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ABSTRACT 

 

THE INFLUENCE OF PREY AVAILABILITY, HABITAT ATTRIBUTES 
AND OTHER FACTORS ON SPACE USE BY SOCIAL CARNIVORES. 

 

Andrew Marten Kittle      Advisor: 
University of Guelph, 2014      Professor John M. Fryxell 
 
 

 Ecology is the study of the processes resulting in the observed distribution and 

abundance patterns of organisms across the landscape. These patterns reflect individual 

movement decisions, the cumulative effects of which result in population-level patterns that 

drive systems. Of profound importance therefore, is determining the factors that influence 

these decisions. This is vital for apex, social predators given their potential to strongly 

influence the spatial patterns of their prey both directly through the predation process and 

indirectly mediated by their prey’s behavioural responses to perceived predation risk. 

These influences can resonate across trophic levels. In this PhD thesis I investigate the 

factors affecting space use decisions by two apex social carnivores in contrasting systems 

with an emphasis on directly comparing the most fundamental potential drivers - prey 

distribution and habitat attributes that enable efficient prey capture. I employ a novel 

methodological approach by creating population-level utilization distributions constructed 

from those at the individual group-level, as a measure of predator space use. This allows 

for broad-scale patterns to be assessed while retaining individual group-level variation and 

reflecting territoriality. Results indicate that social predator space use is consistently 

influenced by habitat attributes that should improve predation efficiency either by 

increasing the vulnerability of potential prey or by spatially anchoring predator search to 



compensate for unpredictable prey movement. While habitat attributes are influential 

across seasons and at a variety of spatial scales, I also find that prey availability is an 

important additional predictor of predator space use under certain ecological conditions, 

specifically when overall prey abundance is high. This implication of a possible threshold in 

prey density impacting predator spatial behaviour is intriguing and opens a fertile area of 

further study. I also clearly demonstrate that predators are adapting territory size, not 

group size, to local habitat quality, suggesting an adaptive way to balance tradeoffs 

between the costs of territorial defense and gains of resource acquisition. Overall my thesis 

provides compelling evidence identifying and meaningfully comparing important factors 

underlying predator space use and contributes positively to the ongoing effort to gain a 

comprehensive understanding of the behavioural processes that define and structure 

systems.        
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Prologue 

Apex predators are instrumental, via direct and indirect pathways, in influencing the 

structure and function of diverse ecosystems (Ripple et al. 2014). Their position atop food webs 

allows them to have direct and indirect impacts on the survival, demography and distribution of 

prey species given that predation can regulate prey populations (Messier & Crête 1985; Gasaway 

et al. 1992; Messier 1994; Sinclair et al. 1998; Hayes & Harestad 2000; Jedrzejewski et al. 2002) 

and impact persistence by driving prey towards extinction (Sinclair et al. 1998; Hayes et al. 

2000). The non-lethal risk of predation, mediated through prey behavior, can result in cascading 

effects which resonate across trophic levels (Schmitz 1998; Harrington et al. 1999; Hebblewhite 

et al. 2005a). These interactions are mediated by the animals’ patterns of space use, so where 

predators move through the landscape dictates prey availability, predation rate and how prey 

perceive risk (McPhee et al.  2012). An important component of the lethal predation process or 

non-lethal predation risk is therefore the predator’s space use decisions, comprehension of which 

is fundamental for understanding ecosystem dynamics (Boyce & McDonald 1999; Abrams et al. 

2007).  

Lethal predation underlies predator-prey dynamics and is described by the functional 

response; a measure of the rate at which an individual predator consumes prey as a function of 

prey density (Holling 1959). The functional response, in its simplest form, is composed of search 

time, search efficiency (or attack rate) and prey density (Holling 1959). We assume a predator’s 

interest is to behave such that these functional response components increase, thus increasing 

predation rate. This links with classic foraging theory which suggests, all else being equal, that 

foragers should choose the most prey abundant patch (Stephens & Krebs 1986; Lima 2002). First 
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order (Johnson 1980) observations generally support this theory, whereby predator distribution 

broadly reflects prey density (Carbone & Gittleman 2002). In 2nd order selection this pattern is 

indicated by the inverse correlation between home range sizes of territorial carnivores and 

available prey biomass (Palomares et al. 2001; Markar & Dickman 2005). Even 3rd order 

predator selection often indicates preference for areas of high prey density (Kolowski & 

Holekamp 2009; Davidson et al. 2012). However, the manner in which predators utilize the 

landscape depends on more than the distribution of their prey in isolation, a fact exemplified by 

rate-maximizing models that are typically only partially correct in that foragers, though sensitive 

to their rate of energy gain, rarely maximize it (Nonacs 2001; Bednekoff 2007). 

A second fundamental factor which necessarily shapes predator space use is the myriad 

attributes of the landscape including its physical configuration and ecological characteristics. 

Landscape attributes can influence spatial decisions made by predators in a variety of important 

ways, including by allowing predators to increase search efficiency by cueing in on otherwise 

unpredictable prey items (Flaxman & Lou 2009). A complementary strategy involves increasing 

area searched/unit time (Holling 1959), most directly by increasing movement rate across the 

landscape. Landscape features influence an area’s receptiveness for animal movement or 

permeability (Singleton et al.  2002). A landscape’s permeability to intra-territorial movement 

determines the type and quantity of resources available in an animal’s daily or seasonal 

movements, influencing individual reproduction and survival (Stephens & Krebs 1986; Dobson 

et al. 1999). To inter-territorial movement, permeability affects basic ecological functions (e.g. 

dispersal) and meta-population functions (e.g. gene flow between sub-populations) (Hanski & 

Gilpin 1997). Effects of landscape permeability vary by species, but are particularly important 

for those, like large carnivores, utilizing large home ranges and existing at relatively low 
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densities (Weaver et al. 1996). Landscape attributes can additionally be used by predators to 

improve predation efficiency through the selection of areas which increase the vulnerability of 

prey to predation (Hebblewhite et al. 2005b). By concentrating activity in these locations, 

predators can essentially manipulate the landscape not to increase the rate at which they 

encounter potential prey but to improve the conditional probability that they will successfully 

capture and subdue prey upon encounter (Hopcraft et al. 2005).  

In addition to prey distribution and landscape attributes other factors can also act to 

modify predator spatial behaviour. It is increasingly rare, for example, to encounter landscapes 

occupied by large, social carnivores where anthropogenic disturbance is absent. How predators 

respond to these disturbances is reflected in their space use patterns and has potentially important 

ramifications for species distribution, predator-prey dynamics and the persistence of threatened 

species (Latham et al. 2011; Lesmerises et al. 2012). Competitors also exert considerable 

influence on space use patterns, particularly those of territorial carnivores (Vanak et al.  2013). 

These influences can be from con-specifics (Moorcroft & Lewis 2006; Mosser et al. 2009) as 

well as inter-specifics (Broekhuis et al. 2013; Vanak et al. 2013).    

  In this thesis I investigate all of these potentially influential factors as they relate to 

space use decisions by large, social carnivores. I use a novel approach to quantifying predator 

space use by combining individual predator group utilization distributions (UDs), sometimes 

weighted by group size, into seasonal population level measures of use. This careful 

amalgamation allows for predator spatial utilization to be understood at the broad scale while 

still incorporating individual group-level variability. Underlying the thesis is an investigation of 

the strength and relative importance of links between predator space use and the 

spatiotemporally variable availability of prey on one hand and landscape attributes that can be 
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used to improve predation efficiency on the other. This fundamental comparison is explored in 

every chapter.  

Where prey are mobile, the predators tracking them are faced with a resource continually 

moving in order to remain elusive (Mitchell & Lima 2002). Tri-trophic foraging models predict 

predator distribution to be influenced less by prey density than the distribution of its prey’s 

resources, despite having no direct interaction with those resources (Flaxman & Lou 2009). This 

resource tracking or “leap-frogging” (Sih 2005) confers maximum advantage to predators when 

prey are mobile and their resources stationary, requiring less time and energy than tracking prey 

directly given that resource locations are spatially predictable (Flaxman & Lou 2009). This is 

equivalent to increasing search efficiency in the functional response. Resource tracking may 

therefore be an adaptive mechanism and possibly constitutes a predator’s only feasible option 

under many ecological scenarios. Despite its intuitive appeal and substantial theoretical support 

(Iwasa 1982; Hugie & Dill 1994; Sih 1998; Bouskila 2001; Heithaus 2001; Rosenheim 2004) 

few empirical studies have explicitly investigated predator space use from this perspective (but 

see Bouskila 2001; Sih 2005; Hammond et al. 2007; Courbin et al. 2014). This investigation 

forms the basis for the first chapter of this thesis where I focus on population-level predator 

space use in a landscape characterized by gradients in predator and prey densities as well as 

levels of anthropogenic disturbance. Specifically I ask whether wolves (Canis lupus), as 

coursing, social, territorial carnivores are disproportionately utilizing areas of higher prey 

abundance; specifically moose (Alces alces) and woodland caribou (Rangifer tarandus); or rather 

focusing on areas with abundant forage resources for these prey. Additionally I ask how 

landscape permeability, in the form of natural and anthropogenic linear features affects predator 

space use across this heterogeneous system.  
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The second chapter investigates how these territorial, social carnivores modify space use 

as a function of overall habitat quality. I use selection indices of preferred prey (moose) as an 

index of quality, as well as land cover types disproportionately utilized by predators in a 

population level resource utilization model. I first confirm that predator density increases with 

perceived habitat quality before asking whether this is a result of predators adjusting territory 

size or group size in response to habitat conditions. I further investigate how weighting space use 

estimates by group size affects the output of resource utilization models and discuss the 

implications.  

Chapter three compares a mechanistic model composed of predator density, relative prey 

use and prey vulnerability to a landscape attribute model as they describe the spatial probability 

of a moose kill. This work expands on the general theme contrasting the influence of prey 

distribution to that of habitat attributes, by extending the investigation beyond the initial 

predation phase (i.e. searching) to the ultimate predation location, the killsite.  

In chapter four I return to an investigation of population level space use behaviour and 

again explicitly explore the relative influence of prey availability and landscape features – this 

time those that increase prey vulnerability - on seasonal landscape utilization patterns by social 

carnivores. This time, however, the focus of the analysis, the African lion (Panthera leo), is an 

ambush predator and therefore expected to both perceive and utilize the landscape differently. In 

addition, the system itself is vastly different - the tropical woodland-grassland mosaic of 

Serengeti National Park’s western corridor - characterized by a contrasting assemblage of 

available prey which includes multiple species and extreme temporal variability due to the 

wildebeest (Connochaetes taurinus) migration. Furthermore I test the influence of the lion’s 
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primary inter-specific competitor, the spotted hyena (Crocuta crocuta), on lion space use 

patterns as an alternate hypothesis. 

In chapter five I remain within this system but turn my attention to the hierarchical steps 

of the predation process to investigate both spatial and temporal patterns as they relate to lions 

encountering, attacking and killing prey. The familiar contrast between prey availability and 

landscape attributes underlies the analysis which also includes an indirect measure of intra-

specific competition. I determine, from direct observations, temporally explicit event 

probabilities for each stage of the predation process as well as conditional probabilities of the 

nested stages.    

Overall this thesis comprehensively investigates social predator space use at multiple 

scales and during every step of the predation process, from searching, through encountering, 

attacking and finally, the kill. The depth of the work is increased by the rare ability to investigate 

these questions of broad theoretical interest at broad ecological scales using two apex carnivores 

representing vastly different and heterogeneous systems.  
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Chapter 1: Linking prey distribution, prey resource 

distribution and predator mobility to landscape level 

predator space use patterns 

Abstract 

Predator space use profoundly influences ecosystem dynamics, both directly through the 

predation process and indirectly through non-lethal predation risk mediated by prey behaviour. 

Both processes hinge on predators encountering potential prey and it is generally assumed that a 

fundamental goal for a foraging predator is to maximize encounter rate.  One strategy to achieve 

this is disproportionately utilizing areas of the landscape where prey densities are high. Predicted 

by classic foraging models, first order predator distribution broadly adheres to this expectation. 

Alternatively, where prey is mobile and therefore spatially unpredictable, predators can exploit 

patches of their prey’s preferred resources. This is predicted by tri-trophic foraging models 

which allow both predators and prey to move and respond to each other’s movements. 

Theoretically robust, there is little empirical support for this hypothesis, particularly at broad 

spatial scales. A third, potentially complementary strategy is to utilize features that increase 

landscape permeability and thus predator mobility. Here we used novel population-level predator 

utilization distributions in a single-predator (wolf), two-prey (moose and caribou) system to 

evaluate these space use hypotheses in two large study areas with contrasting human impacts, 

predator and prey densities. Results indicate that wolves consistently used areas of the landscape 

rich in their preferred prey’s (moose) forage, as indicated by deciduous and mixed forests as well 

as successional, post-disturbance areas. The direct utilization of prey-rich areas was also 

observed in the site with a high density of moose whereas features increasing predator mobility 
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strongly impacted wolf space use patterns in the site with low moose density. This indicates that 

wolf foraging decisions are influenced by local ecological conditions, specifically prey density, 

whereby they utilize prey-rich areas when preferred prey density exceeds a threshold that makes 

this profitable and disproportionately use features that promote mobility to increase encounter 

rates when low prey density makes directly tracking prey distribution unprofitable. 
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Introduction 

Predators have fundamental impacts on the survival, demography and distribution of prey 

species. Predation can regulate prey populations (Gasaway et al. 1992; Messier 1994; 

Jedrzejewski et al. 2002) or otherwise reduce persistence by driving prey towards extinction 

(Sinclair et al. 1998; Hayes et al. 2000). The non-lethal risk of predation, mediated through prey 

behavioral responses, can also result in cascading effects which resonate across trophic levels 

(Schmitz et al. 1997; Hebblewhite et al. 2005; Fortin et al. 2005). These interactions are 

mediated by space use patterns of both predator and prey, so how predators select to move 

through the landscape dictates prey availability (Courbin et al. 2013; McPhee et al. 2012a), 

predation rate (Kauffman et al. 2007; McPhee et al. 2012b) and how prey perceive risk 

(Middleton et al. 2013).  

An essential component of the lethal predation process or non-lethal predation risk is the 

rate at which a predator encounters prey (Lima & Dill 1990). This predator-prey encounter rate 

underlies the functional response and is central to understanding predator-prey dynamics 

(Holling 1959). From the perspective of a foraging predator, maximizing this rate is of 

fundamental importance as it leads to more efficient predation which then links to increased 

fitness (Stephens & Krebs 1986). Perhaps the most intuitive way that encounter rate can be 

maximized is by exploiting locations on the landscape where prey density is highest (Carbone & 

Gittleman 2002). However mobile prey can be unpredictable in space so an alternate strategy is 

to track areas where the prey’s forage is abundant (Mitchell & Lima 2002). Termed 

“leapfrogging” (Sih 2005), this is predicted by tri-trophic foraging models which allow both 

predators and prey to move and respond to each other’s movements (Iwasa 1982) but it has 

rarely been empirically observed (Hammond et al. 2007), particularly at large spatial scales 
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(Flaxman & Lou 2009). A third strategy is to increase movement rate or mobility across the 

landscape (Hutchinson & Waser 2007) which can have a significant positive impact on kill rate 

(Vander Vennen 2014). An enhanced understanding of the processes driving landscape-level 

predator spatial behaviour allows for the advancement of ecological theory (Lima 2002) and is 

necessary to effectively manage populations increasingly impacted by anthropogenic processes.  

Here we used novel population-level utilization distributions generated from GPS 

telemetry data from 30 wolf (Canis lupus) packs to empirically investigate 2nd order (Johnson 

1980) predator space use behavior in a system with wolves, moose (Alces alces) and woodland 

caribou (Rangifer tarandus caribou) in Northern Ontario. Our study areas exhibit contrasting 

levels of anthropogenic impact, prey and predator densities. Our objective was to investigate 

which alternate hypothesis – prey distribution, the distribution of prey forage resources or 

predator mobility - exerts most influence on observed broad scale patterns of wolf space use 

within these contrasting sites.  

Predators directly tracking their prey are expected to select areas on the landscape with 

high prey abundance. Support for this hypothesis should see wolves utilizing areas of high 

moose abundance in the disturbed site, where moose density is high, and selection for areas of 

high moose or caribou abundance in the undisturbed site, where moose density is lower. If 

predators are tracking their preys’ resources, we expect to see utilization of areas rich in the 

preferred forage of their main prey. In the disturbed site we should then see disproportionate use 

of areas of preferred moose forage (deciduous/mixed and post-harvest successional forest 

(Dussault et al. 2005; Brown 2011)) and in the undisturbed site we expect wolves to use these 

areas as well as areas of high quality caribou forage (mature conifer and sparse forest (Ferguson 

& Elkie 2004; McLoughlin et al. 2005)). Finally, if predator mobility is driving wolf space use 
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we expect to see wolves exploiting features that increase landscape permeability as these allow 

for increased movement rates (Musiani et al. 1998). In the disturbed site we expected wolves to 

exploit low-use anthropogenic features whereas in the undisturbed site we expected wolves to 

utilize natural corridors (Latham et al. 2011).  

Materials and Methods 

Study area 

The research was conducted at two large 21000+ km² sites in Northern Ontario’s Shield 

Ecozone (Crins et al. 2009; Fig. 1). Dominant tree species are black spruce (Picea mariana), 

jack pine (Pinus banksiana), white spruce (Picea glauca) and balsam fir (Abies balsamea) with 

deciduous species white birch (Betula papyrifera) and trembling aspen (Populus tremuloides) 

also common (Crins et al. 2009). Low-lying sites harbor tamarack (Larix larcinia) and white 

cedar (Thuja occidentalis). Winters are long and cold, summers short. Lakes and rivers are 

abundant.  

The southeast site (86°32’W, 50° 57’N to 88°33’W, 49°49’N), centered on Nakina 

township, is characterized by substantial anthropogenic disturbance whereas the northwest site 

(89°51’W, 52° 6’N to 92°1’W’, 51°1’N), centered on Pickle Lake township, is relatively pristine 

(Fig. 1). The difference is predominantly due to active timber harvest operations around Nakina 

but not Pickle Lake which is beyond the northern limit of sanctioned extraction (51° N), as 

defined by the Ontario Ministry of Natural Resources’ Area of the Undertaking. The disturbed 

site contains 1369 km of primary and secondary roads and 8163 km of tertiary roads (e.g. 

forestry roads) compared to 223.8 and 322.5 km respectively in the undisturbed site. Disturbed 

forest areas are smaller and more uniformly distributed in Nakina, comprising a larger portion of 
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the landscape than in Pickle Lake (23.5% to 9%), where the majority of total disturbance stems 

from 3 major fire events (>20000 hectares each; Fig. 1). Timber extraction has impacted forest 

composition with undisturbed coniferous forest comprising 18.5% of land cover in Nakina and 

38.2% in Pickle Lake.  

Wolf density estimates derived from the total number of known individuals within the 

minimum convex polygon (MCP) of all telemetry re-locations indicate 5.1/1000km² in the 

disturbed site and 3.1/1000km² in the undisturbed site. Moose are this system’s most abundant 

ungulate and aerial surveys indicate average density in the disturbed site 1.9X that in the 

undisturbed site (see methodology below). Caribou, sympatric with moose here as they are 

throughout much of the boreal forest, are usually secondary prey for wolves where moose are 

present (Seip 1992). Nonetheless wolves are the main predator of woodland caribou throughout 

most of North America (McLoughlin et al. 2003).  

Telemetry data collection 

Between January 2010 and January 2013 50 wolves were tracked using fitted GPS 

telemetry collars (Lotek 7000MA, 7000SAW, Lotek Inc, Newmarket, Ontario); 35 individuals 

representing 19 packs in the disturbed site and 15 from 11 packs in the undisturbed site. Wolves 

were captured using padded leg-hold traps (#7 EZ grip, Livestock Protection Co., Alpine, Texas) 

during summer (2010 – 12) and helicopter net-gunning (Bighorn Helicopters, Cranbrook, BC) in 

winter (2010 – 12). Summer captures were immobilized via injection with a mixture of xylazine 

hydrochloride (2 mg/kg) and Telazol (4 mg/kg), with a yohimbine (0.15 mg/kg) antagonist. 

Winter captures were not chemically immobilized but physically restrained during collaring 

(Barrett et al. 1982). Wolf re-locations were recorded every 2.5- 5 hours. Fix rate success was 
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>90% (91%, range 77-99%, n=17, Anderson 2012) so resource utilization analyses were 

unbiased (Frair et al. 2004).  During this period 124 woodland caribou, 60 in Auden and 64 in 

Pickle Lake, were captured using helicopter net-gunning and fitted with GPS telemetry collars 

(Lotek, Newmarket, Ontario). Caribou relocations were recorded every 2.5, 5 or 25 hours. 

