  

 

Deer distribution among and within habitat types 

As in Chapter 3, the deer pellet data were zero-inflated and overdispersed, and 

necessitated a Bayesian approach to analyze and interpret. I used a zero-inflated Poisson 

generalized linear mixed model (ZIP-GLMM) with distance classes from the edge to assess the 

relationship of pellet groups with distance from edge while accounting for covariates. Compared 

to a zero-inflated generalized additive mixed model (ZIP-GAMM) that could potentially fit non-

linear effects for continuous variables, the ZIP-GLMM with distance classes has the advantage 

of being less computationally intensive. Furthermore, using distance classes rather than the 

continuous distance measurement allows important non-linear effects to be described to a 

sufficient degree. Distance classes were delineated as follows: 0 – 50 m, 50 -100 m, 100 – 200 

m, 200 – 400 m for both clearcut and forest, and additionally, 400 – 600 m and 600 – 1000 m for 

forest only. In addition to distance and habitat type (new clearcut, old clearcut, new-cc forest and 

old-cc forest), six covariates were included in the Poisson (count) model: food index, cover 

index, number of conifers, maximum slope, cosaspectmean (northness) and sinaspectmean 

(eastness) (Appendix H).  

A characteristic of zero-inflated models is that they are comprised of two models, a ‘zero-

model’ that accounts for the excess zeros, and a ‘count-model’ which in this case is a Poisson 
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model (See Chapter 3 for additional theoretical details). The cause of the excess zeros in the 

dataset is likely due to two factors: 1) the density of deer in the study region was fairly low, so 

the number of plots containing evidence of deer was also low, and 2) whether and at what 

intensity a plot is used by deer also depends on the local characteristics of the site (habitat type, 

covariates, etc.). For these reasons, the zero-model included the intercept and the among-site 

standard deviation (modeled as a random effect). The count-model included habitat type, 

distance from edge and an interaction between these two terms. It also included among-site 

standard deviation and an observation-level factor as random effects. As its name implies, the 

observation-level random effect was added to control for the variation in the model introduced at 

the level of the observation, and was included to account for overdispersion in the count-model. 

In this way, I accounted for differences in deer density among plots in the zero-model and 

modeled the distribution of deer in relation to the covariates in the count model. A graphical 

examination of the data suggested that there was a large among-site variance in the proportion of 

zeros, but the two transects within the same sites were similar.  

I used Markov Chain Monte Carlo (MCMC) sampling to simulate 3000 data sets and 

used predictive posterior model checking to assess the fit of the model (Gelman et al. 1996). A 

visual comparison of the length of a series of zeros or ones (representing absence or presence) 

along distance within transects for the observed and for the replicated data showed that patterns 

were very similar. As a result, it was not necessary to further address spatial autocorrelation in 

the model (e.g. Lunn et al. 2013). Furthermore, the proportion of zero values in the observed data 

was 38%, which the simulation distribution replicated well. Additional details of this analysis 

and the corresponding JAGS code can be found in Appendix H.  

 



 

86 

Vegetation indices among and within habitat types 

Relationships among plot-level food and shrub cover indices with habitat type and 

distance from edge were examined using Restricted Maximum Likelihood (REML) estimation 

methods with site as a random factor. I also used an REML approach to compare the mean 

values of these two plot-level indices for two distance categories within each habitat type. These 

categories were a) < 100 m from the edge, and b) either 100 – 982 m for forests or 100 – 232 m 

for clearcuts (see Chapter 3 for additional details). The 100-m edge zones of forests and clearcuts 

were also compared across edges for new sites and old sites, respectively, to assess the degree of 

contrast at the edges themselves. 

 

Depth of edge influence (DEI) 

Deer 

I used the Randomization Test of Edge Influence (RTEI) method described by Harper 

and Macdonald (2011) to look at the depth of edge influence (DEI) in new-cc forests and old-cc 

forests for deer pellet groups. This approach involves comparison of plots in the interior of the 

forest with those closer to the edge to determine the extent to which the effect of the adjacent 

habitat permeates into the forest. Additional details of this approach can be found in Chapter 3. 

The outcome for the DEI for the food index and the cover index could be used to define the 

forest interior in the equivalent RTEI analysis for deer. However, in the absence of a clear result, 

I varied the number of interior plots from three to five to test whether the outcome for DEI for 

deer varied in turn. With three plots, distances from 732 – 982 m into the forest were considered 

interior, with four plots, from 632 – 982 m were interior, and with five plots, 557 – 982 m were 

interior. 
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Vegetation 

I also employed the RTEI to determine whether there was a clear DEI for the cover index 

and the food index in new-cc forests and old-cc forests. To prepare the data for the analysis, the 

two forest transects at each site were summed to reduce the number of zeros. Because clearcuts 

were too small to have distances classified as ‘interior’, the RTEI analysis was only performed 

for forest habitats. 

 

Experimental manipulations: coyote urine and salt licks 

To examine the effects of elevated perceived predation risk (coyote urine) and additional 

resources (salt), respectively, I fit a ZIP-GLMM. Distance from edge was again a categorical 

(rather than continuous) predictor to allow for non-linear relationships. I only included plots 

along forest transects up to 230 m from the edge (in keeping with the length of the clearcut 

transects): if an effect of the manipulations was present, it should be easiest to detect closest to 

the edge. The paired (before vs. after) design of the experiment allowed a simpler model to be 

fitted because there were no covariates or site age variables in the data. The random variable 

‘site’ corrects for differences among the sites. The zero-model included the intercept and the 

among-site standard deviation as a random effect. The count-model included distance, habitat 

and effect of urine (before vs. after) as fixed predictors, with among-site standard deviation and 

an observation-level factor as random effects. There were too few samples to effectively include 

site age in the model. I used the same MCMC settings as in the baseline model (as per Appendix 

H). 
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Experimental manipulations: fences 

Linear regression was used to determine whether cover index and food index varied with 

distance from the fence. Counts of newly deposited pellet groups were summed among the four 

sample periods (spring and summer of 2008 and 2009) to increase low counts (which were low) 

and reduce zeros. I fit a GLMM with a negative binomial distribution using the glmmADMB 

package in R (http://glmmadmb.r-forge.r-project.org/) to the data. Fence (N = 5) was included in 

the model as a random variable (as per Crawley 2002), and distance from the edge was a fixed 

predictor variable. Because few distance intervals (six) and a short overall distance (90 m) 

sampled next to the fence, I did not test for non-linear effects 

Snow tracks at fences were also analyzed using a negative binomial GLMM; however, 

data were not summed across sampling periods due to changes in the snow tracking sampling 

protocol that led to an unbalanced sampling and differences in the distance intervals sampled. 

 

Results  

Deer distribution among and within habitat types 

Over all sixteen sites sampled, 63% of plots (446/ 708) contained at least one deer pellet 

group. The effect of habitat type, distance and their interaction on deer pellet groups can best be 

gauged graphically (Fig. 4.3). Old clearcuts contained approximately three times as many pellet 

groups as new clearcuts: fitted values indicate that on average, plots in new clearcuts had 0.6 

pellet groups/ plot, while plots in old clearcuts had 1.7. For forests adjacent to clearcuts, there 

appears to have been no significant difference in deer pellet group numbers between old-cc 

forests and new-cc forests. Furthermore, the fitted values of deer pellet counts were consistently 
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higher for forests than for clearcuts (Fig. 4.3). The observed values can be seen in Fig. 4.4, which 

allows direct comparison of deer pellet group counts among habitat types.  

In the forests adjacent to clearcuts (old-cc forests and new-cc forests), distance from the 

edge seems to have had a similar impact on deer pellet group counts. In both of these habitat 

types, the fitted values indicate that there were approximately twice as many pellet groups near 

the edge (about 3.5 pellet groups per plot) than farther away (about 1.7 pellet groups per plot) 

(Fig. 4.3). 

However, distance from the edge appears to have differentially affected deer pellet group 

counts in new and old clearcuts. New clearcuts had a higher density of pellets closer to the edge 

than farther away, although the magnitude of this change was small (from approximately 1 pellet 

group/ plot at the edge to 0.5 pellet groups/ plot at 232 m; Fig. 4.3). In old clearcuts, pellet group 

counts were lower at the edge, and peaked around 100 – 150 m from the edge. As in the new 

clearcuts, this change was small overall as fitted values ranged from approximately 1 pellet 

group/ plot to 1.7 pellet groups/ plot.  

The effects of the explanatory variables on deer pellet group distribution are presented in 

Table 4.1. I found a negative effect of northness, or the degree to which a slope faces north, on 

the probability of encountering deer pellet groups. Another way to interpret this result is that deer 

pellet groups were associated with south-facing slopes. A positive effect of the food index on 

deer pellet group abundance was also found. As an example, when food index increases from 

approximately 3% to 17%, I expect an increase in the number of deer droppings of a factor of 1.2 

(exp(0.2)) (95% CI: 1.1 – 1.3), the equivalent of an increase of 20%.  

The effects of the other covariates are smaller and less clear. However, the among-site 

variance is high in both the zero-model and the count-model. This indicates that deer were found 
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in higher numbers at certain sites than others, and that deer pellet groups distribution within sites 

was clustered – that is, plots containing at least one pellet group were in fact likely to contain 

even more.  

 

Vegetation distribution among and within habitat types 

The food index did not vary among habitat types or within habitat types with distance 

from edge (habitat type, distance, and interaction: all P > 0.22) The cover index also lacked a 

significant relationship with these variables (all P > 0.15). However, when distance was removed 

from the models, the food index showed significant differences among habitat types (F3,65 = 

14.8, P < 0.0001). Old clearcuts had a significantly higher food index than the adjacent old-cc 

forests and new clearcuts, and new-cc forests had a significantly higher food index than new 

clearcuts. The cover index was also higher in the old clearcuts than in any other habitat type 

(F3,18.18 = 11.23, P = 0.0002). 

Similarly, neither index showed any detectable difference between the zone closest to the 

edge (< 100 m) and the remainder of the transect for any habitat type (food index: F3,42 = 0.89, P 

= 0.45, R2 = 0.86; cover index: F3,42 = 0.44, P = 0.72, R2 = 0.86). Examining edge contrast by 

comparing the edge zones of clearcuts and forests also revealed no significant differences in the 

vegetation at the edge of new-cc forests and new clearcuts (food index: P > 0.6, shrub cover 

index: P > 0.06) or at the edges of old-cc forests and old clearcuts (both P > 0.2). 

 

Depth of edge influence (DEI) 

In new-cc forest, none of the edge plots was significantly different in pellet group counts 

than the interior plots (all P > 0.14; DEI = 0). This result was consistent whether three, four or 
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five interior values were used. The results for DEI for the old-cc forest were similar. No 

significant edge influence was detected for any number of interior plots, at any distance interval 

(all P > 0.10), except for one: 66 m from the edge (P = 0.035) when five interior plots were 

considered. The mean number of pellet groups, combined for two transects at each of 7 sites, was 

significantly lower at 66 m than at 33 m from the edge, but not significantly different than 99 m 

from the edge (33 m:  = 8.57 ± 2.44, 66 m:  = 7.0 ± 1.54, 99 m:  = 7.14 ± 1.61).  

The RTEI approach revealed that there was neither a clear depth of edge influence for 

cover index (for new-cc and old-cc forests, all distance intervals P > 0.14) or for food index (for 

new–cc forests, all distance intervals P > 0.10; for old–cc forests, all distance intervals P > 

0.050).  

 

Experimental manipulations 

Coyote urine at edges 

To examine the effect of the addition of coyote urine to clearcuts on the distribution of 

deer pellet groups at forest-clearcut edges, I used ZIP-GLMMs. Overall, coyote urine seemed to 

decrease the pellet counts in clearcuts but not in the forests (Fig. 4.5, Table 4.2). Prior to the 

addition of coyote urine, the distribution of pellet groups between forests and clearcuts in the 

subset of sites had been similar. A year after I started adding coyote urine, the distribution 

became skewed towards the forests (Table 4.2). I also examined the difference between pellet 

counts within clearcuts and forests, respectively, before and after the addition of urine. The 

number of pellet groups per plot decreased by approximately 0.6 in clearcuts and increased by 

about 1.2 in forests, but changes within habitat types were not significant (clearcuts: mean: -0.5, 
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lower 95% CI: -1.2, upper 95% CI: 0.24; forests:  mean: 0.2, lower 95% CI: -0.5, upper 95% CI: 

0.8).  

 The effect of coyote urine on the counts of deer pellet groups across distance appears to 

be negative for clearcuts between the distances of 100 to 200 m from the edge, but there was no 

detectable influence of distance on pellet distribution in the adjacent forests (Fig. 4.5). Deer 

abundance tended to be higher in some sites than others, as shown by the high among-site 

variance in the zero-model (Table 4.3). The zero-model also indicates that the average proportion 

of ‘true’ zeros (zeros not caused by design or observer error) was 30% (exp(-1.2), Table 4.3). 

The count-model suggests that there was variance in pellet group counts (Table 4.3) as well as a 

clustered distribution. 