Animal handling was approved by University of Guelph’s Animal Protocol and Ontario Ministry 

of Natural Resources (permits 10/11/12-218).  

Landscape-level utilization distribution 

A utilization distribution (UD) is a probability density function quantifying intensity of 

space use (Van Winkle 1975; Kernohan et al. 2001) that provides valuable insight into areas of 

an animal’s range important for fundamental behaviours (e.g. foraging or resting; Powell 2000) 

and can be linked to resource attributes in a spatially explicit manner (Marzluff et al. 2004). 

Typically UDs are determined per individual and the un-standardized coefficients from resulting 

resource utilization functions (RUFs) averaged to infer population-level relationships between 

animals and their resources (e.g. Marzluff et al. 2004, Long et al. 2009). We instead developed 

winter (November 1st to April 30th) population-level UDs for each study area. An advantage of 

this approach is that utilization patterns across the landscape are not inferred from a more 

restricted area of observation, but are directly-informed based upon telemetry relocations. By 

constructing UDs from the pack level up, this method incorporates individual variation in 

utilization into the population-level UD allowing this potentially important determinant of 

resource use patterns its appropriate context (Bolnick et al. 2003) and implicitly includes 

territoriality into the UD construction process.     
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We sub-sampled telemetry relocations, maintaining a 5-hour fix interval across 

individuals to eliminate bias resulting from unequal re-location intervals.  When packs had >1 

collared individual in a single winter, we combined telemetry relocations to maximize coverage 

for each pack without using points from >1 temporally overlapping individual. We used fixed-

kernel density estimates (kde), a common method used to characterize animal home ranges 

(Laver & Kelly 2008; Fig. 2), to develop UDs (100 x 100m cell size) for each pack during each 

year (adehabitatHR in R). In kde analysis the smoothing bandwidth determines the outer 

contours of the range and influences UD estimation (Kie et al. 2010) but despite its importance 

there is no established best method of choosing a bandwidth a priori (Worton 1989). For the 

purpose of the current inquiry we are interested in contiguous home ranges. We accordingly 

reduced the reference bandwidth sequentially by 0.1 to the point just prior to where the 99% UD 

fragmented into multiple polygons (Mills et al. 2006; Berger & Gese 2007; Jacques et al. 2009; 

Kie 2013).  

We converted kernel UDs (kUDs) to volume UDs (vUDs) which describe the proportion 

of the total home range utilized for a given cell to be included (Calenge 2006). We subtracted 

vUD values from 100 for a more intuitive measure for each cell (i.e. a cell with vUD of 90.5% 

becomes 100 - 90.5 = 9.5). To remove bias imposed by differing home range sizes we integrated 

to 1 for each individual pack by dividing each cell value by the sum of all UD cell values. We 

then multiplied by pack size as estimated during collaring or follow-up monitoring. If multiple 

pack ranges overlapped single cells on the landscape, values were summed to determine the 

cumulative cell value for each year. We then integrated to 1 for each winter/year by dividing 

each cell’s cumulative value by the sum of all pack-weighted cell values in the UD. The resulting 

values represent winter wolf probability densities in each spatial cell.  



19 
 

This was repeated for each year in both study areas. We then averaged the individual year 

UDs by combining values across years and dividing by the number of years that a given cell was 

used. This final combined year UD was standardized by dividing by the maximum (Zuur et al.  

2007). The final population-level UDs used 21033 relocations from 19 packs in Nakina and 9026 

relocations from 11 packs in Pickle Lake (Fig. 3).  

Model variables 

We conducted fixed wing aerial surveys with two observers (February  15 – March 13, 

2011 in Pickle Lake and Jan 25 – March 03, 2012 in Nakina) to estimate moose abundance 

throughout both study areas. Survey flight lines were oriented north –south, 5km apart covering 

>21000km² in each study area. When moose or fresh tracks were detected, observers deviated 

from the flight path to record accurate spatial locations and identify all moose. The flight path 

was then rejoined from where it had been left. Only observed moose were included in density 

estimates.  

To match input data with the coarse resolution moose data we overlaid the aerial survey 

extent with a grid of 5x5 km² cells, with grid pixels centered on the aerial survey lines. We then 

determined the mean wolf UD value for each 25 km² cell completely covered by the 95% 

population-level wolf UD.  

To estimate relative moose availability across the landscape we counted all moose 

detected along the 5km transect length bisecting each cell and assigned this value, effectively 

proportional to moose density, to each cell. We estimated caribou use by summing the winter 

relocations of GPS-collared caribou in each 25 km² cell in each study area. Using a fixed 

relocation interval of 25 hours to ensure inclusion of the maximum number of collared 
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individuals and eliminate sampling bias, we used 13653 relocations from 60 individuals in 

Nakina and 21439 relocations from 64 individuals in Pickle Lake. We assumed that the relative 

use of different areas by caribou collared randomly across each study area reflects actual 

differences in caribou abundance across habitats.    

We determined land-cover composition using the Far North Land Cover map (30m² 

resolution; OMNR 2013). This map does not extend south of ~50° N latitude so we had the most 

recent Ontario Land Cover map (Spectranalysis Inc. 2004) expertly merged with it where 

necessary (Jevon Hagens, OMNR, Thunder Bay). These maps included updated disturbances 

(both fire and harvest) through 2009. We amalgamated land cover types into five relevant classes 

reflecting preferred forage resources for moose (treed lowland, deciduous upland and disturbed) 

and caribou (sparse treed and coniferous treed) (Table 1). We then determined the proportion of 

each land cover class enclosed by each grid cell. Road densities (meters/cell) were derived from 

GIS map layers with categorizations defined by the Centre for Northern Forest Ecosystem 

Research (CNFER). We amalgamated primary roads, secondary roads and railways into a single 

category (primary) as these included all paved and maintained roads. The remainder - tertiary 

roads - we combined with utility lines. We converted all rivers and lakeshores, derived from 

digital image maps (Major Water Regions Ontario, DMTI Spatial Inc, Markham, ON) into vector 

data and measured the density of these linear water features as meters/cell in the same way as 

roads. The proportion of open water/cell we determined in the manner of land cover variables.  

There is a scale discrepancy between prey habitat, measured at a 30m² resolution and 

moose abundance, measured at a 25km² resolution. This asymmetry is typical of resource 

selection/utilization studies (Boyce 2006), and may be unavoidable due to logistic constraints but 

it can potentially influence results. The finer resolution of the habitat data allows increased 
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precision in comparison to the coarse grained moose data as well as greater variability, which 

might allow for the detection of more nuanced selection patterns. We minimized this disparity by 

amalgamating land cover classes into broader categories which were then determined as 

proportional variables of the coarser (25 km²) cell. 

Statistical modelling 

We used generalized least squares mixed-effect regression models (gls in R package 

nlme) to link UDs to predictor variables allowing us to account for spatial autocorrelation in the 

response variable (Zuur et al. 2009). Plotting semi-variograms for unstructured gls models 

indicated the expected spatial correlation and provided a starting point (range and nugget) from 

which to inform spatially structured models (Crawley 2007). We tested various correlation 

structures using restricted maximum likelihood (REML) with a model fully loaded with all 

candidate predictor variables and used AIC to determine the best one to apply to our data (Zuur 

et al. 2009). We used semi-variograms of normalized residuals, plots of normalized residuals 

against fitted values and normal plots to verify that rational quadratic spatial correlation 

(corRatio in nlme) dealt most effectively with the spatial autocorrelation in our response 

(Crawley 2007).  To address heteroscedasticity, we conducted a box-cox power transformation 

(λ = ¼) of the response variable (Zuur et al. 2007). We square root transformed the moose count 

data, caribou relocation variable and road variables (after adding 0.5 to each value to account for 

0s in the data) to comply with statistical assumptions. We log transformed the open water 

proportion variable to address heteroscedasticity (Zuur et al. 2007) and conducted correlation 

analysis to ensure independent variables were not highly correlated (r<0.7; Dormann et al. 2013). 
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We then conducted a two-step modeling procedure, first determining the best model with 

which to represent each of our 3 proposed hypotheses (prey abundance, prey resources and 

predator mobility). We used backward stepwise variable elimination using likelihood ratio tests 

to reduce each hypothesis-specific global model (Table 1) to the best model for each hypothesis 

(Zuur et al. 2009). AIC can only be used to compare REML models with identical fixed 

variables, so we used gls with maximum likelihood (ML) to determine the best model for each 

hypothesis and then re-ran it in REML to ensure unbiased final model coefficient estimates (Zuur 

et al. 2009). The second step was to test among our hypotheses, so we compared the best models 

for each hypothesis, as determined from the backward stepwise procedure (PREY = prey 

abundance, HABITAT = prey resources, MOBILITY = predator mobility), as well as all their 

additive combinations and a null model. This final model suite therefore consisted of 8 models 

for each study area. We used ΔAIC to rank models and Akaike weights (ᴡi) to determine the 

likelihood of each model given the assumption that one of the models in the set is the best 

(Burnham & Anderson 2002). We estimated the relative importance of predictor variables by 

summing wi across all models in the set where each variable occurs, ensuring equal variable 

representation for valid comparisons (Burnham & Anderson 2002). We used model averaging 

with unconditional standard errors for final coefficient estimation as this increases precision and 

reduces bias compared to single model estimates (Burnham & Anderson 2002).  

  Statistical and spatial analysis was undertaken using R software version 2.15.1, R 

Development Core Team 2012, ArcMap 10.0 (ESRI Inc.) and Geospatial Modeling Environment 

0.7.2.0.  
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Results 

Deciduous/mixed forest was represented in both top HABITAT models and was strongly 

positively associated with wolf utilization probability (Table 2). Disturbed forest also exhibited a 

strong positive association in the disturbed study area whereas sparse forest was retained in the 

top model in the undisturbed site, expressing a weak negative association. Treed lowland and 

coniferous forest exerted minimal influence on wolf landscape utilization in either study area and 

were dropped during stepwise model competition.  

Moose abundance was included in the disturbed area top PREY model, strongly 

positively associated with wolf utilization probability (Table 2). In the undisturbed site, moose 

abundance was not influential and the top prey model here included only the caribou use 

parameter. Caribou use was also included in the top disturbed area PREY model, with a strong 

negative association.  

In the disturbed site MOBILITY model only primary road density was retained (Table 2). 

In the undisturbed site anthropogenic features (i.e. roads) were not included in the top 

MOBILITY model but open water (i.e. frozen lakes) showed strong positive association with 

wolf utilization probability.  

The best overall model differed for each study site with the PREY+HABITAT model the 

best in the disturbed site (McFadden’s R² = .32) and the HABITAT+MOBILITY model the best 

in the undisturbed site (McFadden’s R² = .25) (Table 3). In both locations the global model 

(PREY+HABITAT+MOBILITY) had ΔAIC values <2 indicating that this model was very 

competitive. When comparing hypotheses directly, HABITAT had strong influence on wolf 

utilization in both study areas, whereas PREY was equally influential in the disturbed site and 
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MOBILITY equally influential in the undisturbed site (Fig. 4). In the disturbed site summed wi 

for models including HABITAT and/or PREY were > 3x that for those including MOBILITY, 

whereas in the undisturbed site HABITAT and/or MOBILITY models had summed wi scores 

>2x that for models including PREY, indicating a much greater influence on wolf landscape 

utilization patterns (Fig. 4).  

Discussion 

Our results indicate that wolves are adapting their spatial behaviour to suit their local 

ecological conditions. In the disturbed site, where average moose density is relatively high, 

wolves were maximizing their encounter rate with prey by directly utilizing areas of particularly 

high moose abundance. In the undisturbed site, where average moose density estimates were 

considerably lower, wolves were selecting for mobility as a way to increase encounter rate, given 

that preferred prey are fewer and therefore more difficult to access directly. This hints at foraging 

behaviour that is mediated by some threshold in prey density. Under this scenario, in areas with 

abundant preferred prey wolves can target their prey directly, whereas in low density areas this 

becomes impractical, causing wolves to disproportionately utilize features that allow for rapid 

movement across the landscape in order to increase the probability of prey encounters. Areas of 

abundant forage for their preferred prey, in the form of deciduous and mixed forest and disturbed 

forest where timber harvest is ongoing, were heavily utilized in both scenarios. This is possibly a 

more spatially predictable way to maximize prey encounters than searching for prey directly and 

less energetically costly than rapid movement through an often snow-bound landscape, so is a 

beneficial strategy irrespective of prey density.    
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The selection for preferred moose forage habitat observed here across study sites supports 

the hypothesis that broad-scale wolf space use is more consistently being driven by the 

distribution of wolves’ preferred prey’s resources than by the direct distribution of their prey. 

The high use of areas rich in prey expected under the prey abundance hypothesis was observed in 

the disturbed study area where wolves selected for moose abundance but this was still matched 

by the prey’s resources (HABITAT) model. In the undisturbed site this pattern was clearly 

apparent in that wolves strongly selected for preferred moose habitat but not for moose. These 

observations indicate wolves using Sih’s (2005) “leap-frogging” strategy in the long-running 

shell game with their prey, consistent with foraging models allowing predators and prey to move 

and respond to each other’s movement (Mitchell & Lima 2002).  To our knowledge this 

represents the first direct empirical evidence of this predicted pattern at such a coarse scale. 

Earlier large-scale support for this hypothesis comes from individual-based studies not 

accounting for prey explicitly (e.g. Gurarie et al. 2011) or is implied but not demonstrated 

(Huggard 1993; Kunkel & Pletscher 2001). For example, in Alberta wolves selected predictable 

elk (Cervus elaphus) locations when white-tailed deer (Odocoileus virginianis) were widely 

spaced across the landscape, despite there being fewer elk groups (Huggard 1993). However 

whether this shows wolves’ selecting predictable elk resources or predictable elk which were 

known to congregate there cannot be assessed. Kunkel & Pletscher (2001) found wolves 

selecting areas favoured by deer and focusing hunting in deer wintering areas but whether due to 

higher deer abundance in these locations or the predictability of the resources is unclear. 

Similarly, lions (Panthera leo) in South Africa concentrate kills around waterholes, turning these 

important prey resources - typically associated with high prey abundance - into passive traps 

(Davidson et al. 2013). At a finer scale, Courbin et al. (2014) found wolf distribution aligned 
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more closely with the distribution of their prey’s highly connected network nodes than to prey 

utilization distribution. Here network nodes represented moose and caribou’s most strongly 

selected habitat patches. 

That moose abundance does not precisely mirror areas of preferred moose forage and 

wolf use of one does not necessarily mean use of the other is a function of prey tradeoffs 

between accessing quality forage and reducing predation risk (Lima & Dill 1990). Foraging 

models allowing for predator and prey movement predict the best prey strategy for prey is to bias 

movement towards higher quality food patches without completely committing to them (Mitchell 

& Lima 2002). This keeps prey unpredictable, making the leap-frogging strategy intuitively 

appealing since predator efficiency should increase by focusing space use in predictable areas 

likely to be visited by prey instead of chasing unpredictable prey across the landscape. In turn, 

prey distribution is more likely to approach uniformity since predator presence in a preferred 

foraging patch equalizes that patch’s benefit with one of lower quality but lower risk (Bednekoff 

2007).  

An alternative explanation for why wolves in the undisturbed site did not selectively 

utilize areas of high moose abundance is that the lower overall moose density here constrains 

wolves, as generalist predators, from treating moose as preferred prey. In Italy large herbivore 

abundance partially explained wolf diet selection (Meriggi et al. 1996) and in Bialowieza, 

selection for red deer (Cervus elaphus) is strongly positively correlated to their abundance 

(Jedrzejewski et al. 2000). However wolves at this site did strongly select for moose foraging 

habitat and all wolf kills located from GPS cluster analysis here (N=21) were moose, indicating a 

prey preference. Therefore it remains most likely that the relatively low density of moose here 

makes attempts to exploit areas of high moose abundance futile, forcing wolves to rely on the 
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predictable areas of preferred prey resources in concert with increased mobility. That wolves in 

this site did not select disturbed forest, despite it representing high quality moose forage, may 

stem from the clumped distribution of this resource here (Fig.1), restricting its availability to 

territorial wolves.  

Wolves spend 28 - 50% of their time travelling, presumably in search of prey (Mech 

1992; Peterson et al. 1984), so the adaptive use of features improving movement efficiency 

should be beneficial. In the disturbed site, where road density is high (0.53km/km²), wolves seem 

to bias use towards these features as shown by positive coefficient for primary road density, but 

the effect is marginal. Many of the tertiary roads, constructed primarily for timber extraction, are 

not maintained after active logging operations cease and become snow-covered in winter, 

potentially compromising their utility as movement corridors. Use of anthropogenic corridors 

was not observed in the undisturbed site possibly due to the restricted availability of roads across 

the landscape here (Fig. 1). Instead, in the absence of widespread anthropogenic features frozen 

lakes were strongly selected. This hints at the evolutionary importance for wolves of moving 

quickly and an adaptive ability to use features that promote this.  

Areas of high caribou use, a proxy for caribou abundance here, were negatively 

associated with wolf utilization in both study areas. The strong negative association in the 

disturbed site might reflect behavioural decisions by caribou to inhabit areas of reduced 

predation risk such as inter-pack territorial boundaries (Mech 1977). Caribou have been shown to 

space out or away from concentrated wolf travel routes (Bergerud et al. 1984; Dussault et al. 

2012) and tend to isolate themselves from other more abundant primary prey species and their 

shared predators to reduce negative effects of predation (Bergerud & Page 1987, Seip 1992). 
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Additionally, forage resource separation between moose and caribou, which is thought to 

promote co-existence, is pronounced in the winter (Peters et al. 2013).  

Spatial scale exerts strong influence on resource use patterns (Boyce 2006). Here we 

investigated resource utilization at a large extent (>20000 km²) and coarse resolution (25 km²) 

allowing us to observe and identify general patterns of wolf behavior. Directly-informed, 

landscape-scale studies such as this are rare and provide compelling evidence as to the 

population-level resource use patterns that underlie ecosystem dynamics. However as animal 

behavior is scale-dependent, the full spectrum of animal-resource relationships is not observable 

in single-scale investigations (Kittle et al. 2008). For example, between our study areas, average 

moose density was 1.9X higher in the disturbed site than the undisturbed site and wolf density 

was 1.6X higher, broadly consistent with the prey abundance hypothesis at this 1st order scale 

(Johnson 1980; Carbone & Gittleman 2002). At the scale of our analysis wolves are selecting 

more consistently for the abundance of their prey’s resources indicating hierarchical selection 

(McLoughlin et al. 2002). Therefore, although habitat selection patterns can be consistent across 

scales (Schaefer & Messier 1995) they are typically not, so it remains possible that wolves here 

are selecting for prey abundance again at a finer scale than our analysis investigates (but see 

Courbin et al. 2014).  

In summary, there is some support for all of the hypotheses tested here indicating that 

wolves use a combination of strategies to increase encounter rate with their prey when moving 

through the landscape. How these combinations are balanced appears to reflect local ecological 

conditions. The most consistent result was a strong positive selection in both study sites of areas 

of preferred prey forage abundance, indicating that wolves are primarily selecting to exploit their 

preferred prey indirectly via spatially predictable patches of their prey’s preferred resources. 
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How wolves supplement this strategy appears to be dependent on prey density with wolves 

targeting prey directly where density is high enough to make this profitable and 

disproportionately utilizing landscape features that promote mobility where low prey density 

makes direct tracking of prey unprofitable.     
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Tables 

Table 1:  Full models for each of three hypotheses inclusive of all potential predictor variables. A backward stepwise procedure using 

Likelihood ratio tests was conducted to reduce these full models to the top models for each hypothesis. 

Hypothesis Variable Definition 

Prey abundance Relative moose density Moose/km2/pixel 

 

Caribou relocations  Telemetry relocations/season/pixel 

   Prey resources Deciduous upland Pixel proportion (deciduous treed + mixed treed classes) 

 

Sparse Pixel proportion (sparse treed class) 

 

Coniferous upland Pixel proportion (coniferous treed class) 

 

Disturbed Pixel proportion (disturbed (non-treed) + disturbed (treed) classes) 

 

Treed lowland Pixel proportion (thicket swamp + deciduous swamp + coniferous swamp + treed fen + 

  

treed bog + treed peatland classes) 

   Predator mobility Primary roads Meters/pixel (OMNR designation includes paved as well as maintained gravel) 

 

Tertiary roads Meters/pixel (OMNR designation includes unpaved, limited to no maintenance) 

 

Linear water Meters/pixel (Shorelines including lakes and rivers) 

  Frozen waterbodies (winter) Pixel proportion (clear open water + turbid water classes) 
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Table 2: Model averaged coefficient estimates (θ) with unbiased standard errors (SE) 

 

Study Area Model Variable          θ  SE 
Nakina PREY Moose density** 0.019934 0.007060 

  
Caribou relocations*        -0.002375 0.001258 

 
HABITAT Deciduous/mixed forest** 0.085006 0.031716 

  
Disturbed** 0.064897 0.019880 

 
MOBILITY Primary road density 0.000047 0.000089 

Pickle Lake PREY Caribou relocations        -0.001549 0.001414 

 
HABITAT Deciduous/mixed forest** 0.163640 0.062072 

  
Sparse forest        -0.192980 0.127653 

  MOBILITY Open water proportion** 0.016353 0.004709 
*/** unbiased 90%/95% confidence intervals do not overlap 0 
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Table 3: Model comparison table with ΔAIC, Akaike weights (wi) and relative rank 

 

 
Nakina Pickle Lake 

Model ΔAIC wi Rank ΔAIC wi Rank 
PREY 10.339 0.004 5 19.119 0.000 7 
HABITAT 6.839 0.022 3 10.533 0.003 6 
MOBILITY 21.856 0.000 7 6.366 0.024 3 
PREY+HABITAT 0.000 0.676 1 9.379 0.005 5 
HABITAT+MOBILITY 8.250 0.011 4 0.000 0.569 1 
PREY+MOBILITY 10.696 0.003 6 6.402 0.023 4 
PREY+HABITAT+MOBILITY 1.734 0.284 2 0.829 0.376 2 
NULL 24.308 0.000 8 21.430 0.000 8 
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Figures 

Figure1: Study areas and their locations within Ontario (inset). Primary (paved and maintained) 

and tertiary (unpaved, not maintained) roads are shown. Pale areas on the landscape represent 

disturbance from fire and forestry. Note smaller, more widespread disturbance in Southeast 

(Nakina) and large, clumped disturbance (from 3 large fires) in Northwest (Pickle Lake). Gray 

patch with sharp, straight lines in approximate middle of image is cloud cover which obscured 

satellite imagery.  
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Figure 2: Common home range analysis methods used in habitat utilization and resource 

selection studies. A. telemetry relocations of individual wolf sub-sampled at 5 hour intervals and 

sequentially linked. B. 95% fixed kernel density estimate home range based on points from (A). 

C. 100% local convex hull home range based on points from (A). D. all telemetry relocations of 

individual wolf, not sub-sampled and sequentially linked. E. 95% Brownian bridge kernel 

density estimate home range based on points and sequence in (D). F. 100% minimum convex 

polygon based on either (A) or (D) given that outer points that form the boundary are the same in 

each.  
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Figure 3: Landscape level UDs for Northwest (Pickle Lake) and Southeast (Nakina) study areas 

with approximate study area boundaries outlined with red box. In the UDs, red indicates high 

probability of wolf utilization, royal blue represents low probability. Dark blue represents water 

bodies with Lake Nipigon prominent in the southwest corner of AU. UDs shown are 99% but 

analysis was conducted on 95% UDs.  
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Figure 4: Comparison of summed Akaike weights (wi) for prey abundance (PREY), prey 

resources (HABITAT) and predator mobility (MOBILITY) model variables in both study areas. 

Weights are from all models within the full model set that incorporate each variable class. Each 

is represented 4 times in full model set allowing direct comparison.  
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Chapter 2: Wolves adapt territory size, not pack size to local 
habitat quality 

Abstract 

Although local variation in territorial predator density is often correlated with habitat 

quality, the causal mechanism underlying this frequently observed association is poorly 

understood and could stem from facultative adjustment in either group size or territory size. To 

test between these alternatives we used a novel statistical framework to construct population-

level utilization distributions for wolves (Canis lupus) in northern Ontario, which we then linked 

to a suite of environmental variables to determine factors driving wolf space use. Next we 

compared habitat quality metrics with pack size and territory size to investigate which 

mechanism was most supported by the data. Finally, we re-constructed the population-level 

utilization distribution, this time weighting values by pack size to explicitly incorporate density 

and compared results to the un-weighted original model. We show that both local wolf density 

and wolf space use patterns were concentrated near mixed deciduous forest stands known to be 

heavily used by moose (Alces alces), the predominant prey species in the diet of wolves in 

northern Ontario, as well as in proximity to road networks remaining from commercial forestry 

activities. Landscape metrics of wolf habitat quality were inversely related to territory size but 

unrelated to wolf pack size. These results suggest that wolves in boreal ecosystems alter territory 

size, but not pack size, as a function of local habitat quality, which could be an adaptive way to 

balance tradeoffs between territorial defense costs and energetic gains due to resource 

acquisition.  
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Introduction 

 Large carnivores can profoundly impact the structure and function of ecosystems (Estes 

et al. 2011). By directly limiting prey densities or altering prey behaviour, apex predators can 

initiate cascading effects across trophic levels (Ripple et al. 2014). Such effects can exert 

widespread influence on disease dynamics, invasions by introduced species and patterns of 

carbon sequestration (Ostfeld & Holt 2004; Wallach et al. 2010; Schmitz et al. 2013). A key 

determinant of cascade effects is the spatial distribution of predators across the landscape, which 

is typically heterogeneous. This is due in part to territorial animals exhibiting social behaviour 

that directly influences local density, and can have a strong impact on predator-prey interactions 

(Adams 2001). Therefore linking territorial predators to their landscape and its attributes in a 

way that reflects not only their distribution but also their abundance is an important goal for 

ecologists.     

For carnivores there is often a strong, consistently positive relationship between density 

and habitat quality as defined by available prey biomass (Miquelle et al.1999; Carbone & 

Gittleman 2002; Fuller et al. 2003; Markar & Dickman 2005). Local density for any gregarious 

territorial species is typically defined as the average territory size divided by average group size, 

so higher densities could result from either characteristic.  

Both hypotheses have received some degree of support in the literature. Territory size is 

expected to be inversely related to habitat quality since the energetic costs associated with 

maintaining territories typically ensures they are as large as necessary, but as small as possible 

(MacDonald 1983). This implies a flexible approach to territoriality, the so-called rubber disc 

hypothesis first described by Huxley (1934).  
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Alternately, if fitness is linked to habitat quality one might expect groups holding the best 

habitat to exhibit higher rates of reproduction and recruitment, logically contributing to greater 

potential for large group size, as seen in Serengeti lions (Panthera leo; Mosser et al. 2009). 

Large lion prides also tend to out-compete smaller prides for high quality habitat (Mosser 2008) 

and patch richness has been demonstrated to determine maximum lion group biomass (Valeix et 

al. 2012).  European badger (Meles meles) group size has also been shown to positively correlate 

with patch quality, as measured by earthworm abundance (Kruuk & Parish 1982). Furthermore, 

the rate of emigration from social groups can be inversely related to resource availability as 

mediated by intra-specific competition (Bowler & Benton 2005; VanderWaal et al. 2009). This 

potentially results in lower emigration rates from better quality habitat (Stacey & Ligon 1987; 

Pasinelli & Walters 2002) leading to increased group sizes therein. Although habitat quality is 

most often, and directly, expressed as food availability (Carbone & Gittleman 2002) other 

measures of quality include available shelter (Sprent & Nicol 2012), level of disturbance (Kapfer 

et al. 2010), vegetative cover (McLoughlin et al. 2003) and proportion of open water (Fortin et 

al. 2012).  

Here we use GPS radio-telemetry for 34 wolf packs in northern Ontario to test which 

environmental factors most influence local variation in wolf population density across a boreal 

forest ecosystem. We first show that wolf space use is heavily focused on forest habitat types 

preferred by moose, the main prey species in this system. We go on to show that wolves respond 

to changes in habitat quality behaviourally by adjusting their territory size to match local 

environmental conditions at the pack level, whereas pack size varies little. Finally, we compare 

un-weighted vs. pack-weighted coefficients to further evaluate the effect of wolf density on 

resource selection patterns.         
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Materials and Methods 

Study area 

The research was conducted in the boreal forest of Northern Ontario’s Shield Ecozone 

between 92°1’W, 52° 6’N and 86°32’W, 49°49’N (Crins et al. 2009). Common trees include 

black spruce (Picea mariana), jack pine (Pinus banksiana), white spruce (Picea glauca), balsam 

fir (Abies balsamea), white birch (Betula papyrifera) and trembling aspen (Populus 

tremuloides).Tamarack (Larix larcinia) and white cedar (Thuja occidentalis) are restricted to 

lowland sites (Crins et al. 2009).  

The study area straddles the boundary demarcating the northern limit of the Ontario 

Ministry of Natural Resources’ Area of the Undertaking (AOU), where timber extraction is 

licensed. Subsequently there is a marked southeast to northwest transition from relatively high to 

low levels of anthropogenic disturbance. This is accompanied by a similar gradient in predator 

and prey densities with wolf density, derived from the total number of known individuals within 

the minimum convex polygon (MCP) of all telemetry re-locations, ranging from 5.1/1000km² in 

the southeast half of the study site to 3.1/1000km² in the northwest and moose density, estimated 

from fixed-wing aerial surveys, ranging from 46/1000km² in the southeast half of the study site 

to 24/1000km² in the northwest. The spatial distribution of both moose and wolves were sampled 

across this gradient, centred on the townships of Pickle Lake in the northwest and Nakina in the 

southeast.  
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Wolf resource utilization 

Pack-level utilization distribution  

Between February 2010 and January 2013 52 wolves were tracked using GPS telemetry 

collars (Lotek 7000MA, 7000SAW, Lotek Inc, Newmarket, Ontario); 37 individuals representing 

23 packs in the southeast and 15 from 11 packs in the northwest (Fig. 1). Wolves were captured 

using padded leg-hold traps (#7 EZ grip, Livestock Protection Co., Alpine, Texas, USA) in 

summer (2010 – 12) and helicopter net-gunning in winter (2010-12). Summer captures were 

immobilized with a xylazine hydrochloride (2 mg/kg) and Telazol (4 mg/kg) combination with a 

Yohimbine (0.15 mg/kg) antagonist. Winter captures were physically restrained but not 

chemically immobilized during collaring. Wolf re-locations were recorded every 2.5- 5 hours 

with fix rate success averaging 91% (range 77-99%, n=17, Anderson 2012) allowing for 

unbiased resource utilization analyses (Frair et al. 2004).  

Instead of averaging un-standardized coefficients from individual-level resource 

utilization functions to infer population-level processes (Marzluff et al. 2004, Long et al. 2009) 

we developed seasonal population-level utilization distributions (UDs) which were linked 

directly to landscape characteristics. This allows for population-level patterns to be detected 

directly and permits the effective incorporation of varying pack sizes as well as territoriality. 

Summer (1 May – 31 October) and winter (1 November – 30 April) UDs were constructed from 

the pack-level up so as to incorporate individual variation in selection (Bolnick et al. 2003) 

Utilization distributions were first determined (cell size = 100x100m) for each 

individual/season using kernel Brownian bridge home range estimation (Calenge 2006). This is 

conditioned on the start and end spatial coordinates of each move, the time between these points 
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and the individual’s speed of movement (Bullard 1999; Horne et al. 2007). Two smoothing 

parameters incorporated into the kernel Brownian bridge model are related to the mobility of 

each individual animal (σ1) and the imprecision of the relocations (σ2). The R function liker 

(Horne et al. 2007) was used to estimate σ1 and σ2 was defined as 30m (Frair et al. 2010).  

Wolves are known to move widely and rapidly, visiting all parts of their range within 1-3 

weeks (Weaver 1994; Jedrezewski et al. 2001) so Brownian bridge UDs were determined for all 

individuals with data covering >10% of the relevant season (18.1 days in summer, 18.4 days in 

winter). Coverage averaged 105 days (57.2%; N=62) in winter and 121 days (66.7%; N=57) in 

summer. Linear regression analyses conducted with pooled data indicated no relationship 

between number of fixes and range size in either season (P > 0.15). If two pack-related 

individuals were tracked in a single season but exhibited no temporal overlap, we calculated 

Brownian bridge UDs for each and combined them with cell values weighted by relative 

seasonal coverage (i.e. if one wolf was tracked for 25% of season and another 50%, the first 

wolf’s values are weighted half those of the second wolf in the combined UD (i.e. 0.33 and 

0.67). If two pack-related wolves did overlap in time, only the individual with the longer tracking 

duration was included in analysis. 

Landscape-level utilization distribution 

Kernel Brownian bridge UDs were converted to volume UDs (vUDs) which describe the 

smallest UD isopleths encompassing that pixel (Calenge 2006). The study area was then overlaid 

with a grid of hexagonal cells, whose centroids were spaced 500m apart.  Within each of the 

resulting 0.22km2 hexagonal cells the average value for each pack vUD was extracted. Volume 

UD values were subtracted from 100 to arrive at a more intuitive measure for each hexagonal 
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cell (i.e. a cell with vUD of 90.5% was valued as 100 - 90.5 = 9.5) and only hexagons with 

values > 5 were retained to mimic the 95% home range. Each individual pack was integrated to 1 

to remove bias imposed by differing home range sizes. This provides an un-weighted measure of 

wolf use. To determine pack-weighted wolf use un-weighted values were multiplied by pack size 

as estimated during initial collaring and follow-up monitoring (Table S1). These pack-weighted 

measures of use are equivalent to local wolf density estimates. If multiple packs’ ranges 

overlapped single hexagonal cells on the landscape, values were summed to determine the 

cumulative un- and pack-weighted cell values. This was repeated for each season to provide 7 

un-weighted and 7 pack-weighted landscape level UD-based wolf use estimates, four from 

winter (2009-10 to 2012-13) and three from summer (2010-2012). The final population-level 

UDs were based on 59,050 summer relocations from 21 southeast and 11 northwest packs and 

60,196 winter relocations from 23 southeast packs and 11 northwest packs.  

Statistical modeling of wolf UD 

Data for each hexagon over each year were tabulated into two tables, one for each of the 

two seasons. Each hexagon/year was thus associated with un-weighted and pack-weighted wolf 

use estimates extracted from the relevant population level UD, as well as with temporally 

appropriate habitat and landscape covariates. Landscape covariates included elevation of the 

hexagon centre relative to that in a 500m radius, determined from a digital elevation map (NASA 

Land Processes Distributed Active Archive Centre (LP DAAC) 2009). There was little absolute 

variation in elevation across the study area with a miniscule increasing gradient from southeast to 

northwest. The relative measure was therefore used to attempt to reflect the effect of localized 

topographical differences which can be meaningful to animal space use patterns (Kittle et al. 

2008).  
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The current and preceding seasons’ average normalized difference vegetation index 

(NDVI) were also incorporated, at 250m resolution, indicating vegetation growth across the 

landscape (NASA Land Processes Distributed Active Archive Centre (LP DAAC) 2013). 

Seasonal average NDVI values were used, determined by averaging the 16-day windows that 

cover the relevant season’s 4-month core (June-September for summer and December-March for 

winter). This provides a generic measure of vegetation growth that complements individual land 

cover classes.  

Independent variables also included Boolean measures of proximity to dump (<1km=1; 

>1km=0), settlement (<1km=1; >1km=0), primary (paved and primary classes) roads (<500m=1; 

>500m=0) and secondary roads (secondary, tertiary, rail and utility classes) (<500m=1; 

>500m=0). The distance (km) to the shoreline of rivers or large lakes (not including bodies 

<500m in diameter) was also included. Unlike roads, dumps and settlements, shorelines and 

large lakes are widely distributed across the landscape so converting this to a Boolean measure 

was unnecessary.  

Land cover characteristics were calculated as proportions of each hexagonal grid using 

the 30m² resolution Far North Land Cover map (OMNR 2013). This map does not extend south 

of ~50° N latitude so was merged with an earlier Ontario Land Cover map (Spectranalysis Inc. 

2004) where necessary. Maps included updated disturbances (fire and harvest) for each year of 

the study. Land cover classes were amalgamated into 10 categories meaningful to wolf and 

moose ecological requirements: water (open and turbid classes); open lowland (open fen, open 

bog and freshwater marsh classes); treed lowland (treed peatland, treed fen, treed bog and 

coniferous swamp classes); deciduous lowland (thicket swamp and deciduous swamp classes); 

deciduous upland (deciduous treed class); mixed upland (25-75% deciduous and 25-75% 
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coniferous; mixed treed class); coniferous upland (coniferous treed class), sparse forest (sparse 

treed class); disturbed (disturbed treed/shrub and disturbed non/sparse classes representing 

natural and anthropogenic disturbances); and newly disturbed (< 1 year from fire or forestry 

disturbance). Coniferous forest was withheld from the model and served as the reference class to 

which other land cover variables were interpreted (Hosmer & Lemeshow 2000) since it is 

considered the default of the boreal and it is highly correlated with the other land cover classes 

(Dormann et al. 2013).  

The resulting summer and winter tables consisted of 147,901 and 169,738 hexagons 

respectively. To enable timely model convergence habitat availability was systematically sub-

sampled at every 50th location from west to east starting from the NW corner (Long et al. 2009). 

This was repeated starting from the 2nd hexagon from the NW corner and then the 3rd for a total 

of 50 sub-samples. This ensured no hexagons were repeated in any sub-sample and resulted in 50 

models which allowed for the empirical estimation of confidence bounds. The natural logarithms 

of the average un-weighted and pack-weighted UD values were response variables and the full 

suite of landscape and land cover covariates, predictor variables. A correlation analysis was 

conducted to ensure that independent variables were not highly correlated (r < 0.7; Dormann et 

al. 2013) and generalized least squares (GLS) mixed effect regression models (gls in R package 

nlme) were used to link wolf use to predictor variables allowing spatial autocorrelation in the 

response to be explicitly accounted for as the random effects (Zuur et al. 2009). Rational 

quadratic spatial correlation (corRatio in nlme) dealt most effectively with the spatial 

autocorrelation in response variables, as determined through the use of semi-variograms of 

normalized residuals (Crawley 2007). Plots of normalized residuals against fitted values and 

normal plots were used to verify model fit (Crawley 2007). Output model coefficients were 
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averaged among the 50 models and all variables retained. This method includes the uncertainty 

inherent in the models based on the logic that effects that vary substantially in direction among 

the 50 subsamples should average out to ~0 (Harrell 2001; John Fieberg, University of 

Minnesota, personal communication). The full suite of averaged coefficients from the model 

output for each season and analysis were then used to project un-weighted and pack-weighted 

use values across the landscape.   

Mean confidence intervals were determined for each model-averaged coefficient using: 

�̂� ± (zα/2)*(σ/√𝑛) 

where �̂� = model averaged coefficient estimate, zα/2 = 95% critical value of the normal 

distribution, σ = standard deviation of coefficient estimates (β) across all models and √𝑛 = 

square root of total number of coefficient estimates (β).  

Comparing model output to individual pack characteristics 

For each individual pack’s 95% territory and 50% core area the average projected un-

weighted wolf use values, the relative probability of moose use as projected from an independent 

resource selection function analysis (G. Street, Unpublished data), and the proportion of 

individual land cover variables selected or avoided by wolves at the population level were 

extracted. These were considered measures of habitat quality. Since individual pack 

characteristics were measured across multiple years and seasons, repeated measures linear mixed 

effects modeling was employed to investigate the link between these quality measures and local 

wolf density, individual seasonal pack sizes and territory sizes. The influence of pack size on 

territory size was similarly assessed at both 95% and 50% core levels. The range attributes of 
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collared individuals travelling alone were excluded from analysis. These “satellites” tend to be 

motivated by different factors than pack living animals, such as searching for a mate or territory, 

and display quite different spatial patterns as a result, typically roaming widely across the 

landscape (Mech & Boitani 2003). This left 53 summer pack years and 59 winter pack years. 

Pack size, territory size and wolf density were each log transformed to better meet modeling 

assumptions. Based on the logic outlined by Fox (1991), one summer and one winter pack which 

consistently exerted disproportionate influence on regression models (i.e. leverage > 0.2 and/or 

Cook’s D > 0.5) were dropped from core area analyses. These exhibited disproportionately small 

core (50%) territories (<4 km²) relative to the remaining packs which had a mean 61.0 km² 

(range 9.2 – 371) summer core and 95.1 km² (range 9.9 – 279) winter core. 

Statistical and spatial analysis was undertaken using R software version 2.15.1, R 

Development Core Team 2012, ArcMap 10.1 (ESRI Inc.) and Geospatial Modeling Environment 

0.7.2.0.  

Results 

In winter, wolves tended to use lower elevation areas relative to the immediate 

surroundings but also avoided both open and treed lowlands (Fig. 2). Deciduous, mixed and 

disturbed forest areas were preferentially utilized in both seasons whereas newly disturbed areas 

were selected in summer and avoided in winter. Open water was similarly selected in summer 

and avoided in winter, whereas areas close to shorelines were strongly selected in both seasons 

(negative coefficient for increasing distance). Associations with anthropogenic features were 

mixed, with dumps strongly selected throughout the year but settlements avoided in the summer. 