 

Salt licks at edges 

The addition of salt licks to clearcuts did not detectably change the distribution of deer 

pellet groups (Fig. 4.6, Table 4.5). Not surprisingly, there was also no significant change within 

clearcuts or forests (clearcut: mean: 0.09, lower 95% CI: -0.5, upper 95% CI: 0.7; forests: mean:  

-0.03, lower 95% CI: -0.6, upper 95% CI: 0.6). Within each habitat type, a high abundance of 

pellets at edges was consistent before and after the addition of salt. As in the subset of sites to 

which I added coyote urine, among-site variance in deer abundance was high in the zero-model, 

and more moderate in the count-model. The proportion of ‘true’ zeros was also similar to the 

sites to which coyote urine was added (27%, or exp(-1.3)). Among-site variance in pellet group 

counts and clustering in pellet group deposition were also comparable to the sites manipulated 

with coyote urine (Table 4.6). 
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Fences 

There was no significant relationship of either the food index or the cover index with 

distance from the fence (food index: R2 = 0.02. P = 0.62; cover index: R2 = 0.1, P = 0.26). The 

abundance of pellet groups did not detectably change with distance from the fence (Z = 0.08, P = 

0.94). However, the variance of the random effect, fence, was quite high (0.3), indicating that 

this variable was likely relevant. 

122 snow tracks were recorded at fences over the course of the nine sampling days in 

winter 2008 and 2009 (Appendix G). As with pellet group counts, the negative binomial GLMM 

showed that snow track abundance did not vary with distance (Z = -1.4, P = 0.163). Whereas 

there appeared to be differences among fences in pellet group counts, there were fewer 

differences among fences for snow tracks (variance = 0.039). 

 

Discussion 

 Overall, forests contained more deer pellet groups than clearcuts once covariates were 

accounted for (Fig. 4.3). Within clearcut habitats, site age was an important determinant of pellet 

group number, as old clearcuts contained approximately three times as many pellet groups as 

new clearcuts. Within forest habitats, the age of the adjacent clearcut did not appear to impact 

deer pellet group numbers (Figs. 4.3 and 4.4). Additionally, there were few differences in deer 

pellet group numbers between old clearcuts and the adjacent forests, but more marked 

differences between new clearcuts and the adjacent forests (Fig 4.4). However, whether the 

abundance of deer pellet groups in a habitat type was relatively high or low, pellet group 

numbers were found to vary with distance from the forest-clearcut edges of all four habitat types. 

In three of four habitat types (old-cc forests, new-cc forests and old clearcuts), non-linear 
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patterns best described the relationship between pellet group counts and distance from edge 

(Figure 4.3). The relationship of pellet groups in the new clearcuts approximated a linear 

relationship (Figure 4.3a).  

In the forest habitats, the patterns indicated that the dynamic portion of the response to 

the edge occurred within the first 200 m of the edge. For forests adjacent to both new and old 

clearcuts, overall abundance was generally higher near edges than further from them, although 

there was variation in the degree to which pellet groups counts declined. A focus solely on linear 

patterns would not have revealed the patterns closer to the edge, risking an incorrect 

interpretation of the response as neutral. Despite the patterns evident in Figure 4.3, I could not 

detect a clear depth of edge influence for the new-cc forest or for the old-cc forest using Harper 

and Macdonald’s (2011) RTEI approach. I suggest two potential explanations. First, it is possible 

that the plots at the end of the one-km transect were not actually representative of the forest 

interior. However, it was not possible to sample further than one km from the edge at these sites. 

Forest fragments were rarely more than two km in length or width, so it was necessary to avoid 

the potential influence of another edge (Fletcher 2005). If edge effects extended further than one 

km, then forest fragments did not contain any true interior values, and variables at the edge did 

not differ quantitatively from the centre of the fragment. This explanation is supported by a lack 

of distance effect for the food index and for the cover index in any habitat type (see below). 

Alternatively, interior values may have been well represented by the one-km transect, but the 

RTEI approach may not have been sensitive enough to detect relatively small changes in deer 

pellet group abundance over large distances. Harper and Macdonald (2011) tested the RTEI 

model with 102 artificial datasets and found that the results were robust when 7 – 15 or more 

transects were sampled and three or more edge distances were considered. My dataset met these 
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criteria; however, the zero inflation may have affected the detection of a threshold of change. In 

summary, my results indicate that deer exhibit non-linear responses at clearcut-forest edges (Fig. 

4.3); however, there is no detectable depth of edge influence associated with this response. My 

study does not support the existence of large-scale edge effects (e.g.  > 500 m) for deer.  

 Although deer exhibited a similar pattern of distribution in both old-cc and new-cc forest 

habitat types, they may have been driven by different mechanisms. Deer pellet group counts 

generally increased from 200 m towards the edge in both old-cc forests and old clearcuts, but 

dropped slightly in both habitat types between 50 m and the edge (Fig. 4.3b). To evaluate 

predictions about the factors driving deer distribution, resource distribution among habitat types 

must first be considered.   

At new sites, pellet group counts were highest near the edge in both the clearcuts and the 

adjacent forests (Fig. 4.3a). New-cc forests contained more food resources than new clearcuts, 

although surprisingly, there were no differences in cover. There was also no indication that the 

food index or the cover index were higher at the edges of forests or clearcuts than in the interiors. 

Deer appear to prefer new-cc forests to new clearcuts, as evidenced by the higher count of pellet 

groups in that habitat type (Figs. 4.3a and 4.4). The three resource-based hypotheses about deer 

distribution at edges can be evaluated by considering the underlying distribution of food 

resources in tandem with the pattern of deer pellet group distribution across edges. For new sites, 

hypothesis 1a is weakly supported on the basis of consistently fewer pellet groups in new 

clearcuts than in new-cc forests, as well as the abrupt change in abundance at the edge itself (Fig. 

4.3a). This change in distribution matches a drop in habitat quality from the preferred, food-rich 

forests to the relatively sparse new clearcuts. However, the distribution of deer pellet groups was 

not constant within habitat types: deer pellets were non-linearly distributed within both the new 
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clearcuts and the adjacent forests. Hypothesis 1b has less support, as the distribution of deer 

pellet groups within the preferred habitat type (new-cc forests) increases rather than decreases 

towards the habitat edge. Hypothesis 2 (ecotonal effect, or high resource abundance at edges) is 

supported on the basis of deer distribution patterns, which are highest near the edge for both the 

new clearcuts and the adjacent forests. However, the underlying distribution of resources was not 

found to be higher at the edge, and experimentally increasing resource availability through the 

addition of salt licks to clearcut edges did not result in deer accumulating at the edge (see below 

for additional discussion of experimental results). The data provide limited support for 

hypothesis 3 (complementary, or different, resources between adjacent habitats) on the basis of 

deer pellet distribution and one key resource, food, which was more abundant in the forests than 

in the adjacent new clearcuts. However, cover resources were not found to vary between 

habitats; as a result, there is no clear evidence that the edge zone provides access to 

complimentary resources. This study did not explicitly consider the effect of seasonality, which 

may have affected patterns found in pellet group data representing six months to a year of 

deposition. For example, deer may have spent time in edge zones of new, open clearcuts on cold 

winter days for thermoregulatory exposure to sunlight. Alternatively, they may have been briefly 

but strongly attracted to new clearcuts containing an abundance of primary succession forbs like 

fireweed in the summer.  

 Old clearcuts contained more cover and food resources than the old-cc forests overall, but 

within these habitat types, distance did not have a significant effect, and the edges and interiors 

did not differ in food or cover resources. Furthermore, the overall abundance of deer pellet 

groups in old clearcuts and the old-cc forests was similar (Figs. 4.3b and 4.4), indicating that 

unlike new sites, deer did not clearly prefer one over the other. In examining my three 
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mechanistic hypotheses, I found little support for hypothesis 1a (resource mapping). Although 

the abundance of deer pellet groups dropped abruptly from the forest side of habitat edge to the 

clearcut (Fig. 4.3b), this change did not occur in response to poorer habitat quality in the old 

clearcuts. In fact, old clearcuts contained more cover and more food resources than the adjacent 

forests, not vice versa. The non-linear distribution patterns of deer in both old clearcuts and the 

adjacent forests also provide support for neither a gradual, linear decrease from the high quality 

habitat towards the edge, nor for a corresponding increase from the low quality habitat towards 

the edge, both of which are required for hypothesis 1b (matrix, or transitional response). Second, 

hypothesis 2 (ecotonal effect) is not supported by resource distribution, which did not vary at all 

with distance from edge, despite the fact that deer pellet groups were slightly higher at habitat 

edges than in habitat interiors (Fig. 4.3b). As mentioned previously, further evidence against 

hypothesis 2 was that deer did not respond when resources at the edge were increased 

experimentally. The lack of support for hypothesis two is noteworthy, because vegetation at 

edges is often presented as having an edge-interior distribution (e.g. Murcia 1995, Cadenasso et 

al. 2003, Ries et al. 2004), and many studies have found this pattern (e.g. Fraver 1994, Fox et al. 

1997, Honnay et al. 2002, Li et al. 2005, Marchand and Houle 2006). However, as in my study, 

this pattern was not found in a study of high-contrast edges by Alignier and Deconchat (2011). 

The authors conclude by recommending analysis of responses of vegetation to edge influence in 

greater detail. My findings also provide little support for hypothesis 3 (complementary 

resources). Although deer pellet group distribution is higher at edges, the distribution of food and 

cover resources is not divided between adjacent habitats: both food and cover resources were 

higher in the old clearcuts than in the adjacent forests. Furthermore, neither hypothesis 2 nor 3 

can account for the drop in deer pellet groups within 50 m of the edge in both habitat types. One 
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possibility is that the energetics of traveling may have played a role in the decrease in pellet 

groups at old edges if, for example, a large proportion of trees had blown down, or if edge zones 

were particularly steep. 

 In considering the distribution of deer at edges explicitly, Kremsater and Bunnell (1992) 

suggested that they respond most strongly to high-contrast edges where the food-cover trade-off 

is strongest. This hypothesis is similar to resource hypothesis 3 in that the distribution of 

complimentary resources (food and cover) is predicted to drive deer distribution. The results of 

this study do not strongly support this hypothesis, as the edge contrast was found to be low at 

both old edges and new edges; thus, the predictions for high-contrast edges cannot be tested. 

However, even though contrast was found to be low at both edge types, there were qualitative 

differences between the old and new forest-clearcut edges I examined. The edge zones of new 

clearcuts and the adjacent forests were less structurally similar than old clearcuts and the 

adjacent forests, as the vegetation in new clearcuts was low and clustered. In keeping with 

Kremsater and Bunnell's (1992) hypothesis, the response of deer to new clearcut edges was 

clearer and more directed than to old edges, especially within new clearcuts (Fig. 4.3). 

 In addition to examining security cover as a proxy for predation risk, I manipulated the 

perceived presence of predators through the addition of coyote urine in clearcuts, near the edges. 

I predicted that if predation risk influenced deer distribution at edges, deer pellet group counts 

would decrease near the edges of both forests and clearcuts. The coyote urine was replenished 

over the course of a year to increase the chances of deer encountering the smell of urine and, 

having detected the presence of coyotes, altering their movement paths through that area in the 

future. I found that after the addition of urine, deer abundance at edges decreased within 

clearcuts, but did not change in forests (Fig. 4.5). It is unclear if such a result arises from a 
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modified edge response by deer with prior knowledge of the urine or if it is simply a local 

response to an increase in perceived predation risk. However, the response of deer to the coyote 

urine seemed to occur primarily 100 - 200 m into the clearcut, not at the edge itself. Given that 

the urine was located about 25 m from the clearcut edge, it is possible that the effect of the urine 

permeated 75 - 175 m beyond its source. However, the forest edge did not also exhibit a decrease 

in deer pellet group counts. One plausible explanation is that the preference for forests over 

clearcuts resulted in some spillover past clearcut edges despite the addition of coyote urine. 

 I also manipulated the resources available at the edge by adding salt licks near the edges 

of clearcuts. I predicted that if resource availability influenced deer distribution at edges, deer 

pellet group counts would increase near the edges of both forests and clearcuts. The addition of 

salt licks to clearcuts near the edges did not alter the distribution of deer within habitats or with 

distance from edge (Fig. 4.6). These findings may be a reflection of salt licks having little odor 

and requiring visual discovery. Upon returning to check the salt licks and the rain covers 

throughout the year, I rarely found signs of deer near two of the salt licks locations, whereas I 

saw pellet groups, signs of browse and tracks at the other two locations. Remote camera 

technology would have helped determine when the salt licks were discovered, how often they 

were used and by whom, allowing conclusions of a null effect to be drawn more confidently. 

 Collectively, the movements of individual animals can determine the spatial distribution 

and structure of populations (Kareiva 1990, Turchin 1991, Crist and Wiens 1995). To better 

understand the impact of semi-permeable boundaries on the movement behaviour and resulting 

distribution of deer, I recorded deer pellet group and snow track distributions at fences in areas 

with uniform food and cover resources over a two-year period. There was evidence of neither an 

accumulation at edges as a result of imperfect permeability (as per Chapter 2) nor an 
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accumulation far from edges as a result of geometric edge effects (as per Prevedello et al. 2013). 

In fact, no effect of distance from edge was found for either deer pellet groups or snow tracks. It 

is possible that 66-m snow fences were not long enough to create a noticeable effect, and it may 

have been problematic that the distance sampled from the fence (90 m) was longer than the fence 

itself. Additionally, the sample size of snow tracks at edges was relatively small (N = 122) due to 

the challenges of accessing sites in the winter. Snow track data could have been bolstered with 

additional field effort and logistical resources. For future studies, snow tracking has the potential 

to yield detailed information on movement paths taken by individuals near and far from edges, 

especially when individual tracks are recorded using a GPS device. 