Areas close to roads, particularly secondary roads, were preferentially utilized in both seasons. 
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Vegetation growth, as measured by NDVI, was influential and associations with the current 

season’s NDVI indicated use of high growth areas in the summer (positive β) and low growth 

areas in the winter (negative β). The previous season’s NDVI indicated winter use of areas with 

high summer growth (positive β) whereas in summer, a positive association indicates preferential 

use of areas where winter NDVI was higher.  

Wolf densities within the 95% home range and 50% core range exhibited consistently 

positive associations with habitat quality metrics (Table 1). Local wolf population density was 

strongly correlated with wolf use as projected from the GLS model (Fig. 3A) and heavily 

influenced by the average relative winter probability of moose use although the summer 

association was less marked, particularly in the core areas (Fig. 3B). In both summer and winter 

ranges the proportion of mixed forest was positively associated with wolf local population 

density (95% summer: R² = 0.12, P < 0.05; 95% winter: R² = 0.26, P < 0.01; 50% winter: R² = 

0.09, P < 0.05). The proportion of disturbed forest showed a similar trend but the relationship 

was only marginally significant (95% summer: R² = 0.05, P ≤ 0.1; 50% summer: R² = 0.05, P ≤ 

0.1; 95% winter: R² = 0.16, P ≤ 0.05; 50% winter: R² = 0.04, P < 0.1). Conversely the proportion 

of open lowland was negatively associated with wolf density (95% summer: R² = 0.17, P < 0.01; 

50% summer: R² = 0.12, P < 0.1; 95% winter: R² = 0.29, P < 0.01; 50% winter: R² = 0.15, P < 

0.05).  

Territory size was also consistently associated with most measures of habitat quality 

(Table 1). Larger territories had lower average projected wolf use values in both seasons and at 

both levels of home range isopleth cutoff (Fig. 4A) and also had lower average moose use 

relative probabilities (Fig. 4B). Larger 95% ranges included a lower proportion of mixed forest 

(Table 1), although in summer the trend was only marginally significant (summer: R² = 0.06, P ≤ 
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0.1; winter: R² = 0.22, P < 0.05). Larger ranges at both scales had lower proportions of disturbed 

forest in summer (95% range: R² = 0.07, P < 0.05; 50% range: R² = 0.04, P ≤ 0.05) and winter 

(95% range: R² = 0.21, P < 0.05; 50% range: R² = 0.04, P < 0.1). Open lowland was strongly 

positively associated with the 95% range size (summer: R² = 0.22, P<0.01; winter: R² = 0.31, P < 

0.01) indicating that larger ranges include a greater proportion of this habitat. The proportion of 

deciduous forest and water in home ranges was not associated with territory size (P > 0.1).  

There was no statistically significant relationship between pack size (range = 2 – 14) and 

territory size in summer (95% range: P = 0.47; 50% range: P = 0.95) or winter (95% range: P = 

0.39; 50% range: P = 0.26). There was also no relationship between pack size and any other 

habitat quality variables including the relative probability of moose use (Table 1).  

The output from the pack-weighted population level wolf resource utilization model 

closely reflected the un-weighted model (Fig. 5). Coefficient signs and magnitudes were 

consistent across the board with the exception of the previous winter’s NDVI values for the 

summer analyses. Here β was strongly positive in the un-weighted model, but strongly negative 

in the pack-weighted model. Nuanced differences include a year-round avoidance of treed 

lowland when pack-weighted against winter avoidance when un-weighted, pack-weighted 

summer selection for deciduous lowland and no summer selection for newly disturbed forest.   

Discussion  

Wolf resource utilization across this broad, heterogeneous landscape was influenced by a 

variety of landscape modifiers and habitat attributes. Consistent across seasons was the 

disproportionate utilization of deciduous, mixed and disturbed forest, corresponding to high 

quality moose habitat (Peek 2007; Brown 2011; G. Street, Unpublished data). Conversely, 
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lowland habitat was strongly avoided in the winter here, as in other boreal sites elsewhere in 

Canada (McLoughlin et al. 2003), as were frozen lakes. However, wolves heavily used 

shorelines, which are typically preferred by wolves as travel corridors (Latham et al. 2011), as 

indicated here by year-round use of areas close to rivers and edges of large lakes. Anthropogenic 

disturbances exerted a mixed, but generally positive influence on utilization patterns. Dump sites 

were disproportionately utilized no doubt because they represent a consistent and largely risk-

free food source. Areas close to roads were also preferred, particularly in the summer. Like 

shorelines, sparsely used transport corridors provide a convenient means for wolves to move 

quickly through the landscape (Hebblewhite & Merrill 2008; Latham et al. 2011). This increase 

in velocity across the landscape has been linked in this system to higher kill rates of moose by 

wolves (Moffatt 2012). Furthermore linear features such as these can be important for territorial 

behaviour, used as territorial boundaries via scent marking (Peters & Mech 1975). Settlements 

were avoided in summer, possibly due to persistent persecution by local residents.   

Theory suggests that over evolutionary time species should select habitats that maximize 

fitness (Morris 2003). These selected habitats can then be defined as high quality for the given 

species. Direct, accurate measures of fitness such as demographic vital rates are difficult to 

attain, so density is often used as an indicator of quality given its intuitive link with fitness 

(McLoughlin et al. 2010). Here we have shown that local wolf density was positively related to 

the probability of moose use, consistent with observations that the main factor driving densities 

of obligate carnivores is often the density or availability of prey (Fuller & Sievert 2001; Carbone 

& Gittleman 2002; Fuller et al. 2003; Karanth et al. 2004). Consistent relationships between 

localized density and the other habitat quality metrics in our study area support the hypothesis 
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that density is a reasonable short-term indicator of habitat quality in this system (Mosser et al. 

2009, van Beest et al. 2014).  

Some previous work has suggested that direct fitness measures are more appropriate 

indicators of habitat quality for territorial species (Fretwell & Lucas 1969) because social 

restrictions on access to prime habitat increases the chances of subdominant individuals or social 

groups utilizing suboptimal habitat, potentially obscuring any putative relationship between 

habitat quality and proxy fitness measures such as density (Van Horne 1983; Mosser et al. 2009; 

DeCesare et al. 2014). Basic fitness measures such as reproductive rate are often density-

dependent, however, which would complicate habitat assessment for any population near its 

ecological carrying capacity (Mitchell & Hebblewhite 2012). Furthermore even in species not 

under ideal free distribution, density can provide a better measure of habitat quality over the 

short term than demographic vital rates due to environmental and demographic stochasticity 

(Mosser et al. 2009). Given these complications and the logistical constraints inherent in 

acquiring detailed demographic data for most large scale predator studies, demonstrating a clear 

link between density and habitat quality is particularly useful for population management.  

We found no significant relationship between territory size and pack size. In a seminal 

paper MacDonald (1983) demonstrated a strong correlation between wolf pack and territory 

sizes, as well as a similar relationship between coyote (Canis latrans), lion and spotted hyena 

(Crocuta crocuta) groups and their territories. However more recent studies have typically failed 

to find such a relationship for wolves (Potvin 1988; Fuller 1989; Mech et al.1998) and coyotes 

(Patterson & Messier 2001). Lions in the Selous similarly showed no relationship between group 

and territory size (Spong 2002) whereas Serengeti lions did, albeit only when partitioned by 
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habitat type (Mosser & Packer 2009). Large spotted hyena clans in Ngorongoro Crater held 

larger territories than did smaller clans (Höner et al. 2005). 

The inverse relationship between territory size and habitat quality observed in our study 

area suggests that wolves employ a flexible approach to territoriality, whereby the extent of the 

defended core shifts as a function of resource quality. This strategy may allow carnivores to 

better optimize the tradeoff between the costs of territorial defense vs. gains from resource 

acquisition (Hixon 1980; Schoener 1983). Territorial species benefit from defending a resource 

when the benefit outweighs the associated costs (Brown 1964). Maintaining a territory requires 

considerable energy expenditure to enable perimeter patrol, scent marking and at least 

occasionally, direct aggression against transgressors. A territory should therefore be big enough 

to encompass essential resources, but small as possible to ensure energetic efficiency 

(MacDonald 1983), resulting in the oft-observed inverse relationship between territory size and 

habitat quality (Gass et al. 1976; Village 1982; Smith & Shugart 1987; Mills & Knowlton 1991; 

Patterson & Messier 2001; McLoughlin et al. 2003; Markar & Dickman 2005). This is the 

pattern that we detected indicating an adaptive approach by wolves to territory size consistent 

with the elastic disc hypothesis (Huxley 1934; Potts et al. 2013). Spotted hyena territory sizes are 

not correlated with prey density within the territory in the Ngorongoro Crater, a pattern attributed 

to hyena's unique commuting strategy which allows individuals to make extensive extra-

territorial forays in pursuit of prey, effectively decoupling foraging ranges from clan territories 

(Höner et al. 2005).  

Pack size was not linked with any of the available metrics of habitat quality, including 

prey habitat preference, indicating that wolf group size is regulated by other factors. Optimal 

group size theory indicates that territorial animals should strive to best compromise the potential 
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advantages of information sharing or cooperative hunting vs. disadvantages arising from 

resource depletion (Brown 1982). Despite larger groups often having improved attack success 

and being able to subdue larger prey and therefore widening their available prey base, large 

groups do not necessarily confer foraging advantages because the cost of sharing the spoils 

(Packer et al. 1990), tendency to “free ride” (MacNulty et al. 2012) and the reduced efficiency of 

group search can outweigh any potential benefit (Caro 1994; Fryxell et al. 2007). The optimal 

foraging group size for wolves is ~2 (Thurber & Peterson 1993; Hayes et al. 2000) although the 

need to offset the impact of scavenging by ravens (Corvus corax) might promote the formation 

of larger groups (Vucetich et al. 2002).  

Selection by individuals should incorporate tradeoffs between multiple niche dimensions 

such as food, density, competition and predation (Brown & Kotler 2004). The composition of 

these tradeoffs is temporally variable and state-dependent (Boydston et al. 2003). That the 

summer core territory size and its attendant wolf density exhibited the weakest correlations with 

our measures of habitat quality is probably a reflection of an important behavioural process – 

denning – that overrides other habitat selection criteria factors. In Algonquin Provincial Park in 

southern Ontario, wolves select den sites in areas with significantly higher proportions of pine 

forest within a 1000m radius and low proportions of hardwoods within 500m (Norris et al. 

2002). Our habitat quality measures might accordingly be less appropriate during the short 

summer denning period. Additionally, in summer alternative prey are more available and often 

comprise a significant portion of wolf summer diets (Jedrezejewski et al. 2002; Sand et al. 

2008). These include beaver (Castor canadensis), snowshoe hare (Lepus americanus) and 

vulnerable moose calves which are typically spatially segregated from con-specifics (Mech et al. 
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1998; Bubenik 2007). This abundant alternative summer prey is thus spatially de-coupled from 

areas of high moose use.  

Incorporating animal density directly into resource utilization analyses should provide a 

more accurate reflection of true distribution on the ground than a model which assumes equal 

weighting between groups. Nonetheless, our comparison of pack-weighted and un-weighted 

output showed similar patterns, indicating that wolves in this landscape are largely consistent in 

their environmental preferences irrespective of pack size. Nonetheless, we did detect some slight 

modifications in habitat selectivity when density was explicitly included such as wolves in the 

summer avoiding treed lowland, disproportionately utilizing deciduous lowland and not selecting 

for newly disturbed landscapes. Again these patterns seem to reflect space use decisions that 

maximize exposure to the preferred habitat of moose. In this study area moose avoid bogs, fens 

and coniferous lowland habitats but select for deciduous stands, including deciduous swamps, 

and also strongly avoid recent burns (G. Street, Unpublished data). Therefore higher density wolf 

areas seem to correspond even more strongly with preferred prey habitat, further supporting the 

observed link between wolf density and habitat quality.   

The widespread similarities in habitat use by wolves at low and high density makes sense 

in that wolves require the same essential resources and hunt the same type of prey whether they 

are a pair or a large pack. However we do see higher localized densities associated with better 

quality ranges indicating that the impact of pack-weighting is not inconsequential and that 

adding an explicit density measure to resource utilization analyses improves our understanding 

of actual population response to resource distribution. The strong similarities between analyses 

might also speak to the overall quality of the landscape in which the study was conducted. The 

study area offered a gradient in some resources important to wolves such as moose density, 
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secondary road density and disturbed forest availability, but overall there was a heterogeneous 

mix of attributes rather than a stark dichotomy between good habitat and bad.    
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Tables 

Table 1: Summary of linear regressions of individual level pack attributes against un-weighted population model projection of wolf 

use, relative probability of moose use and proportion of range comprised of habitat variables selected or avoided by population-level 

model. Summer and winter analyses at the 95% territory and 50% core territory are shown.  

 
Density Territory Size Pack Size 

 
Summer Winter Summer Winter Summer Winter 

Habitat quality variable 95% 50% 95% 50% 95% 50% 95% 50% 95% 50% 95% 50% 
Projected wolf use (+)* (+)** (+)* (+)*** (-)** (-)** (-)** (-)*** NS NS NS NS 
Relative probability of moose use (+) NS (+)* (+)** (-) (-) (-)** (-)** NS NS NS NS 
Proportion deciduous forest NS NS NS NS NS NS NS NS NS NS NS NS 
Proportion mixed forest (+)* NS (+)** (+)* (-) NS (-)* NS NS NS NS NS 
Proportion disturbed forest (+) (+)  (+)* (+) (-)* (-)* (-)* (-) NS NS NS NS 
Proportion open lowland (-)** (-) (-)** (-)* (+)** NS (+)** NS NS NS NS NS 
NS= not significant, ( ) = P≤.1, ( )* = P≤.05, ( )** = P≤.01, ( )*** = P≤.001 
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Figures 

Figure 1: Map of study area showing extent (bold line), location in Northern Ontario (inset) and 

water (grey) including the northeastern portion of Lake Nipigon (lower left). Ninety-five percent 

Brownian bridge home ranges for all wolf packs from winter 2010-11 are also shown indicating 

southeastern and northwestern sampling areas. 
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Figure 2: Averaged coefficient estimates (β) with mean 95% confidence intervals (CI) for un-

weighted summer and winter Generalized Least Squares resource utilization models (n = 50). 

Inset shows variables with relatively small coefficient values for clarity.  
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Figure 3: Summer and winter 95% home range and 50% core range plots of  log(wolf density) 

A) as a function of projected wolf use from un-weighted population level resource utilization 

model (Summer 95%: R² = 0.37, P < 0.05; Summer 50%: R² = 0.39, P < 0.01; Winter 95%: R² = 

0.41, P = 0.01; Winter 50%: R² = 0.43, P < 0.001), and B) as a function of relative probability of 

moose use from resource selection function (Summer 95%: R² = 0.12, P = 0.1; Summer 50%: 

NS; Winter 95%: R² = 0.22, P < 0.05; Winter 50%: R² = 0.16, P < 0.01). Significant regression 

lines are shown (solid lines: P < 0.05; dotted lines: 0.1 < P > 0.05). 

A) 
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B) 
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Figure 4: Summer and winter 95% home range and 50% core range plots of log(territory size) 

A) as a function of projected wolf use from un-weighted population level resource utilization 

model (Summer 95%: R² = 0.41, P < 0.01; Summer 50%: R² = 0.39, P < 0.01; Winter 95%: R² = 

0.47, P < 0.01; Winter 50%: R² = 0.41, P < 0.001), and B) as a function of relative probability of 

moose use from resource selection function (Summer 95%: R² = 0.11, P < 0.1; Summer 50%: R² 

= 0.10, P < 0.1; Winter 95%: R² = 0.32, P < 0.01; Winter 50%: R² = 0.17, P < 0.01). Significant 

regression lines are shown (solid lines: P < 0.05; dotted lines: 0.1 < P > 0.05). 

A) 

 



75 
 

B) 
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Figure 5:  Correlation between un-weighted and pack-weighted coefficient estimates for 

summer and winter, from population level Generalized Least Squares analyses (r=.98 for both 

seasons).  
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Chapter 3: Ecological and environmental factors combine to 

influence where wolves kill moose. 

Abstract 

Predation is a fundamental process impacting the distribution and abundance of 

organisms across the landscape. This process can be decomposed into two essential components 

– the probability of an encounter between predator and prey, and the probability of death given 

an encounter. A measure of encounter probability can be determined from areas on the landscape 

where both predator and prey use is high. Vulnerability to predation is increased by landscape 

features that reduce the ability of prey to escape encountered predators. In wolf-moose systems, 

such a feature is snow depth. We used data from sites where wolves killed moose to investigate 

the influence of predator density, prey use and prey vulnerability on the relative spatial 

probability of a kill. We then contrast this model with a pure habitat model to determine the 

relative influence of these fundamental factors on moose kill site locations. Results indicate that 

the relative probability of wolves killing moose is increased in areas of high relative moose use 

or wolf density but where both are high the response is dampened. When snow depth is included 

in this interaction we see nuanced responses dependent on the inter-relationships between these 

three key variables. For instance, at high wolf densities, the relative probability of a moose kill 

increases more sharply in deep snow and where moose are located on the landscape has a greater 

influence on relative kill probability when wolf use and snow depth are both low. The best 

habitat model indicates wolves are killing moose in areas away from open water, lowland and 

human settlements but in proximity to secondary roads. The model that best explains moose kill 

distribution includes both state and habitat variables indicating that understanding factors 
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impacting encounter probability and those that impact prey vulnerability given an encounter are 

both of significant value to broadening our understanding of the spatial distribution of predation 

events and thus the true landscape of risk.   
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Introduction 

Predation is a fundamental ecological process that shapes observed patterns of 

distribution and abundance of organisms across the landscape. It does so directly through 

consumption (Middleton et al. 2013) and indirectly mediated by prey behavioural responses to 

the risk of predation (Schmitz et al. 1997; Fortin et al. 2005). Where predators move on the 

landscape and how prey individuals respond to the resulting spatially variable risk can impact the 

long term persistence of predator-prey systems (Ellner et al. 2001).   

It is becoming increasingly clear that predation risk is determined by more than predator 

presence (Lima & Dill 1990; Hebblewhite et al. 2005a; Kauffmann et al. 2007) just as areas of 

prey abundance alone are often insufficient to determine where predators kill (Hopcraft et al. 

2005; Davidson et al. 2013). However, the fundamental elements of predation, which underlie 

the functional response and are integral components of understanding predation risk, remain prey 

and predator densities (Holling 1959). Simply put, a necessary condition of a predation event is 

the spatial and temporal coming together of predators and prey (Lima & Dill 1990).   

A mechanistic approach to predation risk can be achieved through the decomposition of 

Holling’s (1959) functional response into its two fundamental components – the probability of an 

encounter between predator and prey and the conditional probability of a kill given an encounter 

(Lima & Dill 1990). The probability of an encounter hinges in large part on prey and predator 

densities, mediated by habitat selection choices and search efficiency. One method for estimating 

the relative spatial risk of encounter is to consider predator-prey co-occurrence as determined by 

the product of spatial predator and prey models (Hebblewhite et al. 2005a). The conditional 

probability of a kill can be estimated through the examination of kill site locations. Theoretically 
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decoupled from predator and prey densities, kill sites might be expected to depend more upon 

habitat attributes that create heterogeneity in predation risk by making prey more or less 

accessible to predators.        

Whether predators selectively utilize areas of high prey abundance to increase encounter 

rate or habitats that increase prey vulnerability has become a central question relevant to 

understanding predator-prey spatial dynamics (Hopcraft et al. 2005; Balme et al. 2007; Davidson 

et al. 2012). Prey catchability appears to be more important to ambush predators than prey 

density, as evidenced by lion (Panthera leo) and leopard (Panthera pardus) kills being 

disproportionately located where stalking cover was favourable irrespective of prey density 

(Hopcraft et al. 2005; Balme et al. 2007). Similarly, white-tailed deer (Odocoileus virginianus) 

in Quebec and Nova Scotia are more vulnerable to coyote (Canis latrans) predation when away 

from areas where deer congregate (Messier & Barrette 1985; Patterson & Messier 2000). From a 

prey’s perspective, predator distribution may be less important than habitat variables which 

increase predator lethality or their own vulnerability (Kauffman et al. 2007). Elk (Cervus 

elaphus) are 1.2 times more likely to be killed by wolves in pine forests given an encounter and 

1.3 times less likely to be killed in grasslands (Hebblewhite et al. 2005a). For cursorial predators, 

a factor mechanistically increasing prey accessibility is snow depth, given that deep snow has 

been found to increase energy expenditure and impede movement for a variety of ungulate prey 

and markedly increase wolf predation efficiency (Nelson & Mech 1986; Huggard 1993; Post et 

al. 1999).  

Here, in a system where moose constitute >90% of large prey killed by wolves, we 

explicitly link predators and prey in space using landscape level wolf density and moose 

utilization data to investigate how their distributions influence the relative probability of moose 
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predation events. Including snow depth, which increases prey vulnerability in this system allows 

us to theoretically link relative moose kill location probabilities to the essential components of 

the functional response – prey density, predator density and search efficiency to get at the 

mechanistic underpinnings of the predation process. We then compare this approach to a habitat-

only model as well as a model combining the most influential parameters from both approaches 

to investigate their relative influence on moose kill site locations.     

Materials and Methods 

Study area 

The research was conducted in the boreal forest of Northern Ontario’s Shield Ecozone 

between 92°1’W, 52° 6’N and 86°32’W, 49°49’N (Crins et al. 2009; Fig 1). Dominant trees 

include black spruce (Picea mariana), jack pine (Pinus banksiana), white spruce (Picea glauca), 

balsam fir (Abies balsamea). White birch (Betula papyrifera) and trembling aspen (Populus 

tremuloides) are also common with tamarack (Larix larcinia) and white cedar (Thuja 

occidentalis) restricted to lowland sites (Crins et al.  2009). Winters are long with snow typically 

present on the landscape from October through April.  

The study area extent straddles 51° N, the latitude demarcating the northern limit of 

sanctioned timber extraction as defined by the Ontario Ministry of Natural Resources’ Area of 

Undertaking. As a result there is a marked transition from relatively high anthropogenic 

disturbance in the southeast to very low levels in the northwest. Wolf and moose data came from 

two study areas separated by <100km (Fig 1) and densities of both species appear to mirror the 

disturbance gradient, being higher in the more disturbed southeast and lower in the relatively 

pristine northwest. Wolf density is estimated at 5.1/1000km² in the southeast site and 



82 
 

3.1/1000km² in the northwest site, derived from the total number of individuals within the 

minimum convex polygon (MCP) of all telemetry re-locations. Moose density estimates from 

aerial transect surveys are 46/1000km² in the southeast and 24/1000km² in the northwest.  

We used data from 172 moose kills over 4 winters between 2009 and 2013. The majority 

of kills (88.4%) were identified from GPS cluster analysis (Anderson & Lindzay 2003) with the 

remainder detected opportunistically during prey censuses, backtracking or from second-hand 

information. Moose kills were confirmed from signs of tracking and struggle, blood spatters in 

the snow and disarticulated carcasses (Webb et al. 2008).  

Wolf density 

Pack-level utilization distribution  

Between February 2010 and January 2013 52 wolves were tracked using GPS telemetry 

collars (Lotek 7000MA, 7000SAW, Lotek Inc, Newmarket, Ontario); 37 individuals representing 

23 packs in the disturbed site and 15 from 11 packs in the undisturbed site. Wolves were 

captured in summer (2010 – 12) using padded leg-hold traps (#7 EZ grip, Livestock Protection 

Co., Alpine, Texas) and in winter (2010-12) using helicopter net-gunning (Bighorn, AB). Wolf 

re-locations were recorded every 2.5- 5 hours with a fix rate success >90% (91%, range 77-99%, 

n=17, Anderson 2012) so we assumed resource utilization analyses were unbiased (Frair et al. 

2004). Animal handling was approved by University of Guelph’s Animal Protocol and by 

Ontario Ministry of Natural Resources (permits 10/11/12-218).  

We determined 95% utilization distributions (cell size = 100x100m) for each GPS-

collared wolf each winter using kernel Brownian bridge home range estimation (Bullard 1999; 

Horne et al. 2007). UDs were calculated using adehabitatHR (Calenge 2011) with sigma 1, the 
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smoothing parameter related to the speed or mobility of each individual animal was estimated 

using R function liker (Horne et al. 2007) and sigma 2, related to the imprecision of the 

relocations defined as 30m (Frair et al. 2010). UDs were determined for all wolf packs with data 

covering >10% of the winter (18.4 days) since wolves typically visit their entire range within 1-3 

weeks (Weaver 1994; Jedrzejewski et al. 2001). Winter coverage averaged 105 days (57.2%; 

N=62). If two wolves from the same pack were tracked in a single season but with no temporal 

overlap, two UDs were calculated with cell values weighted by their individual relative winter 

coverages (i.e. wolf A was tracked for 25% of winter and wolf B 50%, then wolf A’s UD is 

weighted at 50% of wolf B’s). If two wolves were collared in the same pack at the same time, the 

one with the longer tracking duration was included in analysis. 

To reduce the spatial dependence of wolf space use estimation on kill sites we removed 

from UD estimation all telemetry relocations within a 250m radius of known kills for one week 

after the estimated time of kill. Time and date of kill was assigned by examining the first GPS 

relocation of a linked cluster or by estimating from carcass condition when kills had no 

associated cluster. The spatial and temporal thresholds which determined relocation removal are 

based on Webb et al.’s (2008) algorithm for determining kill sites from wolf telemetry clusters as 

well as the spatial resolution of our study. Webb et al. (2008) located all kills within 200m of 

telemetry clusters so we felt secure that removing all points within a 250m radius accounted for 

the effect of known kill sites on wolf range use. Furthermore, the 250m radius of the buffer 

around each kill matched the spatial resolution of our hexagonal grid (see below). Webb et al. 

(2008) found the maximum temporal window during which wolves re-visited elk kills was 4 

days. Given the relative size difference between moose and elk (~501.7 kg vs. ~272.4 kg; 
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McCabe 1982) we increased this temporal window to 7 days to account more completely for 

feeding duration. 

Landscape-level utilization distribution 

We converted kernel Brownian bridge UDs (kbbUDs) to volume UDs (vUDs) describing 

the proportion of the total home range utilized in order for a given cell to be included (Calenge 

2011). We then overlaid the study area with a grid of 500m diameter hexagons and for each 

hexagon extracted the average value for each pack vUD. These were subtracted from 100 to 

arrive at a more intuitive measure for each hexagonal cell (i.e. cell vUD of 90.5% became 100 - 

90.5 = 9.5). To remove bias imposed by differing home range sizes we integrated to 1 for each 

individual pack by dividing each cell value by the sum of all cell values in the UD. We 

multiplied resulting values by pack size as estimated during initial collaring or follow-up 

monitoring to provide a pack-weighted measure of use equivalent to local wolf density estimates 

within each pixel (wolves/0.22 km²). If multiple pack ranges overlapped single hexagonal cells 

on the landscape, we summed values to determine cumulative pack-weighted cell values. This 

was repeated for each year to provide separate landscape-level UD-based local density estimates 

for each winter from 2009-10 to 2012-13. The final population-level winter UDs used 54788 

relocations from 34 packs.  

Statistical modeling of wolf UD 

We created a single table by combining all years such that each hexagon/year had an 

associated local wolf density estimate extracted from the relevant population level UD. This was 

linked to temporally accurate habitat and landscape covariates. These landscape covariates 

included elevation relative to that in a 500m radius, determined from a digital elevation map 



85 
 

(DEM); the normalized difference vegetation index (NDVI) of the current winter and of the 

preceding summer. Seasonal average NDVI values, measuring vegetation growth across the 

landscape, were determined by averaging the 16-day windows that cover the relevant season’s 4-

month core (June-September for summer and December-March for winter). Original data were 

obtained from NASA’s Land Processes Distributed Active Archive Centre at 250m resolution 

(LP DAAC 2013). Predictor variables also included boolean measures of proximity to dump 

(<1km=1; >1km=0), settlement (<1km=1; >1km=0), primary (paved and primary) roads 

(<500m=1; >500m=0) and secondary roads (secondary, tertiary, rail and utility) (<500m=1; 

>500m=0) as well as distance (km) to the shoreline of rivers or large lakes (not including those 

<500m in diameter). Land cover variables were amalgamated and calculated as proportions of 

each hexagonal grid using the Far North Land Cover (FNLC) map (Table 1; OMNR 2013). This 

30m² resolution map does not extend south of ~50° N latitude so we merged it with the most 

recent Ontario Land Cover map (OMNR 2000) where necessary (Jevon Hagens, OMNR, 

Thunder Bay). Maps included updated disturbances (fire and harvest) for each year of the study 

where a disturbance is considered new for the following winter. Coniferous forest was our 

reference class as it is the most common of the boreal and it is highly correlated with the other 

landcover classes (Dormann et al. 2013).  

The combined table comprised 184 736 hexagons so we systematically sub-sampled 

every 50th location from west to east starting from the NW corner. This ensured no hexagons 

were repeated in any sub-sample and resulted in 50 models. We used the log of the UD-based 

density estimates as our response and the full suite of landscape and land cover covariates as 

predictors. We conducted a correlation analysis to ensure independent variables were not highly 

correlated (|r| < 0.7; Dormann et al. 2013). We used generalized least squares mixed effect 
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regression models with rational quadratic spatial correlation structure (gls in R package nlme) to 

link average UD values to predictor variables. This allows us to account for spatial 

autocorrelation in the response variable. Plots of normalized residuals against fitted values and 

normal plots were used to verify model fit (Crawley 2007). We averaged output model 

coefficients among the 50 sub-samples and retained all variables for the final model (Appendix 

A, Table S1). This method includes the uncertainty inherent in the models (Harrell 2001) and is 

based on the logic that effects that vary substantially in direction among the 50 subsamples 

should average out to ~0. (John Fieberg, personal communication). Finally we projected this all-

inclusive model across the hexagonal grid covering the broader study area landscape (i.e. beyond 

the area encompassed by the actual population-level wolf UDs) for each of winter (2009-10 to 

2012-13). This was our landscape-level local wolf density layer. 

Relative probability of use by moose 

We conducted fixed wing aerial surveys with two observers to estimate moose abundance 

throughout both study sites within the larger study area. Flights were from February 15 – March 

13, 2011 in the northwestern site and Jan 25 – March 03, 2012 in the southeastern site. Flight 

lines were oriented north –south, 5km apart covering >21000km² in each site. When moose or 

their fresh tracks were observed, surveyors deviated from the transect line in order to accurately 

identify individuals and record spatial locations before rejoining the flight path from where it had 

been left. Only observed moose were included in further analysis.  

To incorporate spatial error in moose location estimation, a 250m buffer was created 

around each point where moose were detected. Non-overlapping buffers of the same size where 

moose were not detected were then created along the flight path at intervals of 600m between 
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buffer centroids. Since the occupancy of these buffers could not be know with absolute certainty 

given imperfect detection they were considered available instead of unused (MacKenzie 2006). 

Appropriate landscape variables were then determined for these buffers.  

  We used logistic regression to estimate a resource selection function using a used-

available design to determine the relative probability of moose being present across the 

landscape (Manly et al. 2002). Covariates were proportional land cover (water, lowland, mixed 

forest, conifer forest, sparse forest and disturbances both new and old), ΔNDVI, relative 

elevation and snow depth (G. Street, Unpublished data). Deciduous forest was used as a 

reference class due to expectation that it would be highly selected as preferred moose browse (G. 

Street, Unpublished data). Model output was then projected across the landscape to the same 

hexagonal grid as wolf density (Appendix A, Table S2). Like the wolf density layers, the result 

was one relative probability of moose use layer for each winter from 2009 -10 to 2012-13.   

Snow depth 

We created a snow depth model by coupling observed snow depth measurements across 

the study area (P. Wiebe, Unpublished data) to spatiotemporal snow depth predictors. These 

predictors were the existing NOAA snow depth projections (NARR dataset DSI-6175; Mesinger 

et al. 2006), seasonal NDVI and a series of landscape covariates. We used a two-step linear 

mixed effect regression procedure with a Gaussian spatial autocorrelation structure (T. Avgar, 

Unpublished data). The final, unbiased model explained 88% of the variation in the snow depth 

dataset (Appendix A, Table S3).  The snow depth model predictions were then projected across 

the landscape and averaged across the same hexagonal grid as wolf density and probability of 

moose use. Here we had one layer for each 16-day window across the 4 winters, to match the 
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temporal resolution of the NOAA data. Each kill site and their associated available locations 

were matched to the relevant snow depth window using the estimated kill date.  

Kill site selection modeling 

We used logistic regression in a use vs. availability framework to estimate a resource 

selection function (RSF) determining the relative probability of a moose kill occurring in a given 

location (Manly et al. 2002):  

0 1 1 2 2exp( ... )p pRSF β β β β= + Χ + Χ + + Χ  

where β is the coefficient estimate and X the independent variable. 

 Used points were 172 known moose kill locations, 150 in the southeastern site and 22 in 

the northwestern site (Fig. 1). We used estimated kill dates to match kills to the appropriate 

winter for wolf density, relative probability of moose use and land cover categorization and to 

the relevant 16 day snow depth projection window. For each used location we created 10 random 

locations with associated values drawn from identical winter and snow depth windows. Random 

locations were drawn from an area of availability defined by the combined 99% fixed kernel 

density utilization distribution of all packs across all years (Fig. 1). Available locations were 

matched to the study site of their corresponding used location (Manly et al. 2002) resulting in 

1500 locations from the southeastern site and 220 from the northwestern site (Fig. 1).  

Our first goal was to determine the influences of state variables on kill site selection by 

comparing how wolf density, relative probability of moose use and snow depth impact kill site 

probabilities. We first ran a correlation analysis between independent variables to ensure no 

multicollinearity. Correlation coefficients were <0.7 (range 0.2 - 0.6) so all variables were 
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retained in modeling (Dormann et al. 2013). We then constructed 17 models representing all 

possible additive and interactive combinations of these three state variables. 

Our second goal was to compare the best state variable model with the best available 

biologically informed habitat-based model. We undertook a habitat-model competition using 

backward step-wise elimination in an AIC framework to determine the best model with land 

cover defined as proportions within a 250m radius buffer of the kill. Buffer size was selected to 

match the spatial resolution of our hexagonal grid but also reflects a reasonable area for the 

predation process given that Wikenros et al. (2009) found 90% (N=68) of wolf-killed moose 

were killed <400m from chase initiation with the mean successful chase 66m. FNLC data was 

amalgamated into seven meaningful categories (Table 1). Other landscape factors which might 

impact wolf kill site selection include distance to anthropogenic disturbance as well as elevation 

(Kunkel & Pletscher 2000). We therefore included a Boolean measure of proximity to both 

primary (including paved) and secondary roads (including tertiary logging roads, railways and 

utility lines). Eriksen et al. 2008 found the highest probability of both wolf and moose telemetry 

relocations, and therefore encounters, 0.89 km from gravel forest roads. We therefore assigned 

all locations within 1 km of roads x = 1 and all those beyond 1 km x = 0. We also incorporated 

elevation relative to that in a surrounding 500m buffer in habitat models. Since little meaningful 

variation in absolute elevation exists in our study area we used the relative measure to investigate 

localized selection. 

Although a widely used approach, we recognize that the backward stepwise variable 

elimination process can be considered inferior to the protocol of thinking through alternative 

plausible models and then challenging the data with these models to see which the data best 

supports (Burnham, Anderson & Hyyvaert 2011). When considering competing models that 
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represent separate underlying hypotheses, we fully concur, however, our goal in this analysis was 

to employ a set of relevant variables carefully selected apriori based on biological 

considerations, and determine the best available combination of them to explain moose kill 

locations. As such, we feel this approach was justified.  

We used Jacob’s selectivity index to undertake an initial investigation of habitat selection 

based on the immediate landcover classification of the cell in which kills were made:  

D =(r – p) /(r + p - 2rp) 

, where r is the proportion of kill sites of a given land cover class and p is the proportional 

availability of that land cover class as determined from available points (Jacobs 1974). Values of 

D range from -1 to 1 with 0 indicating use in proportion to availability (Jacobs 1974). Jacob’s 

index minimizes bias from small sample sizes (e.g. habitat proportions < 10%; Hayward & 

Kerley 2005). This analysis revealed that kills were located in coniferous forest in almost perfect 

accordance with availability (Jacob’s Index = .003; Appendix A, Fig. S1) allowing it to act as a 

baseline to which the remaining land cover classes could be meaningfully compared. Therefore 

this widespread class was used as the initial reference since land cover proportions otherwise 

sum to 1 and result in perfect collinearity (Dormann et al. 2013).  

Once the best state variable and habitat models were determined we undertook a form of 

model competition between these models as well as a model combining the two. We used 

Akaike’s Information Criterion to compare models and model weighting to estimate the weight 

of evidence in support of each model relative to the others in the set (Burnham & Anderson 

2002). We used Likelihood ratio tests (null model deviance compared to deviance of the fitted 
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model) to determine model significance and the Hosmer & Lemeshow Goodness-of-Fit test to 

evaluate fit of top models (Hosmer & Lemeshow 2000). 

Statistical and spatial analysis was undertaken using R software version 2.15.1, R 

Development Core Team 2012, ArcMap 10.0 (ESRI Inc.) and Geospatial Modeling Environment 

0.7.2.0.  

Results 

Likelihood ratio tests indicated that all models with any weighting showed significant 

reduction in deviance from the null. The Hosmer & Lemeshow Goodness of Fit test statistic 

(P>.05) and visual inspection of expected vs. observed graphs indicate adequate fit for top 

models.  

State variable model 

In the univariate model, wolf density had a strong positive influence on the relative 

probability of a moose kill (β = 3853.35; 95% CI = 2057.06-5649.64, z = 4.205). Relative 

probability of moose use was also strongly positively associated with relative kill site probability 

in the single variable model (β = 5.37, 95% CI = 2.97-7.77, z = 4.394). In contrast snow depth 

alone had negligible impact on relative kill probability but models with wolf:snow interaction 

and no higher order terms were positive (wolf density*snow depth model: β = 87.12, 95% CI = 

3.96-170.28, z = 2.053) indicating that the effect of wolf density increases with increasing snow 

depth. The top five state variable models included the wolf density*moose use interaction (Table 

2) which was consistently strongly negative indicating a non-linear relationship between these 

key state variables.  
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The top state variable model included the 3-way interaction between wolf density, 

relative probability of moose use and snow depth (Table 2). The evidence ratio between this and 

the next best model is 3.3 indicating a reasonable probability that this is in fact the best model 

(Burnham & Anderson 2002). Consistent with simpler models, moose use and the wolf 

density*moose use interaction were important variables (Table 3). The interaction between 

moose use and snow depth was negative indicating a lower relative effect of moose use on 

relative kill probabilities at higher snow depths. The 3-way interaction between state variables 

was strongly positive indicating increased relative probability of a moose kill where wolf 

density, relative probability of moose use and snow depth are all high. This indicates that the 

effects of the three state variables are interdependent such that determining the influence of one 

requires information about the others. To investigate this interaction we plotted predicted relative 

probability of a moose kill from the top model as a function of relative probability of moose use 

by holding wolf density and snow depth constant at low levels (equal to 1st quartile values), then 

at high levels (3rd quartile values), then with wolf density high and snow depth low and vice 

versa. We repeated this with appropriate variations to determine relative probability of kill as a 

function of wolf density (Fig. 2). Increased relative probability of moose use consistently 

increased relative probability of kill and the effect was accentuated by low snow depths. 

Conversely, at high wolf density the effect of increasing moose use was dampened considerably 

regardless of whether snow depth was high or low (Fig. 2). The relative probability of a kill 

increased with increasing wolf density when moose use was low and when snow depths were 

high, but with moose use high and snow depth low, the effect of wolf density on the relative 

probability of a kill lessened (Fig. 2).  
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Habitat models 

The top habitat model included relative elevation and proximity to secondary, but not 

primary, roads (Table 3). The three land cover variables retained in the model – open water, 

lowland and infrastructure - were all negatively associated with kill locations. The low relative 

probability of a kill being made near water or lowlands is despite weak avoidance of areas of 

high elevation relative to the immediate surroundings.  

State, habitat and combined models 

  The combined state variable and habitat model outperformed the individual models as 

evidenced by the lowest AIC score (Δ AIC > 2) and highest model weighting (Burnham & 

Anderson 2002; Table 4).  This indicates that both state and habitat variables play an important 

role in the determination of wolf kill sites. Parameter estimates did not substantially change 

(Table 4). The evidence ratio (3.5) for this combined model compared to the next best model 

(habitat) indicates reasonable certainty that this is the best model (Burnham & Anderson 2002). 

This top model was significant (Likelihood-ratio test ratio χ² = 78.44, df = 12, p = 8.18E-12) and 

demonstrated good model fit (Hosmer & Lemeshow goodness of fit test, χ² = 11.04, df = 8, p = 

.20).  