 Although a number of studies have found that snow interception and thermoregulation by 

conifers are important for deer populations (Pauley et al. 1993, Armleder and Waterhouse 1994, 

D'Eon 2004), this study did not find an association of the number of conifers with deer 

distribution. However, south-facing slopes were found to be positively associated with deer 

distribution. In North America, south-facing slopes may be warmer than other aspects in winter, 

therefore providing thermoregulatory benefits (Smith et al. 1986). They may also contain less 

snow, easing the cost of travel and making ground vegetation more accessible (Proulx 1983). 

Previous studies have found that deer are associated with gentle slopes (< 15%); however, this 

study did not find an association of slope with deer distribution among and within habitat types. 

 

Summary and implications for management 

 Mule deer and especially white-tailed deer are often thought to be attracted to habitat 

edges, but this study reveals that the relationship of deer with distance to edge is more 

complicated than simple attraction or avoidance. Both resource mapping (hypothesis 1a) and the 
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distribution of complementary resources (hypothesis 3) may influence deer responses to newer 

edges but cannot explain the fine-grained patterns I detected within adjacent habitats. None of 

the mechanistic hypotheses I proposed explained the distribution patterns found at old sites to a 

satisfactory degree. Furthermore, the effects of additional factors like predation risk, edge 

contrast and movement behaviour at semi-permeable boundaries were inconclusive and need to 

be explored in more depth.  

I also found that the clearcuts in this study, regardless of age, were not preferred by deer 

over the adjacent forests. Similar results were found by Collins and Urness (1981), Kirchhoff et 

al. (1983), and Tufto et al. (1996), and Farmer et al. (2006) found that the use of open or non-

forested habitats increased the risk of death for black-tailed deer (O. hemionus columbianus). My 

study indicates that clearcutting may function to reduce the available habitat for deer for at least 

four years following harvesting. By fifteen years post-harvest, clearcuts offered more food 

resources and hiding cover than the adjacent forests, but deer numbers remained higher in 

forests. Bunnell et al. (1990) showed that use of new clearcuts by black-tailed deer in winter is 

associated with deeper sinking depths and low potential for movement. Remaining in forested 

areas with significant canopy cover may reduce the cost of traveling through deep snow, 

especially for young or otherwise vulnerable deer.  

The results of this study suggest that while hiding cover and food resources influence 

deer distribution, deer may also respond to elements at habitat edges not captured by the 

alternative factors I measured. For example, I did not consider interspecific competition with elk 

(Cervus canadensis) or moose for similar resources or the effect of increased human access to 

habitats after forest openings are created. A more full understanding of the mechanisms 

underlying distribution patterns at habitat edges is required before models predicting the impact 
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of landscape heterogeneity on deer can be developed. However, my findings suggest that while 

deer are not attracted to clearcuts, there is a propensity for deer to be found at clearcut-forest 

edges. For regions in which deer populations are problematically high, increased edges and 

fragmentation may therefore have negative consequences. Wildlife and forest managers should 

consider this relationship when making decisions about timber harvesting.  
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Table 4.1. Parameter estimates in the ZIP mixed model explaining the distribution of deer 
among and within habitat types in the Rocky Mountain foothills of Alberta.1  

 
                                                                                                 95% credible interval 

  
Mean  

 
SE 

 
Lower 

 
Upper 

Zero-model 
 
Intercept 

 
-2.64 

 
0.96 

 
-5.24 

 
-1.51 

 
szsite  (among-site 
standard 
deviation) 

 
 
 
1.27 

 
 
 
0.96 

 
 
 
0.11 

 
 
 
3.83 

 
Count-model 
 
Food index 

 
0.18 

 
0.96 

 
0.06 

 
0.30 

 
Cover index 

 
-0.07 

 
0.08 

 
-0.23 

 
0.08 

 
# of Conifers 

 
-0.18 

 
0.18 

 
-0.54 

 
0.17 

 
Maximum slope 

 
0.14 

 
0.13 

 
-0.10 

 
0.40 

 
Eastness 

 
0.28 

 
0.20 

 
-0.09 

 
0.70 

 
Northness 

 
-0.51 

 
0.23 

 
-0.99 

 
-0.08 

 
szsite (among-site 
standard 
deviation) 

 
 
 
0.59 

 
 
 
0.17 

 
 
 
0.34 

 
 
 
1.00 

 
sOD 

(overdispersion) 

 
 
0.78 

 
 
0.07 

 
 
0.65 

 
 
0.92 
 

1 Log(mean) values are presented with standard error and the 2.5% (lower) and 97.5% (upper) 
quantile of the posterior distributions. Factors with 95% credible intervals that do not overlap 
zero are highlighted in bold. 
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Table 4.2. The differences in log(counts) between forest and clearcut before and after the 
addition of coyote urine to the clearcut edge.1 

 
                                                                                        95% credible interval 

  
Mean 

 
Lower 

 
Upper 

 
Difference between forest and 
clearcut before urine 

 
 
-0.2 

 
 
-0.9 

 
 
0.5 

 
Differences between forest and 
clearcut after urine 

 
 
-0.8 

 
 
-1.5 

 
 
-0.1 

 
∆ in difference (interaction 
habitat X before/ after) 

 
 
0.6 

 
 
-0.3 

 
 
1.6 
 

1 Pellet counts in plots are averaged over distance classes for the forest (up to 982 m) and the 
clearcut (up to 232 m) at each site and presented as log(counts). The 2.5% (lower) and 97.5% 
(upper) quantile of the posterior distributions are also shown. Factors with 95% CrI that do not 
overlap zero are highlighted in bold. 
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Table 4.3. Parameter estimates in the ZIP mixed model examining the effect of increased 
perceived predation risk (coyote urine) on the distribution of deer among and within 

habitat types in the Rocky Mountain foothills of Alberta.1 
 

                                                                                                  95% credible interval 
  

Mean 
 
SE 

 
Lower 

 
Upper 

Zero-model 
 
a0 (avg. proportion of 
true zeros) 

 
 
-1.21 

 
 
1.27 

 
 
-3.57 

 
 
1.50 

 
szsite (among-site standard 
deviation) 

 
 
4.23 

 
 
2.66 

 
 
0.45 

 
 
9.45 

 
Count-model 
 
b0 (parameter estimates) 

 
see Fig. 4.5 

   

 
ssite (among-site standard 
deviation) 

 
 
0.63 

 
 
0.64 

 
 
0.03 

 
 
2.39 

 
sOD (overdispersion) 

 
1.05 

 
0.15 

 
0.77 

 
1.35 
 

1 Log(mean) values are presented with standard error and the 2.5% (lower) and 97.5% (upper) 
quantile of the posterior distributions. Factors with 95% credible intervals that do not overlap 
zero are highlighted in bold. 
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Table 4.4. The differences in log(counts) between forest and clearcut before and after the 
addition of salt licks to the clearcut edge.1 

 
                                                                                        95% credible interval 

 
 

 
Mean 

 
Lower 

 
Upper 

Difference b/w forest and 
clearcut BEFORE salt 

 
-0.5 

 
-1.2 

 
0.05 

 
Differences b/w forest and 
clearcut AFTER salt 

 
 
-0.4 

 
 
-1.0 

 
 
0.2 

 
∆ in difference (interaction 
habitat X before/ after) 

 
 
-0.1 

 
 
-1.0 

 
 
0.7 
 

1Pellet counts in plots are averaged over distance classes for the forest (up to 982 m) and the 
clearcut (up to 232 m) at each site and presented as log(counts). The 2.5% (lower) and 97.5% 
(upper) quantile of the posterior distributions are also shown. Factors with 95% CrI that do not 
overlap zero are highlighted in bold. 
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Table 4.5. Parameter estimates in the ZIP mixed model examining the effect of increased 
resources (salt licks) on the distribution of deer among and within habitat types in the 

Rocky Mountain foothills of Alberta.1 
                                                                                                  95% credible interval 

 
 

 
Mean 

 
SE 

 
Lower 

 
Upper 

Zero-model 
 
a0 (avg. proportion of 
true zeros) 

 
 
-1.29 

 
 
1.35 

 
 
-3.85 

 
 
1.50 

 
szsite (between-site 
standard deviation) 

 
 
4.62 

 
 
2.60 

 
 
0.69 

 
 
9.65 

 
Count-model 
 
b0 (parameter estimates) 

 
see Fig. 4.6 

   

 
ssite (between-site  
standard deviation) 

 
 
1.17 

 
 
0.97 

 
 
0.22 

 
 
3.97 

 
sOD (overdispersion) 

 
0.92 

 
0.13 

 
0.67 

 
1.19 
 

1 Log(mean) values are presented with standard error and the 2.5% (lower) and 97.5% (upper) 
quantile of the posterior distributions. Factors with 95% credible intervals that do not overlap 
zero are highlighted in bold. 
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Fig. 4.1. Photos from the experimental study depicting a) salt licks, and b) coyote urine.  
Two salt licks were hung one below the other at a height easily accessed by deer (1.2 m), and six 
scent tags soaked in coyote urine were hung from a tree at heights of 1 – 2 m. 
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Fig. 4.2. The location of each 66-m snow fence at which deer pellets and tracks were 
sampled. 
Fences were erected in Kananaskis Country, Alberta, Canada, centered at N 51° 1'49.62", W 
115° 1'30.55. 
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Fig. 4.3. Fitted values from the ZIP mixed model for new and old clearcuts with distance 
classes, habitat (forest/clearcut), site age and all six covariates as explanatory variables for 
a) new sites and b) old sites.  

The dotted lines are the 95% CrI of the fitted values. Fitted values for clearcuts are represented in 
orange, and forests in blue. 
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Fig. 4.4. The number of deer pellet groups found in 100-m2 plots per habitat type (new 
clearcuts, new-cc forests, old clearcuts and old-cc forests) for all sites combined.  

Boxplots depicting median, quartiles and outliers for each habitat type are shown.   
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Fig. 4.5. Fitted values from the ZIP mixed model for deer pellet groups across distance 
before and after the addition of coyote urine to a) clearcuts and b) forests.  

The dotted lines are the 95% CrI of the fitted values. Fitted values before coyote urine are 
represented in orange, and after in blue.  
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Fig. 4.6. Fitted values from the ZIP mixed model for deer pellet groups across distance 
before and after the addition of salt licks to a) clearcuts and b) forests.  

The dotted lines are the 95% CrI of the fitted values. Fitted values before salt licks are 
represented in orange, and after in blue.  
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CHAPTER 5: CONCLUDING DISCUSSION 

 

Detailed investigations into the relationship of a species or population with distance from 

habitat edges can provide valuable information about the depth, strength and shape of edge 

influence after a disturbance. The movement of organisms across habitat edges directly impacts 

the connectivity of habitat fragments, which in turn is an important determinant of how they are 

distributed at landscape-level scales. Extending edge research to include behavioural 

mechanisms underlying patterns of distribution allows the findings to be applied more broadly to 

the management of species within fragmented landscapes.  

This thesis examined edge responses in bounded and unbounded systems with particular 

emphasis on two main questions. First, how are animals distributed with respect to distance from 

the edge? Second, what mechanisms are underpinning these distribution patterns? In this 

Chapter, I will summarize the answers to these questions and discuss broader applications of 

these findings and of edge research in general. 

 

Animal distribution with respect to edges 

It is well established that edges can have an impact on species’ distributions; however, 

studies rarely do more than determine the direction (positive or negative) of the relationship. The 

shape, magnitude and depth of the edge response can be important for species management in 

dynamic landscapes. It is also increasingly clear that edge responses are rarely fixed: they can 

vary not only among species, but also within species among different edge and habitat types.  

In Chapter 2, I found that the distribution of beetles in an experimental arena was skewed 

towards the edges and that fewer beetles were found in the interior than expected. Chapters 3 and 
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4 examined the distribution of moose and deer at habitat edges. While I did not detect a response 

by moose to habitat edges at the scale of the study, I did find that deer pellet groups tended to 

accumulate at the edges of both new and old clearcuts. The fine-scale distribution of pellet 

groups showed that these responses were non-linear, and that for older forest-clearcut edges, the 

abundance dropped slightly between 50 m and the edge. Non-linear effects are rarely considered 

explicitly in edge studies but can provide information on the strength and depth of responses to 

underlying changes in microclimate or vegetation. Despite considering a distance of almost one 

km from the edge, I found that the majority of the edge responses occurred within the first 200 

metres. However, an investigation into the depth of edge influence did not yield a result for 

either species, which may be indicative of a weak overall edge effect for both moose and deer.  

 

Factors affecting edge responses 

In attempting to explain the wide range in reported edge responses, Ries et al. (2004) 

developed a predictive framework based on resource availability as the key driver. Although this 

paper is now ten years old, it is still widely cited in edge-based research (e.g. Svobodova et al. 