Discussion 

Wolf density and the relative probability of moose use were both strongly positively 

correlated with the spatial relative probability of a moose kill. This indicates that where either of 

these main players in a predation event is more likely to be found, the relative probability of a 

kill increases. This intuitive pattern has previously been observed in wolf-moose systems 
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(Kunkel & Pletscher 2000). Higher prey density leading to increased encounter rate and a higher 

predation rate is a key concept of the functional response (Holling 1959) so consistently 

observing this link in a resource selection framework, albeit to kill probability not predation rate, 

is intriguing but not unexpected.  

The 2nd order interaction between predator density and the relative probability of prey use 

was strongly negative in all models, indicating that as the probability of encounter increases, the 

slope of the regression line decreases such that the influence of wolf density on relative kill site 

probability is less marked at high moose densities and vice versa. Unlike ambush predators that 

might not benefit from additional encounters (e.g. if they are occurring in open areas), coursing 

predators are expected to directly benefit from a higher encounter rate. That the observed 

relationship is non-linear indicates other elements at play. Invoking theory from the functional 

response literature, it may be that in areas of higher prey use (which reflect higher prey 

densities), the relative probability of a kill cannot increase at the same rate as it does at low use 

(density) areas, no matter the density of predators, due to handling time, predator satiation and 

pack behaviour that sees multiple predators feeding from the same carcass. Predator density 

might have a similar effect on the influence of moose use on relative kill probability because 

when there are few wolves on the landscape, the relative probability of a kill increases directly 

with the number of prey available but with more wolves the effects of social grouping and 

territoriality increase in prominence, as might the strength of prey anti-predator behaviour, 

weakening the effect of moose use (Abrams 1993).  

The strongest state variable model included the 3-way interaction of predator density, 

relative probability of prey use and snow depth, underscoring the relevance of investigating the 

nuanced interplay between these key parameters. Deep snow enhanced the effect of wolf density 
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on relative kill probability, supporting previous results showing that snow depth is a key variable 

increasing prey accessibility for wolves (Jedrzejewski et al. 2002; Dussault et al. 2005). This is 

also reflected by the dampened effect of moose use on relative kill probability in deep snow, 

indicating that a kill here is less contingent on an area being highly used by moose and hinting 

instead at increased predator efficiency. Inhibiting snow conditions are one important factor in 

wolves’ preferential winter predation on large ungulates (Peterson & Ciucci 2003). Wolves 

hunting moose on Isle Royale (Post & Stenseth 1999) and white-tailed deer (Odocoileus 

virginianus) in Minnesota (Nelson & Mech 1986) were more successful during deep-snow 

winters. A 3-fold increase in moose killed/day on Isle Royale was attributed to wolves hunting in 

larger packs during deep snow winters (Post et al. 1999) perhaps to exploit this relationship. 

However in Alberta a similar increase in daily kill rate of elk was observed without hunting pack 

size increases as deep snow improved efficiency for existing packs (Huggard 1993). Here age 

classes of predated elk also changed with snow depth, with only adults killed in deep snow but 

an equal ratio of calves and adults killed at lower snow depths (Huggard 1993). Snow depth has 

a cumulative, lagged effect on moose and white-tailed deer populations (Mech et al.1987; Post & 

Stenseth 1999). Increased predation efficiency by wolves on adult ungulates during deep snow 

winters combined with the physiological burden of surviving harsh winters would be expected to 

produce this result (Dussault et al. 2005).   

Conversely, lower snow depths make moose less accessible so areas of shallow snow 

might act as spatial prey refugia, where moose congregate to avoid predation (Kunkel & 

Pletscher 2000). Here, the relative probability of a moose kill decreased with higher wolf density 

only when the relative probability of moose use was high and snow depth low. It is 

heterogeneous predation rates caused by these kinds of spatial prey refugia that theory indicates 
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allow long term persistence of predator-prey systems (Ellner et al. 2001). Landscape features 

mediating predation events after an encounter is not without precedent for coursing predators. 

Deer frequently encountered on open slopes are often able to evade predators if the slope is steep 

(Lingle & Pellis 2002).  

The habitat model indicated open water was strongly associated with a lower relative kill 

probability. In spring and summer moose utilize open water to feed on sodium-rich aquatic 

vegetation (Belovsky & Jordan 1981) and as an anti-predator defense (Mech 1970). In winter, 

wolves travel along frozen waterways and shorelines increasing the perceived risk of predation 

here (Montgomery et al. 2013). Offering moose no food or protection these areas are therefore 

avoided (G. Street, Unpublished data). Additionally frozen lakes tend to be open to winter winds 

which typically reduce snow depths on these features, a factor that decreases wolf hunting 

efficiency (Post et al. 1999). Lowlands were also negatively associated with relative kill 

probability. These areas offer scant forage for moose and are infrequently used by wolves (Table 

S1). McLoughlin et al. (2005) found caribou (Rangifer tarandus) utilizing uplands had elevated 

mortality rates which could be lowered by maximizing selection for lowland areas avoided by 

wolves. Areas of human infrastructure include settlements which wolves typically avoid 

(Hebblewhite et al. 2005b). Conversely wolves do utilize anthropogenic linear features such as 

low traffic roads to increase mobility across the landscape (Musiani et al. 1998; Whittington et 

al. 2005) which is reflected by the disproportionate number of moose killed in proximity to these 

features.  

The combination of state variables which underlie the encounter phase of predation and 

habitat variables which speak more to prey vulnerability given an encounter, are both highly 

relevant to gaining a more complete understanding of the predation process and risk across the 
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landscape (Fig. 3). McPhee et al. (2012) identified different processes occurring during hunting 

and killing phases which indicated a similar influence of both state and habitat variables, 

whereby wolves preferentially hunted where prey density was high but prey densities did not 

influence where along hunt paths wolves killed prey (McPhee et al. 2012). Kauffman et al. 

(2007) found that habitat type had greater impact than wolf distribution on elk kill site locations 

in Yellowstone as did Hebblewhite et al. (2005a) in Alberta. We detected a similar trend here but 

found that predator density and prey distribution data complemented habitat-based associations. 

This link is an important one if we are to avoid the “empty forest syndrome” (Karanth et al. 

2004; Datta et al. 2008; Mitchell & Hebblewhite 2012). The nuanced interrelationships observed 

here between predator density, prey use and snow depth exemplify the complexity inherent in 

natural systems. Directly addressing these complexities will increasingly refine perception of the 

fundamental factors dictating where organisms are distributed across space and time.   
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Tables 

Table 1: Far North Land Cover map classifications as amalgamated for both wolf density 

estimation and kill site selection modeling. 

Far North Land Cover map classifications 

Original Wolf density 
model 

Kill site selection 
models 

Clear Open water water water 
Turbid water water water 
Freshwater marsh open lowland lowland 
Open fen open lowland lowland 
Open bog open lowland lowland 
Coniferous swamp treed lowland lowland 
Treed peatland treed lowland lowland 
Treed fen treed lowland lowland 
Treed bog treed lowland lowland 
Thicket swamp deciduous lowland lowland 
Deciduous swamp deciduous lowland lowland 
Deciduous treed deciduous upland deciduous/mixed upland 
Mixed treed mixed upland deciduous/mixed upland 
Coniferous treed coniferous treed coniferous 
Sparse treed sparse treed sparse 
Bedrock NA sparse 
Disturb - non and sparse woody disturbunce  disturbed 
Disturb - treed and/or shrub disturbunce  disturbed 
Newly Disturbed - non and sparse woody newly disturbed disturbed 
Newly Disturbed - treed and/or shrub newly disturbed disturbed 
Community/Infrastructure NA infrastructure 
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Table 2: Model competition results for determining top State variable model. WOLF = wolf 

density, MOOSE = probability of moose use and, SNOW = snow depth. K = number of 

parameters, ΔAIC = AICi – AICmin and wi = Akaike weight.  

Model K Δ AIC wi 
WOLF*MOOSE*SNOW 7 0 0.6985 
WOLF*MOOSE+WOLF*SNOW 5 2.4 0.2104 
WOLF*MOOSE 3 5.4 0.0469 
WOLF*MOOSE+SNOW 4 6.3 0.0299 
WOLF*MOOSE+MOOSE*SNOW 5 8.2 0.0116 
MOOSE*SNOW+WOLF 4 11.4 0.0023 
WOLF + MOOSE 2 17.9 0.0001 
WOLF*SNOW+MOOSE  4 18.4 0.0001 
WOLF + MOOSE + SNOW 3 19.6 0.0000 
WOLF*SNOW 3 20.2 0.0000 
WOLF 1 20.4 0.0000 
WOLF*SNOW+MOOSE*SNOW 5 20.4 0.0000 
MOOSE 1 21.9 0.0000 
WOLF + SNOW 2 22.4 0.0000 
MOOSE + SNOW 2 23.7 0.0000 
MOOSE*SNOW 3 25.6 0.0000 
SNOW 1 38.5 0.0000 
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Table 3: Model output for top State variable and Habitat models showing coefficient estimates and standard errors.  

 
Top State Variable Model Top Habitat Model 

  β SE   β SE 
(Intercept) -3.9750E+00 1.8780E+00 (Intercept) -1.9001 0.1648 
Wolf 2.3380E+03 3.2110E+03 Water -1.9929 0.4384 
Moose  1.6640E+02 4.5830E+01 Infrastructure -10.0943 5.0326 
Snow -3.7660E-02 3.8480E-02 Lowland -1.3904 0.3372 
Wolf:Moose -2.3990E+05 6.9390E+04 Relative elevation (500m) -0.0167 0.0085 
Wolf:Snow 6.2610E+01 6.4290E+01 Proximity to secondary roads (1km) 0.4635 0.1702 
Moose:Snow -1.7360E+00 7.4330E-01 

   Wolf:Moose:Snow 2.5420E+03 1.1230E+03       
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Table 4: Results from model competition between top State variable, Habitat and Combined 

models. K = number of parameters, ΔAIC = AICi – AICmin and wi = Akaike weight. Model 

output from top overall model (Combined) showing coefficient estimates and standard errors. 

Model K Δ AIC wi 
STATE+HABITAT 12 0 0.7772 
HABITAT 5 2.5 0.2227 
STATE  7 17.8 0.0001 
      

 Top Overall Model Coefficients β SE 
 (Intercept) -2.54E+00 2.00E+00 
 Water -1.66E+00 4.70E-01 
 Infrastructure -1.01E+01 5.07E+00 
 Lowland -1.04E+00 3.76E-01 
 Relative elevation (500m) -1.50E-02 8.65E-03 
 Proximity to secondary roads (1km) 3.00E-01 1.80E-01 
 moose 1.27E+02 4.65E+01 
 wolf_nokill 6.29E+02 3.39E+03 
 snow -3.46E-02 4.06E-02 
 moose:wolf_nokill -1.85E+05 7.01E+04 
 moose:snow -1.35E+00 7.59E-01 
 wolf_nokill:snow 5.95E+01 6.77E+01 
 moose:wolf_nokill:snow 1.97E+03 1.14E+03 
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Figures 

Figure 1: Study area in Northern Ontario showing the outline of the 99% kernel density estimate 

combined utilization distributions for the southeastern and northwestern sites. Red dots indicate 

moose kill sites and green dots indicate available locations. 
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Figure 2: Graphical interpretation of the effect of wolf density and moose use on the relative 

probability of a kill as function of varying predator densities, prey use probabilities and snow 

depths. Plots are from the top state variable model (wolf density*moose use*snow depth). 

Logistic regression equation output from top model is solved using observed data for variable of 

interest and constant low (1st Quartile) and high (3rd Quartile) values for the other two interacting 

variables.  
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Figure 3: Study area maps showing A) projected wolf density  B) projected relative probability 
of moose use C) projected snow depth and D) projected relative probability of moose kills from 
outcome of top state variable model (wolf*moose*snow). Red indicates high and blue low 
density/probability/depth. 

A) 
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B) 
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C) 
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D) 
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Chapter 4: Space use by lions in Serengeti’s western 
corridor: comparing the influence of inter-specific 
competitors, landscape features and prey availability 

Abstract 

It is well established that coarse scale predator distribution patterns are influenced by 

prey availability, however the factors underlying their landscape utilization at a finer scale are 

less clear. Identifying these factors and understanding their relative roles is important for the 

management and conservation of both top predators and the ecological systems in which they 

reside. One might expect, for example, range utilization by terrestrial predators to be sensitive to 

landscape attributes that increase prey vulnerability and by the concurrent use of space by inter-

specific competitors, as well as spatial variation in prey density. We investigated the relative role 

of these three factors on resource utilization by a globally endangered apex carnivore, the 

African lion (Panthera leo) in the western corridor of Tanzania’s Serengeti National Park. We 

used cumulative landscape-level utilization distributions generated directly from telemetry 

relocations of radio-collared lions and their primary competitors in this system, spotted hyenas 

(Crocuta crocuta) to understand the role of inter-specific competition; prey data from monthly 

censuses to measure prey availability; and remote sensing data to represent relevant habitat 

attributes. We demonstrate that lion space use in this system was most consistently influenced by 

landscape attributes that increase prey vulnerability. In the wet season, when prey is scarce, lions 

concentrated activity in proximity to embankments, whereas in the prey-rich dry season, lions 

disproportionately used flat areas in proximity to water. We also provide evidence that spatial 

variation in prey abundance was an important driver of lion space use when prey is plentiful in 

the study area. Lions did not avoid spotted hyenas and both predator species were positively 
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associated with areas of high prey biomass when overall prey abundance was high. These results 

suggest that both prey availability and prey vulnerability motivate lion space use decisions with 

the relative importance of these factors appearing to be mediated by overall prey abundance. 

  



115 
 

Introduction 

The distribution and abundance of top predators exerts profound influence on the 

distribution and abundance of their prey (Lima & Dill 1990; Ripple & Beschta 2004; Valeix et 

al. 2009). This in turn can impact predator-prey population dynamics (Shulman 1985; Lima 

1998) as well as ecosystem structure as mediated by trophic cascades (Elmhagen et al. 2010; 

Ripple et al. 2014). Understanding the factors that drive apex predator space use therefore 

provides valuable insights into community structure and dynamics and is accordingly of 

fundamental importance for the management and future conservation of both top predators and 

the broader systems of which they are a part.  

Organisms should use landscapes so as to maximize fitness (Morris 2003). For predators 

a basic component of fitness is the rate of prey capture, which is typically enhanced in areas of 

high prey density. Hence, the broad-scale distribution of large carnivores is often determined by 

prey abundance (Carbone & Gittleman 2002; Karanth et al. 2004). At finer scales however, the 

mechanism governing predator distribution is more elusive, with space use either dictated by 

areas of the landscape where prey are particularly abundant or spatial locations where prey 

capture is more efficient (Sih 2005).  

In multi-predator systems, the location of inter-specific competitors can also influence 

decisions on space use by carnivores (Vanak et al. 2013) often with subsequent impacts on 

population dynamics (Creel & Creel 1996; Tannerfeldt et al. 2002; Berger & Gese 2007). 

Exploitative and interference competition are particularly widespread among African carnivores 

and may be fundamental to shaping distribution patterns (Caro & Stoner 2003). Lions and 

hyenas are the most important predators, functionally and numerically, in many African systems 
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(Mills 2005) and are direct competitors given that their diet and ecological range extensively 

overlap (Kruuk 1972; Schaller 1972; Hayward 2006). As a result the two species typically 

exhibit negative interactions in the form of direct aggression (Trinkel & Katsberger 2005) and 

kleptoparasitism (Cooper 1991) as they compete for the same suite of prey resources (Watts & 

Holekamp 2008).  

Here we use population-level seasonal lion and hyena utilization distributions to 

investigate the drivers of the use of space by lions in a multi-prey, migratory system in the 

western corridor of Serengeti National Park, Tanzania. Specifically, we ask whether the use of 

space by lions is primarily influenced by 1) the avoidance of their primary inter-specific 

competitor in the system, the spotted hyena, 2) attributes of the landscape that increase prey 

vulnerability, or 3) the direct availability of prey. Furthermore, since spatial and temporal 

heterogeneity in resource availability partially underlies seasonal shifts in organism distribution 

patterns (Owen-Smith 2014), we ask whether the factors influencing predator space use differ 

between wet and dry seasons. Due to the annual migration of wildebeest across the Greater 

Serengeti Ecosystem, prey availability varies considerably in the western corridor (Sinclair 

1995).     

Materials and Methods 

Study Area 

The 25 000 km² Serengeti ecosystem includes three distinct regions – the Serengeti 

Plains, the western corridor and the North (McNaughton 1983). The system structure is 

dominated by its rainfall regimen with the amount of rainfall following a south-east (500 mm) to 
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north-west (1100 mm) gradient (Mduma et al. 1999). The wet season runs from November 

through May and dry season June through October (Sinclair 1995).  

This study was conducted in a 1440 km² portion of the western corridor (Fig. 1), a 

geologically complex region characterized by alluvial soil deposited by two major east-west 

oriented rivers, the Grumeti to the north and Mbalageti to the south, between which runs a series 

of Precambrian banded ironstone hills (Sinclair 1995). The corridor is composed of a sparse 

woodland-grassland mosaic interspersed with patches of dense woodland (McNaughton 1983). 

This is a transitory zone for the wildebeest migration as it moves in a sweeping arc from the 

Serengeti Plains to the north, with the influx of migrating animals arriving in the corridor at the 

onset of the dry season (June – July) and typically passing through prior to commencement of the 

wet season (Holdo et al. 2009).  In contrast to the Serengeti Plains, the western corridor has 

substantial populations of resident ungulates (McNaughton 1983), including resident wildebeest 

(Sinclair et al. 2003). Lions and hyenas are the dominant predators in the Serengeti system 

occurring at densities of 0.12/km² and 0.36/ km² respectively (Sinclair 1995) and accounting for 

~85% of large herbivore predation (Schaller 1972).  

Lion utilization distributions 

Between December 2009 and June 2011 GPS radio collars were attached to 6 adult 

female lions (Telonics TGW-4500, Mesa, AZ, USA) from 5 separate, neighbouring prides in the 

central portion of the western corridor (Fig. 1). These prides, although few in number, represent 

fairly extensive coverage of the physically narrow study area. Lions were immobilized by 

veterinarians from Tanzania National Parks (TANAPA) and Tanzania Wildlife Research 

Institute (TAWIRI). Five collars were deployed at any one time and were programmed to record 
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GPS locations every 2 hours. Radio collar fix success rate was 95.2% ensuring no bias in 

telemetry re-locations (Friar et al. 2010).   

Utilization distributions (cell size = 100x100m) were determined for each individual for 

each season and year using fixed kernel density home range estimation (kde, adehabitatHR 

package in R) with reference bandwidth (Kie et al. 2010). Kernel UDs (kUDs) were converted to 

volume UDs (vUDs) describing the percentage of the total territory utilized for a given cell to be 

included (Calenge 2006). These vUD values were then subtracted from 100 to arrive at an 

intuitive measure for each cell (i.e. a cell with vUD of 75% becomes 100 - 75 = 25). To remove 

bias imposed by variation in territory size use by each individual pride was integrated to 1 by 

dividing each cell value by the sum of all UD cell values for that pride. Resulting values were 

then multiplied by group size for that season as determined during regular monitoring. 

Neighbouring lion pride ranges often overlap (Benhamou et al. 2014), so if more than one pride 

territory overlapped a single cell on the landscape, all values were summed to determine the total 

seasonal cell value for each year. One pride – the Grumeti pride – contained two collared lions. 

These were spatially separated for prolonged periods (i.e. entire seasons) when one of the two 

females segregated itself from the pride to give birth, whereas the other female remained with the 

rest of the pride. Data from both individuals were incorporated into a single UD in order to 

represent more completely the full pride’s utilization of the landscape. To do this seasonal UDs 

were calculated for each individual in the manner illustrated above and these were then joined 

together by weighting each individual’s UD values by the proportion of the total seasonal 

duration that it represented (i.e. if both individuals were tracked for the entire season, they were 

evenly weighted (50:50) but if one individual was tracked for 75% of a given season and the 

other for the full season, weighting was 43:57). This method was followed for both dry and wet 
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seasons. Wet season data came from two years (2010 and 2011) so in order to arrive at an overall 

wet season UD, the individual year UDs were averaged by combining values across years and 

dividing by the number of years that a given cell was used. The final population-level UDs used 

7983 dry season relocations and 19164 wet season relocations from 6 individuals representing 5 

prides.  

Inter-specific competition 

During the same period as the lion tracking, GPS radio collars were deployed on 6 adult 

female hyenas from 5 separate clans that overlapped the home ranges of collared lion prides 

(LOTEK 3300 and 4400, Newmarket, ON, Canada and Tellus 2A, Followit, Lindemark, 

Sweden). Population-level UDs were developed following the methods detailed above, except 

hyena UDs were not weighted by clan size given that it was not possible to effectively determine 

group sizes for all collared clans.  