2011, Wimp et al. 2011, Youngentob et al. 2012, Ikin et al. 2014) and no competing frameworks 

have been proposed. I found that food and cover resources were indeed associated with the 

distribution of moose and deer among habitat types. Resource distribution at edges was also a 

predictor of deer responses to edges within habitat types. However, the model containing 

biophysical attributes like slope and aspect best predicted moose distribution in one of the four 

habitat types, and in addition to resources, deer distribution was found to be associated with 

south-facing slopes and negatively affected by an increased perceived risk of predation near 

edges. Furthermore, in Chapter 2, I found that the spatial location of resources (defined as being 
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beneficial to an organism) could not have contributed to the distribution of beetles at the edges of 

the arena, as there were no such resources. Instead, I found that the proximate mechanism 

affecting this accumulation appeared to be an edge that was not perfectly permeable, resulting in 

beetles changing their movement behaviour in response. As mentioned in previous chapters, 

previous studies have found that factors like perceptual range, edge contrast, permeability and 

the energetics of travel affect response to edges. Additional studies have found that diet, and the 

categorization of a species as a specialist or a generalist, is relevant (e.g. Pardini et al. 2009, 

Öckinger et al. 2012). Still others have found that individual characteristics like life stage (e.g. 

Smith and King 2005, Selonen and Hanski 2006), sex (e.g. Bowyer 2004) and previous 

experiences (e.g. Anderson and Boutin 2002, Stamps and Davis 2006) can affect habitat use, 

movement paths and the amount of risk an individual is willing to take. It would appear that a 

thorough assessment of the response of a species to edges would need to take into consideration 

a large number of extrinsic, intrinsic, proximate and ultimate factors.  

 

Conservation models and the role of edge responses 

Given the many factors influencing the responses of organisms to landscape spatial 

patterns, the incorporation of behavioural studies into conservation models seems important. 

However, the inclusion of fine-grained measurements, individual differences and/ or behaviour 

in predictive models does not have to result in an “autoecological” (case-by-case) approach that 

advocates investigating particular systems in detail before attempting to plan conservation 

strategies (Caughley 1994). Given the unsurpassed rate of fragmentation in many landscapes 

(Turner 2010), it is impractical to avoid planning conservation measures until a system has been 

studied in depth (Nicholson and Possingham 2006), and although managers should aim to 
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incorporate rigorous scientific findings into conservation plans, the realities of politics, funding 

and time sometimes demand rapid recommendations (Anthony and Blumstein 2000, Lindquist 

2008). For this reason, simple conceptual frameworks can be very useful in wildlife management 

and conservation. One such framework is provided by the optimal foraging model, of which the 

ideal free distribution (IFD) is a component (MacArthur and Pianka 1966). This model states that 

organisms forage in such a way as to detect, capture and consume the most food energy units 

(e.g. calories) possible in the shortest period of time. The IFD then predicts that animals will 

distribute themselves according to the amount of food available. Indeed, in Chapter 3, I found 

that this model successfully accounted for the distribution of moose among habitat types, even 

though it was not an explicit prediction of the study. A number of recent studies have also found 

that the IFD can be used to explain the distribution of taxa like beetles (Hendrickx et al. 2013), 

songbirds (Haché et al. 2013) and waterbirds (Sebastian-Gonzalez et al. 2010). The IFD may 

provide a basic foundation on which more complex models incorporating additional parameters, 

such as edge responses, can be built.  

 

'Scaling-up' edge responses 

Edge responses, specifically, can affect broader landscape-level distributions, and can 

'scale-up' to affect long-term population structure and dynamics. To my knowledge, the 

cumulative influence of edges on population dynamics has not been evaluated, in part because 

data on parameters like birth, death, immigration and emigration rates with respect to edges are 

mostly absent (Ries et al. 2004). However, the importance of edges at the level of the population 

likely reflects three factors: 1) the strength of the response, 2) whether or not the response 

variable is a limiting factor at the population level, and 3) the relative amount of habitat edge in a 
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landscape (With and King 2001, Fletcher and Koford 2003, Ries et al. 2004). For the deer and 

moose in my study areas, more information would be needed to determine population-level 

effects of edges. Taking deer as an example, distribution was found to vary with distance from 

edge. However, insight into the relative strength of the edge response can be provided through a 

comparison with data from similar studies. For example, Kirchhoff et al. (1983) examined the 

impact of forest-clearcut edges on deer distribution up to 200 m into each habitat. After I 

accounted for differences in plot size, I found that their study reported a mean decrease of 

approximately five pellet groups/ plot from the forest to the clearcut habitats. The difference in 

this study was approximately one to 1.5 pellet groups for new sites and less for old sites. This 

quick comparison suggests that the strength of the edge effect in my study may have been 

relatively weak; however, additional factors, such as deer density and edge types would need to 

be considered before making robust conclusions. I did not collect direct data on food intake, 

travel costs, predation rates, breeding opportunities, etc., which would be needed to determine 

whether the response variables were a limiting factor; the relative amount of habitat edge in a 

landscape is easier to determine but must be decoupled from the effects of loss of habitat.  

Edge responses by a single species can also 'cascade' throughout a community and impact 

other species connected by multi-trophic interactions (Fagan et al. 1999, Cadenasso et al. 2003, 

Wimp et al. 2011). In a test of the effect of habitat edges on seven arthropods in a multi-tier food 

web, Wimp et al. (2011) found that the abundances of all seven shifted in response to the edges, 

regardless of their position in the food web. Ungulates in North American forests play an 

important role in the ecosystem: grazing and browsing by deer, especially, have been found to 

have strong effects on herb and shrub communities (Alverson et al. 1988), and deer make up an 

important part of the diet of carnivores like wolves, coyotes and cougars (e.g. Lingle 2001, 
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2002). Responses of deer to habitat edges are likely to affect the entire ecosystem of which they 

are part. 

 

Future directions 

 In conclusion, my study used empirical experiments, simulation modeling, field data and 

large-scale experiments to evaluate the influence of edges on animal movement and distribution. 

As mentioned previously, the findings provided insight into the contribution of factors like 

resources and movement behaviour, predation risk and landscape attributes on the response of 

animals to edges. Despite decades of study on edge effects, quantification of the specific 

mechanisms that underlie species' distribution patterns at edges is still broadly lacking. Indeed, it 

can be challenging to measure the right variables at the appropriate scales and even, in certain 

circumstances, to detect a response by the species under study. However, mechanistic studies, 

especially those that employ experiments to pinpoint causal mechanisms, are necessary to test 

and improve models that can then be used by managers and conservationists. Habitat edges are 

becoming ubiquitous as landscapes become ever more fragmented (Millenium Ecosystem 

Assessment 2005) and useful, applicable ecological research has never been so important. 
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APPENDIX A: MOLECULAR METHODS FOR SPECIES IDENTIFICATION 

Because differences in behaviour and habitat preferences in white-tailed and mule deer 

are well established (Lingle 2001, Lingle and Wilson 2001, Lingle and Pellis 2002) and pellet 

groups of the two species cannot be distinguished in the field, I attempted to use molecular tools 

to differentiate between them. Fecal material is becoming an important non-invasive source of 

genomic DNA for species, sex and individual identification in the field (Ball et al. 2007, Valiere 

et al. 2007, Brinkman and Hundertmark 2009, Brinkman et al. 2011). As part of a separate, but 

related project, I collected and preserved samples of freshly deposited deer pellets from the 

sample plots throughout the 2008 and 2009 field seasons. In total, 384 samples were collected 

and preserved for DNA extraction. 

I employed three different sample preservation methods: drying, freezing, and preserving 

in ethanol. From 2009 to 2011, with the help of S. Rogers (University of Calgary) and members 

of his lab, I also utilized a number of different extraction procedures to attempt to develop a 

molecular protocol with the greatest success. 

Unfortunately, my success in obtaining deer DNA from fecal pellets was approximately 

15%, yielding a total of 54 identified samples (H. Young, M. Reid and S. Rogers, unpublished 

data). However, the q-value (i.e. index of genetic purity) and distribution of the samples that 

were identified does suggest that the two deer species are not spatially segregated in my study 

areas. In fact, I found a relatively high occurrence of hybrids: approximately 30%. The DNA 

results are robust; however, the final sample size was small. Although I cannot confidently 

extrapolate the findings to the region as a whole, the study provides the only information that 

exists about the distribution (and hybridization rate) of the two species in the region. Given the 
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low density of deer in my study sites, these findings support analyzing all deer pellets as a whole 

over all sites. 

 
The match of the sample DNA at diagnostic microsatellite loci with the expected alleles of the 
subspecies, White-tailed deer (Odocoileus virginianus) (WT below) and Mule deer (O. 
hemionus) (MD below). The coefficient is an index of the proportion of each deer’s genome, as 
sampled by fecal matter, which originates from one subspecies or the other. “Pure” white-tailed 
deer would have a WT coefficient of 1.0 and an MD coefficient of 0; the opposite would be true 
for “pure” mule deer1.  

 
Site name 
 

Habitat 
type 
 

Site age 
 

WT 
coefficient 
 

MD 
coefficient 
 

Species 
(WT, MD, 
hybrid) 

1 Baldy 272 clearcut new 0.012 0.988 MD 
2 Baldy 272 forest new 0.121 0.879 MD 
3 Baldy 3526 clearcut new 0.813 0.187 hybrid 
4 Baldy 3526 forest new 0.951 0.049 WT 
5 Baldy 3526 forest new 0.964 0.036 WT 
6 Baldy 3526 edge new 0.035 0.965 MD 
7 Baldy 3526 edge new 0.802 0.198 hybrid 
8 Cox Hill forest old 0.757 0.243 hybrid 
9 Cox Hill edge old 0.822 0.178 hybrid 

10 Dawson clearcut old 0.97 0.03 WT 
11 Dawson clearcut old 0.137 0.863 hybrid 
12 Fullerton forest old 0.128 0.872 hybrid 
13 Fullerton forest old 0.044 0.956 MD 
14 Fullerton clearcut old 0.624 0.376 hybrid 
15 Fullerton forest old 0.015 0.985 MD 
16 Ghost forest new 0.026 0.974 MD 
17 Ghost forest new 0.025 0.975 MD 
18 Ghost forest new 0.547 0.453 hybrid 
19 Ghost forest new 0.021 0.979 MD 
20 Ghost forest new 0.086 0.914 MD 
21 Husky Far edge old 0.986 0.014 WT 
22 Husky Far clearcut old 0.522 0.478 hybrid 
23 Husky Far forest old 0.038 0.962 MD 
24 Husky Far forest old 0.022 0.978 MD 
25 Husky Far clearcut old 0.022 0.978 MD 
26 Husky Far forest old 0.085 0.915 MD 
27 Husky Far forest old 0.115 0.885 hybrid 
28 Husky Near forest old 0.358 0.642 hybrid 
29 Husky Near forest old 0.017 0.983 MD 
30 Husky Near forest old 0.012 0.988 MD 
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31 Husky Right clearcut old 0.986 0.014 WT 
32 Powderface forest old 0.014 0.986 MD 
33 Powderface clearcut old 0.122 0.878 hybrid 
34 Powderface clearcut old 0.024 0.976 MD 
35 Powderface forest old 0.013 0.987 MD 
36 Sibbald 2119 forest new 0.086 0.914 MD 
37 Sibbald 2119 clearcut new 0.339 0.661 hybrid 
38 Sibbald 2119 edge new 0.969 0.031 WT 
39 Sibbald 2119 forest new 0.81 0.19 hybrid 
40 Sibbald 2119 forest new 0.012 0.988 MD 
41 Sibbald 2119 forest new 0.128 0.872 hybrid 
42 Sibbald 2119 forest new 0.633 0.367 hybrid 
43 Sibbald 2119 forest new 0.021 0.979 MD 
44 Sibbald 2466 clearcut new 0.018 0.982 MD 
45 Sibbald 2466 clearcut new 0.012 0.988 MD 
46 Sibbald 2466 forest new 0.963 0.037 WT 
47 Water Far forest new 0.056 0.944 MD 
48 Water Far forest new 0.025 0.975 MD 
49 Water Far clearcut new 0.015 0.985 MD 
50 Water Far clearcut new 0.024 0.976 MD 
51 Water Far forest new 0.981 0.019 WT 
52 Water Far forest new 0.02 0.98 MD 
53 Water Far forest new 0.08 0.92 MD 
54 Water Valley forest new 0.012 0.988 MD 

 

Total % of sample MD	   53.7 
Total % of sample WT	   14.8 
Total % of sample hybrid	   31.5 

1 The actual value of any measure of introgression used to define genetic “purity” is the subject 
of some debate. 0.90 is less conservative than the stringent levels of purity required for inclusion 
of COSEWIC (2006) status assessments (0.99), but I feel that it is more informative in the 
context of my study. 
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APPENDIX B: LOCATION (EASTING AND NORTHING), HARVEST YEAR, YEAR 

SAMPLED AND CLEARCUT AGE FOR EACH OF THE 16 STUDY SITES1.  