Prey availability 

 A series of six transects ranging in length from 9.4 to 43.6 km were surveyed along a 

total of 129km of roads between 6am – noon across five days of every month (Fig. 1). Beyond 

100m there is a decay in detection probability for ungulates in this system (Bukombe et al. 

submitted MS) so only those potential prey species (Table 1; Schaller 1972; Scheel 1993a) 

within 100m of the road were counted and their location along transects relative to the transect 

start point recorded. Detection of individual animals was not affected by season (Bukombe et al. 

submitted MS) allowing for consistent comparisons between wet and dry seasons. Transects 

were then overlaid with a non-overlapping sequence of 645 200 x 200m quadrats.  
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Each quadrat was defined by two prey measures for each season: probability of 

occurrence of any prey and average prey biomass. Probability of prey occurrence was a 

proportional measure of the number of monthly transects that a given transect quadrat was 

occupied by any potential prey compared to the total number of transects conducted for that 

season. This provides an indication of the reliability of a location in terms of the probability that 

it will contain prey for lions. Average biomass for each quadrat was calculated as the sum of all 

prey individuals in that quadrat multiplied by their species-specific weight (Table 1) and then 

divided by the number of transects conducted. This measure provides information about the 

gross seasonal distribution and abundance of prey on the landscape. The correlation between 

prey abundance and prey biomass was |r| > .9 for both seasons.   

Quadrats were also characterized by their composition of four broad land cover 

categories based on Reed et al.’s (2009) physiognomic classifications, as well as proximity to 

water sources and proximity to ranger posts and/or tourist lodges. Land cover classes were open 

grassland, wooded grassland, open woodland and dense woodland. Open grassland was 

composed of grassed areas (2–100%) with <20% shrub cover and < 2% tree cover whereas 

wooded grasslands had similar shrub cover but tree cover between 2 and 19%. Open woodland 

was comprised of 20–49% shrubs or trees and dense woodland >50% shrub or tree coverage. 

Correlation analysis was conducted to ensure that collinearity among the variables does not bias 

statistical inference (|r|<0.7, Dormann et al. 2013).  

Logistic regression appropriate for proportion data (generalized linear models with 

binomial error structure and logit link function in R) was used to determine the model that best 

explained the probability with which quadrats were occupied by prey (Manly et al. 2002; 

Crawley 2007, pg. 575). Hosmer & Lemeshow goodness-of-fit and Likelihood ratio tests were 
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used to determine adequacy of model fit. To determine the average biomass/cell log-linear 

modeling was conducted using a negative binomial distribution and log link. A negative 

binomial distribution was chosen over Poisson due to over-dispersion of the data (Crawley 

2007). Model assumptions were verified by plotting residuals vs. fitted values and creating 

normal QQ plots.  

Prey modeling was conducted by stepwise deletion of predictor variables, starting from 

the fully saturated (or global) model which included six variables plus a quadratic term 

(Distance_water2). The quadratic was included based on the expectation that many prey species 

would have non-linear associations with water (i.e. needing to be close to water to drink but not 

wanting to be too close due to increased risk of predation). Stepwise deletion was conducted 

using likelihood ratio tests, which are appropriate to compare between nested models (Zuur et al. 

2009). Predictors were retained in the final model when their P-values were <0.2 to prevent the 

inadvertent omission of important variables (Tabachnick & Fidell 1996).The best models (Table 

2) were then used to map the probability of seasonal prey occurrence and average biomass across 

the landscape. Output cell size was 200 x 200m to match the size of input prey transect quadrats. 

The backward stepwise variable elimination process, though widely utilized in ecological 

modeling (Zuur et al. 2009; Hopcraft et al. 2012) can be considered inferior to the protocol of 

determining alternative plausible models and then challenging the data with these models to see 

which the data best supports (Burnham, Anderson & Hyyvaert 2011). When considering 

competing models representing separate underlying hypotheses stepwise approaches are flawed, 

however the current goal was to employ a set of variables carefully selected apriori based on 

biological considerations and determine the best available combination of them to explain prey 
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occurrence and abundance patterns across the landscape. As such, we feel this approach was 

justified.  

Landscape attributes 

The distance to drainage beds with clearly defined embankments and mean percentage of 

woody cover greater than 0.4m high were used to characterize potential lion hunting cover 

(Hopcraft et al. 2005, 2012). Embankments were defined by Classes 1 – 3 of the RiversV3 shape 

file in the Serengeti Database www.serengetidata.org whereas cover was based on the average 

amount of woody cover calculated from each of the 27 physiognomic land-cover classes 

identified by Reed et al. (2009) with the height based on minimum cover requirements for lions 

(Elliott et al. 1977; Scheel 1993b). The landscape was also characterized in terms of the distance 

to water sources. This included all rivers and ephemeral streams in the wet season (Class 1 - 4) 

but since most water sources in the western corridor are highly seasonal, only distance to 

permanent water (Class 1 and 2) was measured in the dry season. Two permanent waterholes 

recently dug by Tanzania National Park (TANAPA) staff were added to GIS layers separately. 

The distance to permanent water sources and distance to embankments were highly correlated (|r| 

> 0.7) so in the dry season only the distance to water variable was maintained. Landscape 

topography can impact resource selection for a variety of large mammals (Johnson et al. 2000; 

D’Eon & Serrouya 2005; Dickson et al. 2005; Kittle et al. 2008) so a digital elevation model 

(DEM) raster was created from the Serengeti contour layer from which the average elevation and 

slope across the study area were determined.  

 

http://www.serengetidata.org/�
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Modeling lion space use 

A rectangular grid of 500 x 500m cells (N = 5760) was created across the study area, as 

defined by the outer margins of the largest 95% population level seasonal UD. Each grid cell was 

then populated with the average lion use value from the population level seasonal UDs as well as 

the eight independent variables representing the three hypotheses (Table 3). 

The proportion of the seasonal lion UDs included in each analysis was constrained by the 

need to overlap with the population-level hyena UDs from the same season. This reduced the 

number of 500 x 500m grid cells included in the analysis from 1986 to 629 in the dry season and 

from 3722 to 1405 in the wet season. This reduction was deemed warranted in that the goal was 

to compare lion use directly to contemporary hyena utilization as this parallel tracking of the 

region’s two primary predators was one of the key attributes of the research. 

 To account for the spatial autocorrelation in the response variable, generalized least 

squares (GLS) mixed effect regression models were used with an explicit correlation structure 

(the random effects) to determine the influences of lion space use in the study area (Zuur et al. 

2009). The response variable (average lion UD value), the inter-specific competition variable 

(average hyena UD value) and average slope were log-transformed in order to comply with 

model assumptions. To determine the appropriate correlation structure for the data a series of 

saturated models (including all predictor variables) were run with different correlation structures 

(random effects) using the restricted maximum likelihood method (REML) (Zuur et al. 2009). 

AIC was used to select the most appropriate correlation structure (rational quadratic, corRatio in 

R) and variograms to verify that spatial autocorrelation was adequately accounted for (Crawley 

2007).  
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 Two separate modeling procedures were then conducted, the first to determine the best 

model for each of the three hypotheses (INTER = inter-specific competition, LAND = landscape 

attributes, PREY = prey availability) and the second to compare those best models, and their 

additive combinations to investigate the relative influence of each on lion landscape utilization. 

To determine the best model for each hypothesis a backward step-wise procedure was conducted 

starting from the full model using likelihood ratio tests to verify variable elimination (Zuur et al. 

2009). Since AIC can only be used to compare REML models when fixed variables are identical, 

GLS with maximum likelihood (ML) was used to determine the best model for each hypothesis 

(Zuur et al. 2009). Model fit was verified by plotting normalized residuals against fitted values 

and investigating residual distribution. Once the best model for each hypothesis was determined 

for each season, a suite of eight competing models was created including the null, the three best 

single hypothesis models and all additive combinations. Delta AIC (ΔAIC) was used to rank 

models and Akaike weights (wi) to determine the weight of evidence in support of each 

(Burnham & Anderson 2002). To directly compare the relative influence of the three hypotheses 

wi of all models in which each hypothesis was represented were summed, ensuring equal 

representation for valid comparisons (Burnham & Anderson 2002). To investigate the influence 

and association of individual parameters all models were re-run using REML to ensure unbiased 

parameter estimates for each (Zuur et al. 2009) and then model averaging, a form of multi-model 

inference, was used to determine final unbiased estimates with unconditional confidence 

intervals (Burnham & Anderson 2002).  

 Statistical and spatial analysis was undertaken using R software version 2.15.1, R 

Development Core Team 2012, ArcMap 10.1 (ESRI Inc.) and Geospatial Modeling Environment 

0.7.2.0).   
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Results 

Backward stepwise variable elimination resulted in single variable models representing 

each hypothesis in both seasons with the exception of the LAND hypothesis in the dry season, 

which contained two variables (Table 4). This ensures that hypothesis comparisons are not 

beholden to representative models with vastly different numbers of parameters, allowing greater 

confidence in the validity of comparisons.    

In the dry season, lions disproportionately utilized areas of the landscape heavily used by 

hyenas (Table 4). The model that best explained lion space use during this season included 

elements of all three hypotheses. However, a positive association with hyenas indicates that lion 

spatial utilization patterns were not being influenced by the avoidance of their primary inter-

specific competitor in this season, which was the expectation if inter-specific competition was 

driving lion space use. Therefore this hypothesis was eliminated from further consideration in 

this season and analysis reduced to a direct competition between prey resources and landscape 

attributes. The resulting best dry season model included both prey availability and landscape 

attributes (Table 5). Cumulative Akaike weighting indicated that prey availability and landscape 

attributes were almost equally associated with how lions utilize space in this season (Fig. 2). 

Specifically, in addition to areas of high hyena use, lion space use was concentrated during the 

dry season close to permanent water where slopes are relatively shallow and prey biomass high 

(Table 4). The pattern was quite different in the wet season, with landscape attributes influencing 

lion space use more than twice as much as either inter-specific competition or prey availability 

(Fig. 2). During this season, lions disproportionately utilized areas in close proximity to 

embankments but their space use was not associated with prey availability or hyena spatial 

utilization (Tables 4, 5).   
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 Discussion 

In Serengeti’s western corridor the massive influx of migrant herbivores arrives during 

the dry season so prey abundance for lions is considerably more plentiful than during the wet 

season (Fig. 3). Given the sheer mass of prey that enters the western corridor at this time, it is 

perhaps not surprising that apex predators are cuing in on them strongly. Predictability is aided 

by the physiological limitations of the migrants, since grazers such as wildebeest, zebra and 

Thompson’s gazelle need to drink regularly and are therefore constrained in their dry season 

distribution by the availability of water (Redfern et al. 2003; Valeix 2011). During the dry 

season available water sources are limited as the vast majority of streams and small water holes 

disappear, and even the two major rivers – the Grumeti and Mbalageti - dry up into a series of 

unconnected, stagnating pools. These two factors – that migrating herbivores need to regularly 

drink and that there are few places on the landscape where this is possible – work in favour of 

the region’s top predators, allowing them to adopt area-restricted search behaviour to take 

advantage of aggregated prey (Kareiva & Odell 1987). Lions in the semi-arid savanna in 

Zimbabwe similarly focus their movement in proximity to waterholes and also move at slower 

speeds and use more tortuous paths within 2 km of waterholes (Valeix et al. 2010). Thus it seems 

that water is the “spatial anchor” (sensu Sih 2005) that allows predators to “win” the behavioural 

response race during the dry season.  

The two lion prides that we were able to observe most frequently and for prolonged 

periods spent many daytime dry season hours in close proximity to the few remaining water 

sources in their territories, presumably waiting for the arrival of the migrant herds of wildebeest 

and zebra. At these times, pride members displayed little regard for concealment, instead 

positioning themselves such that lions were often placed directly between prey herds and the 
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water. On several occasions this strategy resulted in multiple kills for each pride. Perhaps lions 

were simply taking advantage of the physiological limitations of migrants that are most thirsty 

and therefore driven to drink during the heat of the day. However, herbivores can make 

behavioural adjustments to reduce predation risk at important, spatially fixed resources like 

waterholes (Crosmary et al. 2012), so despite the apparent success of the predators here, perhaps 

the tendency for migrants to arrive at water sources en masse in the middle of the day can reduce 

per capita prey risk due to dilution effects (Foster & Treherne 1981) and/or predator confusion 

(Olson et al. 2013) during the time when lions are typically least active (Schaller 1972).  

The larger watercourses in the western corridor represent not only a source of drinking 

water for migrants, but also obstacles that must be crossed in order to continue toward the main 

dry season grazing areas to the north (Murray 1995). Just as there were few accessible drinking 

pools available to herbivores in the dry season there are also limited river sections that can be 

easily crossed due to thick vegetation and steep banks. Flat, shallow river segments therefore 

become high density thoroughfares for migrant herbivores for a few crucial dry season weeks, 

encouraging predators to remain in close proximity.  

  Both Hopcraft et al. (2005) and Davidson et al. (2012) in their analyses of lion predation 

events observed scale-dependent kill site selection by lions with broader scale distribution 

influenced by prey abundance and finer scale utilization predominantly influenced by habitat 

features. In the western corridor, both prey abundance and prey vulnerability influence the 

utilization of the landscape by lions at the same scale but how this translates into predation 

probability requires additional investigation.  
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Lions are clearly not avoiding their main inter-specific competitor, the spotted hyena, and 

were in fact strongly positively associated with areas of high hyena utilization in the prey-rich 

dry season. There are three plausible explanations for the observed association between 

competitors: a) lions were cuing in on areas of high hyena use, b) areas of high lion use were 

being tracked by hyenas, or c) lions and hyenas were independently selecting the same locations 

of high prey availability. Hyenas are coursing predators so are unlikely to select for the same 

landscape features as lions for hunting purposes which hints at the probability that the observed 

positive association resulted from one species tracking the other. However, over the course of 

650 hours of direct lion observation spread throughout the year, including long periods of 

sustained individual follows, we observed only nine interactions with hyenas. Five of these were 

aggressive encounters, of which four were over kills. During these aggressive events, hyenas 

supplanted 2 – 3 female lions and cubs twice and single male lions supplanted groups of hyenas 

twice. The relative paucity of aggressive interactions suggests that these competitors were not 

actively tracking one another, suggesting that food is not a limiting resource for either species 

during the dry season. Both lions (Davidson et al. 2012; Vanak et al. 2013) and hyenas 

(Kolowski & Holekamp 2009) select for areas of high prey abundance at intermediate scales (i.e. 

3rd order; Johnson 1980). Perhaps inter-specific competition is of limited concern during the dry 

season because migratory prey is plentiful, so top predators independently utilized similar, prey-

rich areas. A finer scale of analysis could potentially detect spatial separation between predator 

species within these wider shared regions that is not apparent here (Boyce 2006). Neither hyenas 

nor lions are clearly sub-ordinate to the other, with interaction outcomes typically dependent on 

relative numbers and group composition (Cooper 1991). Therefore unlike subordinate cheetahs 

(Acinonyx jubatus) which actively avoid both lions (Durant 1998; Vanak et al. 2013) and hyenas 
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(Broekhuis et al. 2013), or leopards (Panthera pardus), which avoid dominant lions (Vanak et al. 

2013) and tigers (Panthera tigris) (Odden et al. 2010), avoidance behaviour is not entrenched 

here and in the absence of intense competition, was not observed.    

In the wet season, prey biomass is much lower in the western corridor and given the 

widespread availability of both forage and water, less predictable. At this time, with more limited 

prey options, lions may be unable to effectively track where prey are most abundant. Alternately, 

given that prey congregate in the open grasslands during this season (Table 2; Bukombe 

submitted MS) it may be more difficult for lions to access prey there due to close grouping 

(Powell 1974; Fitzgibbon 1990; Creel & Winnie 2005) and open habitat (Ripple & Beschta 

2003) promoting improved predator detection. As a result, lions are cuing in on areas of the 

landscape that should increase prey vulnerability, disproportionately utilizing areas in proximity 

to embankments which allow effective concealment and thus offer the potential to increase 

hunting success (Hopcraft et al. 2005).    

We saw no correlation between lion and hyena space use during the wet season, despite 

the decrease in available prey. As coursing predators, hyenas are unlikely to bias their space use 

towards ambush features such as embankments which might de-couple their movements from 

those of lions. Additionally, hyenas in the Serengeti are unusual (but see Jenner et al. 2011), in 

that they can undertake extended extra-territorial commutes to access areas of increased prey 

density (Hofer & East 1993). One of the collared hyenas in this study undertook such a commute 

in the late wet season when prey availability in the corridor was low, moving > 50 km southeast 

over the course of 19 days, presumably to access migrants on their way west (Fig. 4). Perhaps 

this ability to move beyond territorial boundaries relieves some of the burden of food acquisition 

which might otherwise increase competitive interactions with inter-specifics, promoting co-
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existence. In conclusion, our results clearly suggest that both prey availability and landscape 

features that increase prey vulnerability influence space use decisions by Serengeti lions in the 

western corridor, whereas inter-specific competition is of little significance. The relative 

contribution of these prey-based factors varies seasonally and appears to hinge on the overall 

abundance of prey within the region as well as their predictability. This underscores the 

importance of investigating a multi-faceted suite of ecological variables when the goal is to 

understand the drivers of carnivore landscape utilization. 
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Tables 

Table1: The average adult female weight (from Estes 1991) of lion prey species in Serengeti’s 

western corridor detected during monthly census surveys.  

Common name Scientific name Weight  
(kg) 

Giraffe Giraffa camelopardalus 800 

Buffalo Syncerus caffer 450 

Zebra Equus burchelli 250 

Wildebeest Connochaetes taurinus 170 

Topi Damaliscus korrigum 120 

Waterbuck Kobus defassa 180 

Warthog Phacochoerus aethiopicus 60 

Grant's gazelle Nanger granti 55 

Impala Aepyceros melampus 50 

Thompson’s gazelle Eudorcas thompsoni 20 

Olive baboon Papio cynocephalus 20 
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Table 2: Best seasonal models explaining the probability of occurrence of prey and average biomass of prey for 200 x 200m prey 

transect quadrats (n = 645). All models determined from backward stepwise elimination procedure using likelihood ratio tests, starting 

from full model (k = 7).   

Season Response Predictor variables θ SE P-value 

Dry Probability of occurrence Distance to permanent water -2.49E-04 1.11E-04 < 0.05 

  

(Distance to permanent water)2 4.67E-08 2.18E-08 < 0.05 

  

Distance to rangerpost/lodge 1.66E-05 9.30E-06 < 0.1 

  

Wooded grassland 2.31E-01 1.18E-01 < 0.1 

Dry Average biomass Distance to rangerpost/lodge  -7.91E-05 1.79E-05 < 0.0001 

Wet Probability of occurrence Distance to water 5.04E-04 2.02E-04 < 0.05 

  

(Distance to water)2 -3.42E-07 1.10E-07 < 0.01 

  

Distance to rangerpost/lodge -5.44E-05 7.88E-06 < 0.0001 

  

Wooded grassland -1.60E-01 9.81E-02 < 0.2 

  

Dense woodland -4.61E-01 2.05E-01 < 0.05 

Wet Average biomass Distance to rangerpost/lodge -5.18E-05 1.77E-05 < 0.01 

  

Open grassland 1.37E+00 2.16E-01 < 0.0001 

    Open woodland 1.60E+00 4.23E-01 < 0.001 
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Table 3: Independent variables representing each of the three hypotheses proposed to explain 

lion space use.  

Hypothesis Abbreviation Variables 

Inter-specific competition INTER log(Hyena UD value) 

Landscape attributes LAND distance to permanent water (dry) or all water (wet) 

  

distance to embankment (wet season only) 

  

cover % 

  

elevation 

  

log(slope) 

Prey availability PREY average prey biomass 

    probability of prey occurrence 
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Table 4: Model averaged coefficient estimates with unbiased standard errors for all variables in 

final seasonal models for each hypothesis.  

Season Hypothesis Variables  θ  SE 

DRY INTER log(hyenaUD)** 0.105355 0.046891 

 

LAND distance_permanent_h2o** -0.000188 0.000074 

  

log(slope)* -0.037106 0.020779 

 

PREY average biomass** 0.003282 0.001074 

     WET INTER log(hyenaUD) -0.014632 0.025151 

 

LAND distance_embankment** -0.000102 0.000048 

  PREY probability of occurrence 0.460227 0.526398 

**/* = 95%/90% Confidence Intervals do not overlap 0.  
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Table 5: Model comparison table showing ΔAIC, Akaike weights (wi) and subsequent ranking 

for dry and wet seasons. INTER hypothesis is not considered in the dry season since association 

between lion and hyena use was positive for this season rendering the inter-specific competition 

hypothesis untenable.  