Sites Easting Northing Harvest 
Year 

Year 
Sampled 

Clearcut 
Age (yrs) 

Old Sites 
 Cox Hill 649484 5652974 1991 2007 16 
 Dawson 649133 5654380 1992 2007 15 
 Fullerton 662726 5643871 1987 2007 20 
 Husky Far 654400 5650049 1992 2008 16 
 Husky Near 654082 5652139 1992 2008 16 
 Husky North 652210 5653178 1991 2007 16 
 Old Baldy 638966 5653182 1972 2007 35 
 Powderface 644837 5643071 1990 2007 17 
 Telephone 659644 5649538 1992 2008 16 
New Sites 
 Baldy 272 640381 5652383 2007 2008 1 
 Baldy 3526 639476 5651748 2007 2008 1 
 Ghost 625031 5682144 2006 2008 2 
 Sibbald 2119 644175 5659717 2008 2009 1 
 Sibbald 2466 641968 5658145 2008 2009 1 
 Water Valley 633849 5701730 2006 2008 2 
 Water Far 633278 5700751 2004 2008 4 
1 All sites were located in UTM zone 11. Clearcut age was calculated relative to the year the site 
was sampled. 
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APPENDIX C: SPECIES SHOWING SIGNS OF UNGULATE BROWSING WITHIN 

STUDY PLOTS IN THE 2007 – 2009 FIELD SEASONS.1  

Common Name Scientific name % Plots observed 

% Plots with 
species in which 
browse was 
observed 

Willow Salix spp. 21.0 60.1 
Poplar Populus spp. 11.6 47.6 
Bracted 
honeysuckle 

Lonisera 
involucrata 5.5 41.0 

Alder Alnus spp. 37.7 38.7 

Buffaloberry 
Shepherdia 
canadensis 15.9 37.8 

Twisted stalk 
Streptopus 
amplexifolius 15.4 22.9 

Raspberry Rubus spp. 20.4 20.8 
Gooseberry Ribes spp. 13.7 16.5 
Rose spp. Rosa spp. 52.3 16.0 

Fireweed 
Chamerion 
angustifolium 35.4 14.8 

Blueberry Vaccinium spp. 9.3 13.6 
Meadowsweet Spiraea spp. 28.3 10.5 
Cow parsnip Heracleum spp 6.7 8.5 
Juniper Juniperus spp. 22.5 8.2 

Shrubby cinquefoil 
Dasiphora 
fruticosa 5.8 4.9 

White spruce Picea glauca 8.4 3.4 
1 Only species occurring in 5% of plots or more (N = 35 out of 707) are included. Browsing was 
identified as having occurred by an ungulate, but not distinguished as being by moose, deer or 
elk. 
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APPENDIX D: MEAN ASPECT OF THE FORESTS AND CLEARCUTS OF EACH SITE 

AND THE ORIENTATION OF THE FOREST-CLEARCUT EDGE. 1  

Site name Mean northness Mean eastness Orientation of forest-clearcut edge  

forest clear-
cut 

forest clear-
cut 

Baldy 272 0.175 0.483 -0.411 0.871 Edge runs N-S, clearcut on W 
Baldy 3526 0.451 0.768 0.753 0.572 Edge runs N-S, clearcut on W 
Cox Hill 0.683 0.472 0.243 0.855 Edge runs N-S, clearcut on E 
Dawson 0.780 0.871 0.326 0.382 Edge runs SE-NW, clearcut on NE 
Fullerton -0.509 0.424 -0.071 0.900 Edge runs E-W, clearcut on N 
Ghost -0.675 -0.609 0.278 -0.459 Edge runs N-S, clearcut on W 
Husky Far -0.276 0.554 0.680 0.828 Edge runs SE-NW, clearcut on NE 
Husky Near 0.290 0.969 -0.402 0.225 Edge runs N-S, clearcut on W 
Husky Right 0.386 -0.623 0.446 0.777 Edge runs E-W, clearcut on N 
Old Baldy 0.896 0.911 0.357 0.185 Edge runs N-S, clearcut on E 
Powderface -0.295 0.0591 0.922 0.990 Edge runs NW-SE, clearcut on NE 
Sibbald 2119 0.818 0.246 -0.523 -0.735 Edge runs NE-SW, clearcut on SE 
Sibbald 2466 -0.726 0.127 -0.427 -0.986 Edge runs N-S, clearcut on W 
Telephone 0.342 0.120 -0.308 -0.867 Edge runs NE-SW, clearcut on SE 
Water Far 0.368 0.0837 0.378 0.987 Edge runs N-S, clearcut on E 
Water Valley  0.436 0.576 0.522 0.811 Edge runs N-S, clearcut on E 
1 Aspect described in terms of northness (cos(aspect in radians)) and eastness (sin(aspect in 
radians)). Southern aspects are indicated by values of northness close to -1.  
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APPENDIX E: BACKGROUND, DETAILS AND SETTINGS FOR ZIP-GLMM FOR 

CHAPTER 3. 

 Analysis of the distribution of moose pellet groups needed to account for the large 

proportion of plots with zero pellets. Below, the code for WinBUGS (BUGS stands for 

“Bayesian Inference Using Gibbs Sampling”: http://www.mrc-bsu.cam.ac.uk/software/bugs/) 

and JAGS (JAGS stands for “Just Another Gibbs Sampler”: http://mcmc-jags.sourceforge.net/) is 

provided to look at the effect of habitat type on the abundance of moose pellets using a Zero-

Inflated Poisson Generalized Linear Mixed Model (ZIP-GLMM).  ZIP-GLMM uses a Markov 

chain Monte Carlo (MCMC) approach.  This code was developed in consultation with Dr. 

Fränzi Korner-Nievergelt of the Swiss Ornithological Institute. 

 
Background information 

Modeling moose distribution among habitat types (old-cc, new-cc, old-cc forest and new-cc 
forest) as a ZIP-GLMM with site as a random factor. 
 
Settings for the MCMC: No. of MCMC chains (nchains) = 2; No. iterations (niter) = 50000; 
Burnin (nburnin) = 5000, Thinning (nthin) = 30. 
 
Link functions: logit-link function used in the zero-model and the logarithm link function used in 
the count-model. Normal distributions assumed for random effects. 
 
Prior distributions: flat normal prior distributions (mean = 0, variance = 100) assumed for the 
model coefficients in the Poisson model. For intercept in zero model, a normal distribution 
(mean = 0, variance - 2.3) was used. An inverse-logit transformation of this distribution is 
approximately uniform. A uniform prior distribution between 0 and 100 was assumed for the 
between-group variance parameters (0-10 for the standard deviation). 
  
 
Code 

# Note that comments are preceded by the # sign. 

# Attaching data tables and preparing data 
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library(xtable) 
# extract the R-Code: 
#purl("deer_analysis.Rnw") 
 
## ----readdata, echo=TRUE------------------------------------------------- 
dat <- read.table("../data/SiteDataForRNoEdgeDec202013_fk.txt", header=TRUE, sep="\t") 
str(dat) 
 
## ----dataprep, echo=FALSE------------------------------------------------ 
dat$obsid <- factor(1:nrow(dat)) # insert an observation level random factor 
 
# functions to be used later 
propzero <- function(x) sum(x==0)/length(x) 
 
 
# Preparations for the BUGS model 
 
## ----preparebugs, echo=TRUE, message=FALSE, include=FALSE---------------- 
library(R2WinBUGS) 
library(R2jags) 
 
table(dat$siteage, dat$habitat) 
 
 
# Testing for spatial correlation 
 
## ----spatialcorr, echo=TRUE, include=FALSE------------------------------- 
# plot spatial correlation of zeros 
index <- dat$allmoose==0 
dat$transectid <- factor(paste(dat$site, dat$transect)) 
par(mar=c(5,5.5,0.5,0.5)) 
plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance (m)", ylab=NA) 
points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
 
 
# Plotting spatial correlation 
 
## ----label=spatialcorrzero,fig=TRUE,echo=FALSE, fig.height=4, dev='jpeg', dpi=400---- 
# plot spatial correlation of zeros 
index <- dat$allmoose==0 
dat$transectid <- factor(paste(dat$site, dat$transect)) 
par(mar=c(5,5.5,0.5,0.5)) 
plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance (m)", ylab=NA) 
points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
 
 
# Preparing data for WinBUGS  
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## ----bundledata, echo=TRUE----------------------------------------------- 
datax <- list(y=dat$allmoose, habitat= as.numeric(dat$habitat), old=as.numeric(dat$siteage=="old"), 
N=nrow(dat), site=as.numeric(factor(dat$site)), S=nlevels(factor(dat$site))) 
 
 
# Defining BUGS model 
 
## ----bugsmoddefinition, echo=FALSE, results=TRUE,message=FALSE----------- 
sink("zip.model.txt") 
cat(" 
model{ 
  # ZIP model 
  for(i in 1:N){ 
    z[i]~dbern(p[i])            # probability of zero 
    logit(p[i]) <- a0 + sigma.z.site*rsite.z[site[i]] # prop zeros differs between sites 
    muz[i] <- (1-z[i])*mu[i]     
    y[i]~dpois(muz[i])        
  } 
 
  #linear predictors 
  for(i in 1:N){ 
    log(mu[i]) <- b0[habitat[i], old[i]+1] + 
      sigmasite*rsite[site[i]] + od*robsid[i] 
  } 
 
  # random effects 
  for(i in 1:N){ 
    robsid[i]~dnorm(0,1) 
  } 
  for(j in 1:S){ 
    rsite.z[j]~dnorm(0,1) 
    rsite[j]~dnorm(0,1) 
  } 
  # priors 
  sigma.z.site ~ dunif(0,10) 
  sigmasite~dunif(0,10)  # between-site standard deviation 
  od~dunif(0,10)  # overdispersion 
  for(j in 1:2){ 
     for(l in 1:2){ 
        b0[j,l]~dnorm(0,0.2) 
     } 
   } 
  a0~dnorm(0, 0.44) 
} 
", fill=TRUE) 
sink() 
 
# initial values 



 

159 

inits <- function() list(b0=array(runif(2*2, -1,1),  
                                  dim=c(2, 2)),  
                         sigmasite=runif(1, 0,2), od=runif(1,0,2),  
                         z=as.numeric(datax$y==0)) 
 
parameters <- c("a0", "b0", "od", "sigma.z.site", "sigmasite", "rsite", "robsid", "rsite.z") 
nchains <- 2 
niter <- 50000 
nburnin <- 5000 
nthin <- 30 
 
 
# Running WinBUGS model 
 
## ----runbugs, echo=FALSE, eval=FALSE------------------------------------- 
## #mod <- bugs(datax, inits= inits, parameters.to.save=parameters, 
## #model.file="zip.model.txt", n.chains=nchains, n.iter=niter, n.burnin=nburnin, n.thin=nthin, 
debug=TRUE, 
## #bugs.directory="c:/Users/Fraenzi/WinBUGS14/", program="WinBUGS", 
working.directory=getwd()) 
 
## # model does not run well with slice sampler, -> use jags 
 
 
# Running model in JAGS 
 
## mod <- jags(datax, inits= inits, parameters.to.save=parameters, 
## model.file="zip.model.txt", n.chains=nchains, n.iter=niter, n.burnin=nburnin, n.thin=nthin, 
working.directory=getwd()) 
##  
## save(mod, file="bugsZIP_simple_moose.RData") 
 
## ----resultsbugs, echo=FALSE, include=FALSE------------------------------ 
load("bugsZIP_simple_moose.RData") 
mod <- mod$BUGSoutput 
 
 
# Assessing convergence of MCMCs 
 
## ----checkconvergence, echo=FALSE, eval=FALSE---------------------------- 
## # trace-plots not shown, but they looked very good despite the low number of effective samples 
## library(blmeco) 
## historyplot(mod, "a0") 
## historyplot(mod, "b0") 
## #historyplot(mod, "b1") 
## historyplot(mod, "od") 
## historyplot(mod, "sigma.z.site") 
##  
## mean(mod$mean$rsite) # looks ok 
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## mean(mod$mean$rsite.z) # not perfect, but as it is for the zero-model, it does not affect the results 
 
 
# Looking at Results, predictive model checking 
 
## ----resultsbugs1, echo=TRUE--------------------------------------------- 
round(mod$summary[c(1:7, 748, 749),], 3) 
## ----predcheck, echo=FALSE, eval=FALSE----------------------------------- 
## # predictive model checking for model without interaction distance x old/new 
## # simulate replicated data from the model 
## nsim <- mod$n.sim  # extract number of simulations 
## yrep <- matrix(nrow=nrow(dat), ncol=nsim) # prepare matrix to store simulated counts 
## z <- matrix(nrow=nrow(dat), ncol=nsim) # prepare matrix to store sim z 
## for(r in 1:nsim){ 
##   logitp <- mod$sims.list$a0[r,] + mod$sims.list$sigma.z.site[r,]*mod$sims.list$rsite.z[r,datax$site] 
##   p <- plogis(logitp) 
##   z[,r] <- rbinom(nrow(z), p=p, size=1) # simulate z 
##   logmu <- numeric(nrow(dat)) 
##   for(i in 1:nrow(dat)){ 
##    logmu[i] <- mod$sims.list$b0[r, datax$habitat[i],datax$old[i]+1] + 
##      mod$sims.list$sigmasite[r]*mod$sims.list$rsite[r, datax$site[i]] + 
##      rnorm(1, mean=0, sd=mod$sims.list$od[r]) 
##   } 
##   mu <- exp(logmu) 
##   muz <- (1-z[,r])*mu 
##   yrep[,r]<- rpois(nrow(yrep), lambda=muz) 
##   } 
##  
## save(yrep, file="yrep_moose_simplemod.RData") 
 
## ----predcheckspatial, echo=FALSE, include=FALSE------------------------- 
load("yrep_moose_simplemod.RData") 
# plot spatial correlation of zeros 
 
par(mfrow=c(2,2), mar=c(5,0.5,0.5,0.5), oma=c(0,5,0,0)) 
for(r in 1:4){ 
  index <- yrep[,r]==0 
  plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance  (m)", ylab=NA) 
  points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
  if(is.element(r, c(1,3))) axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
} 
 
## ----label=predcheckspatialplot,fig=TRUE,echo=FALSE, fig.height=8, dev='jpeg', dpi=400---- 
load("yrep_moose_simplemod.RData") 
# plot spatial correlation of zeros 
 
par(mfrow=c(2,2), mar=c(5,0.5,0.5,0.5), oma=c(0,5,0,0)) 
for(r in 1:4){ 
  index <- yrep[,r]==0 
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  plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance  (m)", ylab=NA) 
  points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
  if(is.element(r, c(1,3))) axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
} 
 
 
#Assessing simulated spatial autocorrelation 
 
## ----predcheckautocorr, echo=TRUE, include=FALSE, cache=TRUE------------- 
# count the number of adjacent zeros to measure spatial correlation 
nseries <- numeric(nlevels(dat$transectid)) 
for(i in 1:nlevels(dat$transectid)){ 
  index <- dat$transectid==levels(dat$transectid)[i] 
  zeros <- dat$alldeer[index]==0 
  zeros <- zeros[order(dat$distance[index])] 
  diffzeros <- diff(as.numeric(zeros)) 
  nrind <- c(1:length(zeros))[c(diffzeros, 0)!=0] 
  nseries[i] <- mean(diff(nrind)) 
} 
 
# average length of 0 or 1-series along distance for the observed data: 
mean(nseries)  
 
nsim <- ncol(yrep) 
nseriesyrep <- matrix(nrow=nlevels(dat$transectid), ncol=nsim) 
for(r in 1:nsim){ 
  for(i in 1:nlevels(dat$transectid)){ 
    index <- dat$transectid==levels(dat$transectid)[i] 
    zeros <- yrep[index,r]==0 
    zeros <- zeros[order(dat$distance[index])] 
    diffzeros <- diff(as.numeric(zeros)) 
    nrind <- c(1:length(zeros))[c(diffzeros, 0)!=0] 
    nseriesyrep[i,r] <- mean(diff(nrind), na.rm=TRUE) 
  } 
} 
# average length of 0 or 1-series along distance for replicated data (3000 replicated data sets were 
simulated) 
mean(apply(nseriesyrep, 2, mean, na.rm=TRUE))  
# 1 and 99% quantiles of the lengths of 0 and 1 series for replicated data 
quantile(apply(nseriesyrep, 2, mean, na.rm=TRUE), prob=c(0.01, 0.99))  
 
## ----predcheckpropzeros, echo=TRUE--------------------------------------- 
# proportion of zeros in the observed data 
propzero(datax$y)  
 
# proportion of zeros in the replicated data 
quantile(apply(yrep, 2, propzero), prob=c(0.01, 0.25, 0.5, 0.75, 0.99)) 
 
## ----predcheck90q, echo=TRUE--------------------------------------------- 
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# 90percent quantile of the observed data 
quantile(datax$y, prob=0.9) 
 
# 90percent quantile of the replicated data 
quantile(apply(yrep, 2, quantile, prob=0.9), prob=c(0.01, 0.25, 0.5, 0.75, 0.99)) 
 
 
# Creating simple table with results, including fitted values 
 
## ----resultstab, echo=TRUE----------------------------------------------- 
newdat <- expand.grid(habitat=levels(dat$habitat), siteage=c("new", "old")) 
for(i in 1:2){ 
  for(j in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] &  
    newdat$siteage==levels(newdat$siteage)[j] 
  newdat$fit[index] <- exp(mod$mean$b0[i,j]) 
  newdat$lower[index] <- exp(quantile(mod$sims.list$b0[,i,j], prob=0.025)) 
  newdat$upper[index] <- exp(quantile(mod$sims.list$b0[,i,j], prob=0.975)) 
  } 
} 
newdat  # fitted values for the four categories 
 
# Differences on the log-scale 
# Difference between forest and clearcut on new sites (forest - clearcut) 
dfocl_new <- mod$sims.list$b0[,2,1] - mod$sims.list$b0[,1,1]  
mean(dfocl_new) 
quantile(dfocl_new, prob=c(0.025, 0.975)) 
 
 
#Examining pairwise differences between habitat types 
 
# Difference between forest and clearcut on old sites (forest - clearcut) 
dfocl_old <- mod$sims.list$b0[,2,2] - mod$sims.list$b0[,1,2]  
mean(dfocl_old) 
quantile(dfocl_old, prob=c(0.025, 0.975)) 
 
# Difference between old and new on forest (old - new) 
don_fo <- mod$sims.list$b0[,2,2] - mod$sims.list$b0[,2,1]  
mean(don_fo) 
quantile(don_fo, prob=c(0.025, 0.975)) 
 
# Difference between old and new on clearcut (old - new) 
don_cl <- mod$sims.list$b0[,1,2] - mod$sims.list$b0[,1,1]  
mean(don_cl) 
quantile(don_cl, prob=c(0.025, 0.975)) 
 
# Interaction habitat x age (difference between the difference) 
mean(don_fo-don_cl) 
quantile(don_fo-don_cl, prob=c(0.025, 0.975)) 
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APPENDIX F: RESULTS OF GENERALIZED ADDITIVE MIXED MODELS (GAMMS) 

AND GENERALIZED LINEAR MIXED MODELS (GLMMS) FOR MOOSE PELLET 

GROUP DISTRIBUTION AT THE EDGES OF FOUR DIFFERENT HABITAT TYPES. 1  

Habitat 
type 

Model component GAMM GLMM Conclusions 

New 
Clearcut 
(N = 84) 
 

Family Poisson Poisson Too little data 
for GAMM. No 
obvious linear 
distance effect 
in GLMM. 

Model fit N/A AIC:  
62.6 

Intercept estimate N/A -2.00 
SE N/A 0.600 
Z-value N/A -3.33 
P (full model) N/A <0.001 
P (distance) 
 

N/A 0.738 

Old 
Clearcut 
(N = 104) 
 

Family Poisson Poisson No obvious non-
linear nor linear 
distance effect. 

Model fit R-sq (adj.): 
-0.008 

AIC:  
156 

Intercept estimate -0.2030 -0.319 
SE 0.288 0.339 
Z -0.701 -0.94 
P (full model) 0.48 0.348 
P (distance) 
 

0.508 0.508 

New-cc 
Forest 
(N = 210) 
 

Family Poisson Poisson No obvious non-
linear nor linear 
distance effect. 

Model fit R-sq (adj.): 
-0.0048 

206.9 

Intercept estimate -1.416 -1.44 
SE 0.343 0.382 
Z -4.13 -3.77 
P (full model) < 0.001 <0.001 
P (distance) 
 

0.883 0.883 

Old-cc 
Forest 
(N = 310) 
 

Family Poisson Poisson No obvious non-
linear nor linear 
distance effect. 

Model fit R-sq (adj.): 
-0.0026 

AIC: 
456.2 

Intercept estimate -0.604 -0.496 
SE 0.124 0.163 
Z -4.87 -3.05 
P (full model) < 0.001 0.002 
P (distance) 0.56 0.458 
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1 Collinearity between distance and site for each habitat was acceptable. N varies per habitat type 
because there were fewer plots sampled in clearcuts than forests, and fewer new sites sampled 
than old. Site was included in analyses as a random variable. Models were also run with binomial 
distributions, and results did not change substantially. 
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APPENDIX G: SUMMARY OF SNOW TRACK SAMPLING EFFORT IN WINTER 

2008/ 2009. 

Survey date Fence # 
Mean snow 
depth (cm) 

No. tracks 
observed 

No. transects 
sampled 

No. tracks/ 
100 m 

02-Feb-08 3 10 6 2 4.5 
10-Feb-08 4 30.1 4 3 2.0 
10-Feb-08 5 28 3 2 2.3 
02-Mar-08 3 22.5 33 10 5.0 
02-Mar-08 5 13.1 26 10 3.9 
07-Mar-08 2 5 22 12 2.8 
16-Jan-09 3 32 11 6 2.8 
28-Jan-09 2 26.3 10 12 1.3 
18-Feb-09 4 13.7 7 6 1.8 
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APPENDIX H: BACKGROUND, DETAILS AND SETTINGS FOR ZIP-GLMM FOR 

CHAPTER 4. 

 Analysis of the distribution of deer pellet groups needed to account for the large 

proportion of plots with zero pellets. Below, the code for WinBUGS (BUGS stands for 

“Bayesian Inference Using Gibbs Sampling”: http://www.mrc-bsu.cam.ac.uk/software/bugs/) 

and JAGS (JAGS stands for “Just Another Gibbs Sampler”: http://mcmc-jags.sourceforge.net/) is 

provided to look at the effect of habitat type on the abundance of deer pellets using Zero-Inflated 

Poisson Generalized Linear Mixed Model (ZIP-GLMM) for the field study and the field 

experiments. ZIP-GLMM uses a Markov chain Monte Carlo (MCMC) approach.  This code was 

developed in consultation with Dr. Fränzi Korner-Nievergelt of the Swiss Ornithological 

Institute.  

 
Background information 

Modeling deer distribution among habitat types (old-cc, new-cc, old-cc forest and new-cc forest) 
as a ZIP-GLMM with six covariates (northness, eastness, max. slope, # of pine, food index and 
shrub cover index) and site as a random factor. 
 
Also modeling deer distribution in clearcuts and forests before and after addition of coyote urine 
and salt licks, respectively. Both are modeled as ZIP-GLMM. 
 
Settings for the MCMC: No. of MCMC chains (nchains) = 2; No. iterations (niter) = 50000; 
Burnin (nburnin) = 5000, Thinning (nthin) = 30. 
 
Link functions: logit-link function used in the zero-model and the logarithm link function used in 
the count-model. Normal distributions assumed for random effects. 
 
Prior distributions: flat normal prior distributions (mean = 0, variance = 100) assumed for the 
model coefficients in the Poisson model. For intercept in zero model, a normal distribution 
(mean = 0, variance - 2.3) was used. An inverse-logit transformation of this distribution is 
approximately uniform. A uniform prior distribution between 0 and 100 was assumed for the 
between-group variance parameters (0-10 for the standard deviation). 
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Code  

# Note that comments are preceded by the # sign. 
#  Attaching data tables and preparing data 
 
library(xtable) 
 
## ----readdata, echo=FALSE------------------------------------------------ 
dat <- read.table("../data/DeerDataMay72014.txt", header=TRUE, sep="\t") 
#str(dat) 
 
datSALT <- read.table("../data/DeerexSALTApr152014.txt", header=TRUE, sep="\t") 
datURIN <- read.table("../data/DeerexURINEApr152014.txt", header=TRUE, sep="\t") 
#str(datSALT) 
#str(datURIN) 
 
 
## ----dataprep, echo=FALSE------------------------------------------------ 
dat$obsid <- factor(1:nrow(dat)) # insert an observation level random factor 
 
# functions to be used later 
propzero <- function(x) sum(x==0)/length(x) 
 
 
# Preparations for the BUGS model 
 
library(R2WinBUGS) 
library(R2jags) 
# define distance classes 
breaks <-c(0, 50, 100, 200, 400, 600, 1001) # define classes 
dat$distclass <- cut(dat$distance, breaks=breaks) 
 
dat$distclassnum <- as.numeric(dat$distclass) 
tapply(dat$alldeer, dat$siteage, propzero) # proportion of zeros does not seem to depend on siteage 
 
tapply(dat$alldeer, dat$distclass, propzero) # no obvious trend 
#-> assume a constant proportion of zeros 
 
# not perfectly balanced, but observations in all combinations of age and habitat 
table(dat$siteage, dat$habitat) 
 
table(dat$habitat, dat$distclass) 
table(dat$site, dat$year) 
table(dat$site, dat$habitat) 
 
hist(tapply(dat$alldeer, list(site=dat$site), sum)) 
 
# Transforming covariates if distribution is too skewed 
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hist(dat$deerveg) 
dat$deerveg.log <- log(dat$deerveg+1) 
hist(dat$deerveg.log) 
dat$deerveg.log.z <- as.numeric(scale(dat$deerveg.log)) 
 
hist(dat$shrubcover) 
dat$shrubcover.log <- log(dat$shrubcover+1) 
hist(dat$shrubcover.log) 
dat$shrubcover.log.z <- as.numeric(scale(dat$shrubcover.log)) 
 
hist(dat$percentpine) 
dat$percentpine.z <- as.numeric(scale(dat$percentpine)) 
 
hist(dat$slopemax) 
dat$slopemax.z <- as.numeric(scale(dat$slopemax)) 
 
hist(dat$sinaspectmean) 
hist(dat$cosaspectmean) 
 
dat[is.na(dat$shrubcover),] # missing shrubcover: needs to be deleted 
dat <- dat[complete.cases(dat$shrubcover),] 
 
 
# Testing for spatial correlation, including plotting 
 
index <- dat$alldeer==0 
dat$transectid <- factor(paste(dat$site, dat$transect)) 
par(mar=c(5,5.5,0.5,0.5)) 
plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance (m)", ylab=NA) 
points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
 
# plot spatial correlation of zeros 
## ----label=spatialcorrzero,fig=TRUE,echo=FALSE, fig.height=4, dev='jpeg', dpi=400---- 
index <- dat$alldeer==0 
dat$transectid <- factor(paste(dat$site, dat$transect)) 
par(mar=c(5,5.5,0.5,0.5)) 
plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance (m)", ylab=NA) 
points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
 
 
# Additional preparations for the BUGS model 
 
## ----bundledata, echo=FALSE---------------------------------------------- 
# prepare data for WinBUGS 
datax <- list(y=dat$alldeer, habitat= as.numeric(dat$habitat), distcl=dat$distclassnum, 
old=as.numeric(dat$siteage=="old"), N=nrow(dat), site=as.numeric(factor(dat$site)), 
S=nlevels(factor(dat$site)), ndistclass=nlevels(dat$distclass), 
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              deerveg=dat$deerveg.log.z,  
              shrubcover=dat$shrubcover.log.z, 
              percentpine=dat$percentpine.z, 
              slopemax=dat$slopemax.z, 
              sinaspectmean=dat$sinaspectmean, 
              cosaspectmean=dat$cosaspectmean) 
 
 
# Defining BUGS model 
 
## ----bugsmoddefinition, echo=FALSE, results=TRUE,message=FALSE----------- 
sink("zip.model.txt") 
cat(" 
model{ 
  # ZIP model 
  for(i in 1:N){ 
    z[i]~dbern(p[i])            # probability of zero 
    logit(p[i]) <- a0 + sigma.z.site*rsite.z[site[i]] # prop zeros differs between sites 
    muz[i] <- (1-z[i])*mu[i]     
    y[i]~dpois(muz[i])        
  } 
 
  #linear predictors 
  for(i in 1:N){ 
    log(mu[i]) <- b0[habitat[i],distcl[i], old[i]+1] + b2*deerveg[i] + b3*shrubcover[i] + 
      b4*percentpine[i]+b5*slopemax[i]+b6*sinaspectmean[i] + b7*cosaspectmean[i]+ 
      sigmasite*rsite[site[i]] + od*robsid[i] 
  } 
 
  # random effects 
  for(i in 1:N){ 
    robsid[i]~dnorm(0,1) 
  } 
  for(j in 1:S){ 
    rsite.z[j]~dnorm(0,1) 
    rsite[j]~dnorm(0,1) 
  } 
  # priors 
  sigma.z.site ~ dunif(0,10) 
  sigmasite~dunif(0,10)  # between-site standard deviation 
  od~dunif(0,10)  # overdispersion 
  for(j in 1:2){ 
   for(k in 1:ndistclass){ 
     for(l in 1:2){ 
        b0[j,k,l]~dnorm(0,0.01) 
     } 
   } 
  } 
  a0~dnorm(0, 0.1) 
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  b2~dnorm(0, 0.01) 
  b3~dnorm(0, 0.01) 
  b4~dnorm(0, 0.01) 
  b5~dnorm(0, 0.01) 
  b6~dnorm(0, 0.01) 
  b7~dnorm(0, 0.01) 
} 
", fill=TRUE) 
sink() 
 
 
#Setting initial values for BUGS model 
 
# initial values 
inits <- function() list(b0=array(runif(2*datax$ndistclass*2, -1,1),  
                                  dim=c(2,datax$ndistclass, 2)),  
                         sigmasite=runif(1, 0,2), od=runif(1,0,2),  
                         z=as.numeric(datax$y==0)) 
 
parameters <- c("a0", "b0", "b2", "b3", "b4", "b5", "b6", "b7", "od", "sigma.z.site", "sigmasite", "rsite", 
"robsid", "rsite.z") 

nchains <- 2 
niter <- 50000 
nburnin <- 5000 
nthin <- 30 
 
 
#Running BUGS model 
 
## ----runbugs, echo=FALSE, eval=FALSE------------------------------------- 
## #mod <- bugs(datax, inits= inits, parameters.to.save=parameters, 
## #model.file="zip.model.txt", n.chains=nchains, n.iter=niter, n.burnin=nburnin, n.thin=nthin, 
debug=TRUE, 

## #bugs.directory="c:/Users/Fraenzi/WinBUGS14/", program="WinBUGS", 
working.directory=getwd()) 

##  
## # model does not run well with slice sampler, -> use jags 
 
 
# Trying out model in JAGS instead; perhaps better fit 
 
## mod <- jags(datax, inits= inits, parameters.to.save=parameters, 
## model.file="zip.model.txt", n.chains=nchains, n.iter=niter, n.burnin=nburnin, n.thin=nthin, 
working.directory=getwd()) 

##  
## save(mod, file="bugsZIP.RData") 
 
 
## ----resultsbugs, echo=FALSE, include=FALSE------------------------------ 
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load("../data/bugsZIP_140603.RData") 
mod <- mod$BUGSoutput 
 
 
# Assessing convergence of MCMCs 
 
## ----checkconvergence, echo=FALSE, eval=FALSE---------------------------- 
## # trace-plots not shown, but they looked very good despite the low number of effective samples 
## library(blmeco) 
## historyplot(mod, "a0") 
## historyplot(mod, "b0") 
## #historyplot(mod, "b1") 
## historyplot(mod, "od") 
## historyplot(mod, "sigma.z.site") 
##  
## mean(mod$mean$rsite) # looks ok 
## mean(mod$mean$rsite.z) # looks ok 
 
 
#Looking at Results, predictive model checking 
 
## ----resultsbugs1, echo=TRUE--------------------------------------------- 
# look at results 
round(mod$summary[c("a0", "b2", "b3", "b3", "b4", "b5", "b6", "b7", "od"),], 3) 
round(mod$summary["sigmasite",], 3) 
round(mod$summary["sigma.z.site",], 3) 
 
## ----predcheck, echo=FALSE, eval=FALSE----------------------------------- 
## # predictive model checking for model without interaction distance x old/new!! 
## # simulate replicated data from the model 
## yrep <- matrix(nrow=nrow(dat), ncol=nsim) # prepare matrix to store simulated counts 
## z <- matrix(nrow=nrow(dat), ncol=nsim) # prepare matrix to store sim z 
## nsim <- mod$n.sim  # extract number of simulations 
## for(r in 1:nsim){ 
##   logitp <- mod$sims.list$a0[r,] + mod$sims.list$sigma.z.site[r,]*mod$sims.list$rsite.z[r,datax$site] 
##   p <- plogis(logitp) 
##   z[,r] <- rbinom(nrow(z), p=p, size=1) # simulate z 
##   logmu <- numeric(nrow(dat)) 
##   for(i in 1:nrow(dat)){ 
##    logmu[i] <- mod$sims.list$b0[r, datax$habitat[i],datax$distcl[i]] + 
##      mod$sims.list$b1[r, datax$habitat[i]]*datax$old[i] + 
##      mod$sims.list$b2[r]*datax$deerveg[i] + 
##      mod$sims.list$b3[r]*datax$shrubcover[i] + 
##      mod$sims.list$b4[r]*datax$percentpine[i]+ 
##      mod$sims.list$b5[r]*datax$slopemax[i] + 
##      mod$sims.list$b6[r]*datax$sinaspectmean[i] + 
##      mod$sims.list$b7[r]*datax$cosaspectmean[i]+ 
##      mod$sims.list$sigmasite[r]*mod$sims.list$rsite[r, datax$site[i]] + 
##      rnorm(1, mean=0, sd=mod$sims.list$od[r]) 
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##   } 
##   mu <- exp(logmu) 
##   muz <- (1-z[,r])*mu 
##   yrep[,r]<- rpois(nrow(yrep), lambda=muz) 
##   } 
##  
## save(yrep, file="yrep140527.RData") 
 
 
#Plotting spatial correlation of zeros 
 
## ----predcheckspatial, echo=FALSE, include=FALSE------------------------- 
load("yrep140527.RData") 
 
par(mfrow=c(2,2), mar=c(5,0.5,0.5,0.5), oma=c(0,5,0,0)) 
for(r in 1:4){ 
  index <- yrep[,r]==0 
  plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance  (m)", ylab=NA) 
  points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
  if(is.element(r, c(1,3))) axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
} 
 
## ----label=predcheckspatialplot,fig=TRUE,echo=FALSE, fig.height=8, dev='jpeg', dpi=400---- 
load("yrep140527.RData") 
# plot spatial correlation of zeros 
 
par(mfrow=c(2,2), mar=c(5,0.5,0.5,0.5), oma=c(0,5,0,0)) 
for(r in 1:4){ 
  index <- yrep[,r]==0 
  plot(dat$distance, as.numeric(dat$transectid), yaxt="n", xlab="Distance  (m)", ylab=NA) 
  points(dat$distance[index], as.numeric(dat$transectid)[index], pch=16) 
  if(is.element(r, c(1,3))) axis(2, at=1:32, labels=levels(dat$transectid), cex.axis=0.7, las=1) 
} 
 
 
#Assessing simulated spatial autocorrelation 
 
## ----predcheckautocorr, echo=FALSE, include=FALSE------------------------ 
# count the number of adjacent zeros to measure spatial correlation 
nseries <- numeric(nlevels(dat$transectid)) 
for(i in 1:nlevels(dat$transectid)){ 
  index <- dat$transectid==levels(dat$transectid)[i] 
  zeros <- dat$alldeer[index]==0 
  zeros <- zeros[order(dat$distance[index])] 
  diffzeros <- diff(as.numeric(zeros)) 
  nrind <- c(1:length(zeros))[c(diffzeros, 0)!=0] 
  nseries[i] <- mean(diff(nrind)) 
} 
mean(nseries) # average length of 0 or 1-series along distance 
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quantile(nseries, prob=c(0.25, 0.75)) 
 
nseriesyrep <- matrix(nrow=nlevels(dat$transectid), ncol=5) 
for(r in 1:5){ 
  for(i in 1:nlevels(dat$transectid)){ 
    index <- dat$transectid==levels(dat$transectid)[i] 
    zeros <- yrep[index,r]==0 
    zeros <- zeros[order(dat$distance[index])] 
    diffzeros <- diff(as.numeric(zeros)) 
    nrind <- c(1:length(zeros))[c(diffzeros, 0)!=0] 
    nseriesyrep[i,r] <- mean(diff(nrind), na.rm=TRUE) 
  } 
} 
apply(nseriesyrep, 2, mean, na.rm=TRUE) # average length of 0 or 1-series along distance 
apply(nseriesyrep, 2, quantile, prob=c(0.25, 0.75), na.rm=TRUE) 
 
## ----predcheckpropzeros, echo=TRUE--------------------------------------- 
propzero(datax$y) # proportion of zeros in the observations 
quantile(apply(yrep, 2, propzero), prob=c(0.01, 0.25, 0.5, 0.75, 0.99)) 
 
## ----predcheck90q, echo=TRUE--------------------------------------------- 
quantile(datax$y, prob=0.9)# 90percent quantile 
quantile(apply(yrep, 2, quantile, prob=0.9), prob=c(0.01, 0.25, 0.5, 0.75, 0.99)) 
 
 
# Creating simple tables and a plot with results for Old sites and New sites, including fitted values 
 
## ----plotres, echo=FALSE, include=FALSE---------------------------------- 
newdat <- expand.grid(distance=30:1000, habitat=levels(dat$habitat), siteage=c("new", "old")) 
newdat$distclass <- cut(newdat$distance, breaks=breaks) 
newdat$distclassnum <- as.numeric(newdat$distclass) 
index <- newdat$distance>240 & newdat$habitat=="clearcut" 
newdat <- newdat[!index,] 
for(i in 1:2){ 
  for(j in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] &  
    newdat$siteage==levels(newdat$siteage)[j] 
  newdat$fit[index] <- exp(mod$mean$b0[i,,j])[newdat$distclassnum[index]] 
  newdat$lower[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.025))[newdat$distclassnum[index]] 

  newdat$upper[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.975))[newdat$distclassnum[index]] 

  } 
} 
  
par(mfrow=c(1,2)) 
for(j in 1:2){ 
  inddat <- dat$siteage==levels(dat$siteage)[j] 
  plot(dat$distance[inddat], jitter(log(dat$alldeer[inddat]+1), amount=0.05),  
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       ylab="log(alldeer+1)", ylim=c(0, 3.5), 
       xlab="distance", las=1, col=grey(0.5), main=levels(dat$siteage)[j]) 
for(i in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] & newdat$siteage==levels(newdat$siteage)[j] 
  lines(newdat$distance[index], log(newdat$fit[index]+1), lwd=2, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$lower[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$upper[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
} 
} 
 
## ----label=resultsbase,fig=TRUE,echo=FALSE, fig.height=4, dev='jpeg', dpi=400---- 
newdat <- expand.grid(distance=30:1000, habitat=levels(dat$habitat), siteage=c("new", "old")) 
newdat$distclass <- cut(newdat$distance, breaks=breaks) 
newdat$distclassnum <- as.numeric(newdat$distclass) 
index <- newdat$distance>240 & newdat$habitat=="clearcut" 
newdat <- newdat[!index,] 
for(i in 1:2){ 
  for(j in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] &  
    newdat$siteage==levels(newdat$siteage)[j] 
  newdat$fit[index] <- exp(mod$mean$b0[i,,j])[newdat$distclassnum[index]] 
  newdat$lower[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.025))[newdat$distclassnum[index]] 

  newdat$upper[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.975))[newdat$distclassnum[index]] 

  } 
} 
  
par(mfrow=c(1,2)) 
for(j in 1:2){ 
  inddat <- dat$siteage==levels(dat$siteage)[j] 
  plot(dat$distance[inddat], jitter(log(dat$alldeer[inddat]+1), amount=0.05),  
       ylab="log(alldeer+1)", ylim=c(0, 3.5), 
       xlab="distance", las=1, col=grey(0.5), main=levels(dat$siteage)[j]) 
for(i in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] & newdat$siteage==levels(newdat$siteage)[j] 
  lines(newdat$distance[index], log(newdat$fit[index]+1), lwd=2, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$lower[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$upper[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
} 
} 
 
 
 
# Assessing impact of addition of coyote urine to edges on deer pellet group counts 
 
#Loading data and setting up variables 
 
#hist(datURIN$deer) 
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#table(datURIN$beforeafter, datURIN$site, datURIN$distance, datURIN$forestclearcut) 
datURIN$distclass <- cut(datURIN$distance, breaks=breaks) 
datURIN$distclassnum <- as.numeric(datURIN$distclass) 
datax <- list(y=datURIN$deer,  
              N=nrow(datURIN), 
              site=as.numeric(datURIN$site),  
              S=nlevels(datURIN$site), 
              distcl=datURIN$distclassnum, 
              ndistcl=max(datURIN$distclassnum), 
              habitat=as.numeric(datURIN$forestclearcut), 
              treat=as.numeric(datURIN$beforeafter))              
 
 
# Defining BUGS model 
 
## ----bugsmoddefinitionurine, echo=FALSE, results=TRUE,message=FALSE------ 
sink("zip.modelurine.txt") 
cat(" 
model{ 
  # ZIP model 
  for(i in 1:N){ 
    z[i]~dbern(p[i])            # probability of zero 
    logit(p[i]) <- a0 + sigma.z.site*rsite.z[site[i]] # prop zeros differs between sites 
    muz[i] <- (1-z[i])*mu[i]     
    y[i]~dpois(muz[i])        
  } 
 
  #linear predictors 
  for(i in 1:N){ 
    log(mu[i]) <- b0[habitat[i],distcl[i], treat[i]] + 
      sigmasite*rsite[site[i]] + od*robsid[i] 
  } 
 
  # random effects 
  for(i in 1:N){ 
    robsid[i]~dnorm(0,1) 
  } 
  for(j in 1:S){ 
    rsite.z[j]~dnorm(0,1) 
    rsite[j]~dnorm(0,1) 
  } 
  # priors 
  sigma.z.site ~ dunif(0,10) 
  sigmasite~dunif(0,10)  # between-site standard deviation 
  od~dunif(0,10)  # overdispersion 
  for(j in 1:2){ 
   for(k in 1:ndistcl){ 
     for(l in 1:2){ 
        b0[j,k,l]~dnorm(0,0.01) 
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     } 
   } 
  } 
  a0~dnorm(0,0.44) 
} 
", fill=TRUE) 
sink() 
 
 
# Setting initial values 
 
inits <- function() list(b0=array(runif(2*datax$ndistcl*2, -1,1),  
                                  dim=c(2,datax$ndistcl, 2)),  
                         sigmasite=runif(1, 0,2), od=runif(1,0,2),  
                         z=as.numeric(datax$y==0)) 
 
parameters <- c("a0", "b0", "od", "sigma.z.site", "sigmasite", "rsite", "robsid", "rsite.z") 
nchains <- 2 
niter <- 50000 
nburnin <- 5000 
nthin <- 30 
 
 
# Running model for coyote urine 
 
## ----runbugsurine, echo=FALSE, eval=FALSE-------------------------------- 
## modurine <- jags(datax, inits= inits, parameters.to.save=parameters, 
## model.file="zip.modelurine.txt", n.chains=nchains, n.iter=niter, n.burnin=nburnin, n.thin=nthin, 
working.directory=getwd()) 

##  
## save(modurine, file="bugsZIPurine.RData") 
 
## ----loadurine, echo=FALSE----------------------------------------------- 
load("bugsZIPurine.RData") 
mod <- modurine$BUGSoutput 
 
## ----checkconvergenceurine, echo=FALSE, eval=FALSE----------------------- 
## # assess convergence of MCMCs 
## # trace-plots not shown, but they looked very good despite the low number of effective samples 
## historyplot(mod, "a0") 
## historyplot(mod, "b0") 
## historyplot(mod, "od") 
## historyplot(mod, "sigma.z.site") 
##  
## mean(mod$mean$rsite) # looks ok 
## mean(mod$mean$rsite.z) # looks not ok, but will not affect conclusions 
 
 
## ----resultsbugs1urine, echo=TRUE---------------------------------------- 
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# look at results 
round(mod$summary[c("a0", "od"),], 3) 
round(mod$summary["sigmasite",], 3) 
round(mod$summary["sigma.z.site",], 3) 
 
 
# Creating simple tables and a plot with results for Before and After, including fitted values 
 
## ----plotresurine, echo=FALSE, include=FALSE----------------------------- 
newdat <- expand.grid(distance=30:235, habitat=levels(dat$habitat), treat=c("after", "before")) 
newdat$distclass <- cut(newdat$distance, breaks=breaks) 
newdat$distclassnum <- as.numeric(newdat$distclass) 
 
for(i in 1:2){ 
  for(j in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] &  
    newdat$treat==levels(newdat$treat)[j] 
  newdat$fit[index] <- exp(mod$mean$b0[i,,j])[newdat$distclassnum[index]] 
  newdat$lower[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.025))[newdat$distclassnum[index]] 

  newdat$upper[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.975))[newdat$distclassnum[index]] 

  } 
} 
 
datURIN$beforeafter <- factor(datURIN$beforeafter, levels=c("before", "after")) 
newdat$treat <- factor(newdat$treat, levels=c("before", "after")) 
par(mfrow=c(1,2)) 
for(j in 1:2){ 
  inddat <- datURIN$beforeafter==levels(datURIN$beforeafter)[j] 
  plot(datURIN$distance[inddat], jitter(log(datURIN$deer[inddat]+1), amount=0.05),  
       ylab="log(deer+1)", ylim=c(0, 3.5), 
       xlab="distance", las=1, col=grey(0.5), main=levels(datURIN$beforeafter)[j]) 
for(i in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] & newdat$treat==levels(newdat$treat)[j] 
  lines(newdat$distance[index], log(newdat$fit[index]+1), lwd=2, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$lower[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$upper[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
} 
} 
 
## ----label=resultsbaseurine,fig=TRUE,echo=FALSE, fig.height=4, dev='jpeg', dpi=400---- 
newdat <- expand.grid(distance=30:235, habitat=levels(dat$habitat), treat=c("after", "before")) 
newdat$distclass <- cut(newdat$distance, breaks=breaks) 
newdat$distclassnum <- as.numeric(newdat$distclass) 
 
for(i in 1:2){ 
  for(j in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] &  
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    newdat$treat==levels(newdat$treat)[j] 
  newdat$fit[index] <- exp(mod$mean$b0[i,,j])[newdat$distclassnum[index]] 
  newdat$lower[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.025))[newdat$distclassnum[index]] 

  newdat$upper[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.975))[newdat$distclassnum[index]] 

  } 
} 
 
datURIN$beforeafter <- factor(datURIN$beforeafter, levels=c("before", "after")) 
newdat$treat <- factor(newdat$treat, levels=c("before", "after")) 
par(mfrow=c(1,2)) 
for(j in 1:2){ 
  inddat <- datURIN$beforeafter==levels(datURIN$beforeafter)[j] 
  plot(datURIN$distance[inddat], jitter(log(datURIN$deer[inddat]+1), amount=0.05),  
       ylab="log(deer+1)", ylim=c(0, 3.5), 
       xlab="distance", las=1, col=grey(0.5), main=levels(datURIN$beforeafter)[j]) 
for(i in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] & newdat$treat==levels(newdat$treat)[j] 
  lines(newdat$distance[index], log(newdat$fit[index]+1), lwd=2, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$lower[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$upper[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
} 
} 
 
 
 
# Assessing impact of addition of salt licks to edges on deer pellet group counts 
 
#Loading data and setting up variables 
 
str(datSALT) 
#hist(datURIN$deer) 
#table(datURIN$beforeafter, datURIN$site, datURIN$distance, datURIN$forestclearcut) 
datSALT$distclass <- cut(datSALT$distance, breaks=breaks) 
datSALT$distclassnum <- as.numeric(datSALT$distclass) 
datax <- list(y=datSALT$deer,  
              N=nrow(datSALT), 
              site=as.numeric(datSALT$site),  
              S=nlevels(datSALT$site), 
              distcl=datSALT$distclassnum, 
              ndistcl=max(datSALT$distclassnum), 
              habitat=as.numeric(datSALT$forestclearcut), 
              treat=as.numeric(datSALT$beforeafter))              
 
 
# Defining BUGS model, same initial values used as for urine analysis. Running model for salt licks. 
 
## ----runbugssalt, echo=FALSE, eval=FALSE--------------------------------- 
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## modsalt <- jags(datax, inits= inits, parameters.to.save=parameters, 
## model.file="zip.modelurine.txt", n.chains=nchains, n.iter=niter, n.burnin=nburnin, n.thin=nthin, 
working.directory=getwd()) 

##  
## save(modsalt, file="bugsZIPsalt.RData") 
 
 
## ----loadsalt, echo=FALSE------------------------------------------------ 
load("bugsZIPsalt.RData") 
mod <- modsalt$BUGSoutput 
 
 
## ----checkconvergencesalt, echo=FALSE, eval=FALSE------------------------ 
## # assess convergence of MCMCs 
## # trace-plots not shown, but they looked very good despite the low number of effective samples 
## historyplot(mod, "a0") 
## historyplot(mod, "b0") 
## historyplot(mod, "od") 
## historyplot(mod, "sigma.z.site") 
##  
## mean(mod$mean$rsite) # looks ok 
## mean(mod$mean$rsite.z) # looks not ok but will not influence the results 
 
## ----resultsbugssalt, echo=TRUE------------------------------------------ 
# look at results 
round(mod$summary[c("a0", "od"),], 3) 
round(mod$summary["sigmasite",], 3) 
round(mod$summary["sigma.z.site",], 3) 
 
 
# Creating simple tables and a plot with results for Before and After, including fitted values 
 
## ----plotressalt, echo=FALSE, include=FALSE------------------------------ 
newdat <- expand.grid(distance=30:235, habitat=levels(dat$habitat), treat=c("after", "before")) 
newdat$distclass <- cut(newdat$distance, breaks=breaks) 
newdat$distclassnum <- as.numeric(newdat$distclass) 
 
for(i in 1:2){ 
  for(j in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] &  
    newdat$treat==levels(newdat$treat)[j] 
  newdat$fit[index] <- exp(mod$mean$b0[i,,j])[newdat$distclassnum[index]] 
  newdat$lower[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.025))[newdat$distclassnum[index]] 

  newdat$upper[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.975))[newdat$distclassnum[index]] 

  } 
} 
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# change the order of the factor levels for the plot 
datSALT$beforeafter <- factor(datSALT$beforeafter, levels=c("before", "after")) 
newdat$treat <- factor(newdat$treat, levels=c("before", "after")) 
 
par(mfrow=c(1,2)) 
for(j in 1:2){ 
  inddat <- datSALT$beforeafter==levels(datSALT$beforeafter)[j] 
  plot(datSALT$distance[inddat], jitter(log(datSALT$deer[inddat]+1), amount=0.05),  
       ylab="log(deer+1)", ylim=c(0, 3.5), 
       xlab="distance", las=1, col=grey(0.5), main=levels(datURIN$beforeafter)[j]) 
for(i in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] & newdat$treat==levels(newdat$treat)[j] 
  lines(newdat$distance[index], log(newdat$fit[index]+1), lwd=2, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$lower[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$upper[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
} 
} 
 
## ----label=resultssalt,fig=TRUE,echo=FALSE, fig.height=4, dev='jpeg', dpi=400---- 
newdat <- expand.grid(distance=30:235, habitat=levels(dat$habitat), treat=c("after", "before")) 
newdat$distclass <- cut(newdat$distance, breaks=breaks) 
newdat$distclassnum <- as.numeric(newdat$distclass) 
 
for(i in 1:2){ 
  for(j in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] &  
    newdat$treat==levels(newdat$treat)[j] 
  newdat$fit[index] <- exp(mod$mean$b0[i,,j])[newdat$distclassnum[index]] 
  newdat$lower[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.025))[newdat$distclassnum[index]] 

  newdat$upper[index] <- exp(apply(mod$sims.list$b0[,i,,j],2, quantile, 
prob=0.975))[newdat$distclassnum[index]] 

  } 
} 
 
# change the order of the factor levels for the plot 
datSALT$beforeafter <- factor(datSALT$beforeafter, levels=c("before", "after")) 
newdat$treat <- factor(newdat$treat, levels=c("before", "after")) 
 
par(mfrow=c(1,2)) 
for(j in 1:2){ 
  inddat <- datSALT$beforeafter==levels(datSALT$beforeafter)[j] 
  plot(datSALT$distance[inddat], jitter(log(datSALT$deer[inddat]+1), amount=0.05),  
       ylab="log(deer+1)", ylim=c(0, 3.5), 
       xlab="distance", las=1, col=grey(0.5), main=levels(datURIN$beforeafter)[j]) 
for(i in 1:2){ 
  index <- newdat$habitat==levels(newdat$habitat)[i] & newdat$treat==levels(newdat$treat)[j] 
  lines(newdat$distance[index], log(newdat$fit[index]+1), lwd=2, col=c("orange", "blue")[i]) 
  lines(newdat$distance[index], log(newdat$lower[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
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  lines(newdat$distance[index], log(newdat$upper[index]+1), lwd=2, lty=3, col=c("orange", "blue")[i]) 
} 
} 
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