  Dry season Wet season 

Model ΔAIC wi Rank ΔAIC wi Rank 

NULL 14.46 0.0007 4 2.24 0.1059 4 

INTER - - - 3.65 0.0522 6 

LAND 7.16 0.0262 3 0.00 0.3240 1 

PREY 6.71 0.0329 2 3.70 0.0511 7 

INTER+LAND - - - 1.34 0.1660 3 

INTER+PREY - - - 5.14 0.0248 8 

LAND+PREY 0.00 0.9403 1 1.14 0.1836 2 

INTER+LAND+PREY - - - 2.51 0.0925 5 
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Figures 

Figure 1: Study area in Serengeti National Park’s western corridor showing prey road strip 

transect locations and 95% kernel density utilization distributions for five neighbouring lion 

prides (1 – 5) in 2010 wet season. Main rivers flowing East to West are Raho (top), Grumeti 

(middle) and Mbalageti (bottom). Inset shows Greater Serengeti Ecosystem with location of 

present study area indicated by black rectangle. A = Serengeti National Park, B = Ngorongoro 

Conservation Area, C = Loliondo Game Controlled Area, D = Masaai Mara National Reserve 

(Kenya), E = Maswa Game Reserve, F = Ikorongo Game Reserve and G = Grumeti Game 

Reserve  
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Figure 2: Summed Akaike weights (wi) across all models representing each hypothesis (INTER 

= inter-specific competition, LAND = landscape attributes, PREY = prey availability; n = 2 in 

dry season and 4 in wet season) and indicating the relative influence of each hypothesis on lion 

space use by season. INTER hypothesis is not considered in the dry season since association 

between lion and hyena use was positive for this season rendering the inter-specific competition 

hypothesis untenable  
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Figure 3: Seasonal density of selected prey species (No./km²) as determined from total animals 

observed during monthly road strip transects (129 km x 200 m). Assumes all animals within 

100m of transect were detected  
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Figure 4: Extra-territorial movements of Grumeti Hill hyena during the late wet season 2010. 

Large cluster of black circles in upper left represents Wet season range with 19 day “commute” 

visible to the Musabi Plains in the southeast. Point 1 = departure from usual range (May 07, 

18:00), 2 = first extra-territorial cluster 55 km from centre of usual range (May 8, 22:00 – May 

12, 18:00), 3 = second extra-territorial cluster along Grumeti river (May 13, 04:00 – May 24, 

20:00), 4 = travel along boundary of protected area complex (May 25, 18:00), and 5 = return to 

usual range (May 26, 02:00). Minimum travel distance based on summed step lengths = 160 km  
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Chapter 5: Spatiotemporal variation in lion encounters, 
attacks and kills in Serengeti’s western corridor 

Abstract 

Predators influence prey distribution and dynamics by directly killing prey and inducing 

prey behavioural responses to the perceived risk of predation. The predation process is composed 

of a number of nested steps including encounter, attack and kill, each which can and has been 

used to describe risk spatially across the landscape. Here we use direct observational data of free-

ranging, radio-collared African lions in the western corridor of Serengeti National Park to 

characterize temporal predation patterns and then investigate the spatially explicit ecological and 

environmental factors that affect each step of this fundamental process. We find a significantly 

lower probability that lions encounter potential prey at night than during the day or during 

crepuscular periods. We found no other seasonal or diel differences in event probabilities.  

Wildebeest were preferentially killed in both the dry season when the migration comes through 

the western corridor and overall, with buffalo, warthog and zebra all important wet season prey. 

Lions encountered prey in open areas where prey were common and abundant but killed them 

where habitat features promoted ambush predation. Attack site attributes overlapped those of 

both encounter and kill locations, with attacks disproportionately occurring where prey were 

common and abundant but also where woody cover was intermediate. Unlike encounters and 

kills attacks were biased away from range centres perhaps indicating increased use of peripheral 

areas when prey availability was reduced in the core of the range. Our results indicated 

substantial variation in prey encounter rates by lions across seasons, times of day, habitat type, 

and spatial location relative to the pride home range, with commensurate effects on lion diet 
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composition. This suggests that predation risk needs to be carefully considered relative to 

ecological and environmental covariates. 
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Introduction 

Predation is one of the fundamental factors influencing population dynamics (Lotka 

1925; Holling 1959; Sinclair et al. 2003; Ripple et al. 2014). The predation process is comprised 

of hierarchical, nested steps which begin with predator and prey movement across the landscape 

(Fig. 1; Lima & Dill 1990) during which it is assumed that predators are searching for prey 

(Holling 1965; MacNulty et al. 2007). The next step, the encounter, occurs where these 

movements intersect in time and space. The rate at which predators encounter prey is 

fundamental to predator-prey dynamics and underlies the functional response (Holling 1959). 

The spatial location of these encounters is also of primary importance given that the location of a 

predation event is contingent on an encounter (Lima & Dill 1990). The third step is the attack, 

and whether to attack prey at a given encounter is the most important decision variable in a 

potential predation event (Stephens & Krebs 1986). This decision is influenced by a variety of 

factors including prey group size and composition (Scheel 1993a), predator state (Jeschke 2007) 

and prey response (Lingle & Pellis 2002) as well as explicitly spatial factors such as landscape 

features and habitat type (Gese et al. 1996). Subsequently, encounter locations are not 

necessarily equivalent to attack locations. The final step in the predation process is the kill. Since 

vulnerability of prey to predators is affected by landscape and habitat attributes, where predators 

encounter or attack prey might not be where they kill them (Hebblewhite et al. 2005a). The 

correspondence between encounter, attack and kill locations has implications for how prey 

species perceive and therefore utilize the landscape, as well as for how predation risk is defined 

(Lima & Dill 1990). 

The perception by potential prey species of how predation risk is distributed across the 

landscape and their behavioural responses to this perception can influence species distributions 
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and predator-prey dynamics as much, or more, than lethal predation events (Schmitz et al. 1997; 

Creel & Christianson 2008) and result in cascading effects across trophic levels (Fortin et al. 

2005; Hebblewhite et al. 2005b). Determining what constitutes predation risk is a challenge for 

ecologists and has been approached using a variety of methods. These include indirectly linking 

to predators through habitat features (Kittle et al. 2008; Molokwu et al. 2010); experimentally 

observing predator presence (Schmitz et al. 1997); using raw telemetry re-locations of radio-

collared predators (Kittle et al. 2008; Arias-Del Razo et al. 2012); using range use estimates 

(Lung & Childress 2007; Robinson et al. 2010) and/or resource selection functions (Hebblewhite 

& Merrill 2007; DeCesare 2012) derived from telemetry relocations which then serve to describe 

predation risk; and using kill sites, as ultimate predation locations, to inform risk estimates 

(Kauffmann et al. 2007; Thaker et al. 2011; Gervasi et al. 2013). Encounter locations are more 

difficult to accurately determine, so encounter based risk estimation typically focuses on spatial, 

not temporal overlap (Hebblewhite et al. 2005a; Andruskiw et al. 2008). Attack-based risk 

estimates are uncommon given that attacks are typically difficult to observe directly, although 

they can be estimated from spoor given specific conditions (Andruskiw et al. 2008), observer 

expertise (Stander et al. 1997) or by using artificial prey (Kristan & Boarman 2003). An 

advantage of the current study is that all encounters and attacks were directly observed, 

eliminating the need for indirect inference.  

We also tested whether there was meaningful temporal variation in predation by 

calculating the conditional probabilities of attacks given encounters and kills given attacks at two 

different scales – time of day and season of the year. This temporal analysis is supplemented by 

investigating how predators seasonally select or avoid specific prey species at attack and kill 

stages. The goal is to ascertain how risk changes across.     



149 
 

Here we investigated spatiotemporal patterns of African lion (Panthera leo) predation in 

the western corridor of Serengeti National Park, Tanzania. The specific objectives were to 

characterize the predation process as a temporal phenomenon to determine how encounter and 

attack probabilities were affected by time of day and season and then determine which attributes 

including prey availability, landscape features and range characteristics, most influenced the 

encounter, attack and kill locations for this apex predator. Comparing the relevant features that 

meaningfully influenced each phase of the predation process allows for an increasingly 

sophisticated understanding of the spatial aspects of predation and leads to a more nuanced 

conception of how potential prey species view predation risk across the landscape. This 

ultimately allows for a more robust interpretation of observed space use patterns. 

Lions are essentially nocturnal predators (Hayward & Slotow 2009) so we hypothesized 

that the probability of their attacking prey given an encounter and killing prey given an attack 

was highest at night. Since prey are more abundant in the western corridor in the dry season 

when the migration enters the system (Holdo et al. 2009), we expected a higher encounter 

probability during this season and a lower probability of an attack given an encounter as a result 

of predator satiation. However we expected the probability of a kill given an attack to be higher 

in the dry season as lions can theoretically be more selective about attacking the most vulnerable 

prey.  

From a spatial perspective, lions are ambush predators that move widely across the 

landscape (Schaller 1972). We therefore hypothesized that lions would encounter more prey 

where prey abundance was highest but preferentially kill prey where landscape attributes make 

prey more vulnerable to ambush-style predation. This hypothesis predicts that encounter 

locations should be positively associated with areas of high prey abundance, whereas kill 
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locations should be positively associated with areas of stalking cover. Given the hierarchical 

nature of the predation process, we expected attack locations to be spatial bridges between 

encounters and kills. Here we propose two alternate hypotheses: 1) as ambush predators lions 

selectively attack prey where it is more vulnerable. If so, attack locations should be positively 

associated with areas of stalking cover, and presumably mirror kill locations. 2) As obligate 

carnivores lions are always on the lookout for predation opportunities. If so, we should see the 

spatial attributes that define attack locations essentially mirroring those affecting encounter 

locations. 

Materials and Methods 

Study Area 

The research was conducted in a 1440 km² section of Serengeti National Park’s western 

corridor. The corridor is defined by two main rivers, the Grumeti and Mbalageti, which flow east 

to west, eventually entering Lake Victoria outside the Park’s western boundary. Between these 

rivers runs a series of Precambrian banded ironstone hills which rise to a height of 1536m asl 

(Sinclair 1995). The region is composed of a mosaic of sparse woodland and open grassland, 

interspersed with patches of dense woodland, particularly along the two main rivers 

(McNaughton 1983). Sparse and open woodlands are dominated by Acacia sp. and Balanites 

aegyptiaca with riparian zones exhibiting greater diversity. The annual wildebeest 

(Connochaetes taurinus) migration, which sees up to 1.4 million wildebeest as well as large 

numbers of zebra (Equus burchelli) and Thomson’s gazelles (Gazella thomsoni) moving through 

the 25,000 km² Greater Serengeti Ecosystem, transits through this section of the western corridor 

in the dry season (June through October) (Holdo et al. 2009). Unlike the southeastern Serengeti 
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Plains, the western corridor is also home to substantial populations of resident ungulates 

(McNaughton 1983). Lions and hyenas (Crocuta crocuta) remain the dominant predators here as 

throughout the Serengeti system (Sinclair 1995) where they account for ~85% of large herbivore 

predation (Schaller 1972).  

Lion encounters, attacks and kills 

Between December 2009 and June 2011 GPS radio collars (Telonics TGW-4500, Mesa, 

AZ, USA) were attached to six adult female lions from five separate, neighbouring prides in the 

study area. Lions were immobilized by veterinarians from Tanzania National Parks (TANAPA) 

and Tanzania Wildlife Research Institute (TAWIRI). From January 2010 through June 2011 

these lions were regularly re-located on the ground and observed for a total of 649.5 hours. This 

included 232 observations < 30 minutes in duration and 198 monitoring periods of individual 

lions where observation duration was ≥ 30 minutes. The data for this analysis were obtained 

from 177 individual follows of radio-collared lions between June 2010 and June 2011, 

amounting to 607.5 hours of monitoring. The average duration of observations was 3.4 hours 

(range 0.5 – 19.5) with 332.5 hours occurring during the day (7:00 – 18:00), 210.9 hours at night 

(19:00 – 6:00) and 64.1 hours during crepuscular periods (6:00 – 7:00 and 18:00 – 19:00). Most 

nocturnal observations occurred during 10 extended day-night follows of collared individuals 

during the 48 hours surrounding the full moon. These extended follows were conducted monthly 

between June 2010 and May 2011 with the exception of December 2010 and January 2011. 

Lions were observed with the naked eye when moonlight was sufficient and otherwise with 

night-vision binoculars, occasionally supplemented with a hand-held, red-filtered spotlight. The 

seasonal breakdown saw 306.5 hours of monitoring in the dry season and 301 hours in the wet 

season.   
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During these monitoring periods all encounters (n = 185) between collared lions and 

potential prey species (Schaller 1972; Scheel 1993a) were recorded. The time of the event and 

species’ involved were documented and the spatial location of the encounter determined using a 

handheld GPS. Encounters were defined as events during which collared lions visibly detected 

potential prey. It was not necessary for prey to detect lions. Although prey distance was not a 

defining characteristic of encounters, 94% of these events had lions <200 m from prey which is 

within the preferred range for lions to initiate an attack (Scheel 1993a). Similarly, all locations 

where lions attacked potential prey were recorded (n = 45). Defining a hunt is notoriously 

problematic given the potential for numerous sub-stages within the process (MacNulty et al. 

2007). Here attacks were defined as directed hunts during which lions stalked and/or made a 

sustained chase after prey and we defined attack locations as the spatial coordinates where lions 

initiated the attack. Sometimes lions encountered and initiated attacks against mixed groups and 

it was not always possible to determine the exact individual or even species that was the focus of 

the event. In these instances all species’ in the group were recorded as being encountered or, 

more rarely, attacked.   

Kill locations (n = 76) were determined during the course of monitoring (n = 54) as well 

as opportunistically during searches for marked individuals (n = 22). Kills were all examined and 

verified by direct observation of the entire event (n = 11), observing lions on fresh kills in the 

absence of other predators (n = 43), observing signs/spoor (n = 19) and from information 

provided by tourist guides who witnessed the event (n = 3). Suspected lion kills which could not 

be verified using any of the above methods were excluded from the analysis (n = 13). Including 

opportunistic observations probably underestimates the contribution of small prey to lion 

predation patterns (Tambling et al. 2012) but direct observations, including those from extended 
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follows in this study, indicate that these small items are rare (Schaller 1972; Packer et al. 1990, 

Hanby et al. 1995).  

Temporal probabilities and conditional probabilities  

To determine the temporal probability of events we divided the number of events during 

each time period and season by the number of hours of monitoring during the matching time 

period or season. This provided a probability of event/hour for each temporal window. To 

determine conditional probabilities of events given prior events we divided the number of events 

(e.g. attacks) by the number of prior events (e.g. encounters) for each time period. Since 

probabilities/hour depended upon events/monitoring hours, only those kills that were directly 

observed during monitoring periods were included (n = 11). We used the Clopper-Pearson 

method (Exact binomial confidence interval) to determine 95% confidence intervals around 

probability estimates.    

Prey selection 

 To investigate lion prey preferences in terms of species attacked and species killed we 

use Jacob’s selectivity index: 

    D =(r – p) /(r + p - 2rp)  

,where r is the proportion of attacks or kills of a given species and p is the proportional 

availability of that species to lions based on group encounters (Jacobs 1974). Values of D range 

from -1 indicating maximum avoidance to 1 indicating maximum selection, with 0 value 

indicating use in proportion to availability (Jacobs 1974). This selectivity index minimizes bias 
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from small sample sizes (e.g. rare food items or habitat proportions < 10%; Hayward & Kerley 

2005). 

Available locations 

Ten available locations were determined for each encounter, attack and kill. Since all 

observed events were situated within the 95% fixed kernel density estimated home range of the 

pride that had the event, random available locations were similarly situated within 95% ranges. 

Home range estimates were determined using telemetry relocations with an inter-fix interval of 2 

hours and the reference bandwidth (Kie et al. 2010). Available points were matched to the 

seasonal home range extent when the event occurred. Therefore an encounter in the dry season of 

2010 by lions of the Kirawira pride was matched with 10 available points randomly located 

within the area defined by the outer boundaries of the Kirawira pride’s dry season 2010 95% 

home range.  

Landscape and range attributes 

Each event and its associated available points were buffered by a 100m radius to account 

for GPS location error and allow for the possibility that kills were dragged short distances from 

where they were made. Seven independent variables were then determined within the 200m 

diameter circles: distance to water, elevation, slope, cover, distance to range centre, prey 

abundance and prey regularity.  

The distance in meters to the nearest water source was determined by measuring the 

straight line distance between this feature and the 200m circle’s centroid. In the wet season 

(November through May) water sources included all rivers and ephemeral streams (Classes 1 - 4 
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of the RiversV3 shapefile in the Serengeti Database www.serengetidata.org) whereas in the dry 

season only permanent water sources (Classes 1 and 2) were considered. Two permanent 

waterholes recently excavated by TANAPA were separately added to GIS maps. The two 

topographic variables, average elevation and average slope within the 200m circles, were 

calculated from a 100m x 100m digital elevation model (DEM) raster created from the Serengeti 

contour layer (www.serengetidata.org). The mean percentage of woody cover (Hopcraft et al. 

2012) was based on the average amount of woody cover > 0.4m high calculated from each of the 

27 physiognomic land-cover classes identified by Reed et al. (2009) with the height based on 

minimum cover requirements for lions (Elliott et al.1977; Scheel 1993b). The quadratic of this 

measure was also included to allow for the possibility that lions may positively select for some 

cover but select against too much. If continuous variables behave quadratically it is expected that 

the coefficient of association will be negative which indicates selection for a resource but 

avoidance of areas where that resource is overabundant (Hopcraft et al. 2012). Distance to range 

centre was calculated as the straight line distance between an event or available point and the 

weighted spatial centre of the relevant lion pride’s seasonal 95% kernel density home range. The 

purpose of this variable was to indirectly examine the influence of con-specific territoriality on 

range use.  

Prey availability  

To determine prey availability variables we surveyed six transects every month along a 

total distance of 129km (range: 9.4 to 43.6 km). Transects were surveyed  between 6am – noon, 

during which all potential prey species (Table 1) within 100m of the road were counted. Beyond 

this distance there is a decay in detection probability for ungulates in this system (Bukombe et 

al., submitted MS). Each location relative to the transect start point was recorded. The detection 
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of individual animals was unaffected by season (Bukombe et al., submitted MS) ensuring 

unbiased counts throughout the year.  

Transects were then overlaid with a non-overlapping sequence of 645 200 x 200m 

quadrats and each quadrat defined by two prey measures for each season: the average prey 

biomass and the probability of occurrence of any prey within the quadrat. Average biomass was 

determined by summing all individuals within each quadrat multiplied by their species-specific 

weight (Table 1) and divided by the number of transects conducted. The correlation between 

prey abundance and prey biomass was |r| > .9 for both seasons. Probability of prey occurrence 

measures the proportion of total seasonal transects that a given transect quadrat is occupied by 

any potential prey. This provides an indication of the reliability of a location in terms of the 

probability that it will contain prey for lions.    

Each quadrat was then characterized by its proximity to water (as above for wet and dry 

seasons), to ranger posts or tourist lodges, as well as its composition of four land cover classes 

based on Reed et al. ’s (2009) physiognomic classifications. Land cover categories were open 

and wooded grassland and open and dense woodland. Open grassland was defined as grassed 

areas (2 – 100%) with <20% shrub cover and < 2% tree cover whereas wooded grasslands had 

similar shrub cover but tree cover of 2 - 19%. Open woodland was 20 – 49% shrubs or trees and 

dense woodland exhibited >50% shrub or tree coverage. Correlation analysis indicated that 

collinearity among the variables would not bias statistical inference (|r|<0.7, Dormann et al. 

2013).  

To determine which variables best described the average biomass/quadrat in each season, 

log-linear modeling was conducted using a negative binomial distribution and log link. A 
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negative binomial distribution was chosen over Poisson due to over-dispersion of the data 

(Crawley 2007). Model assumptions were verified by plotting residuals vs. fitted values and 

creating normal QQ plots.  

We used logistic regression for proportion data (generalized linear models with binomial 

error structure and logit link function in R) to determine the model that best explained the 

probability with which quadrats were occupied by any prey (Manly et al. 1992; Crawley 2007, 

pg. 575). Hosmer & Lemeshow goodness-of-fit and Likelihood ratio tests were used to 

determine adequacy of model fit.   

Prey modeling was conducted by stepwise deletion of predictor variables, starting from 

the fully saturated (or global) model (k = 7). The quadratic for distance to water was included 

based on the expectation that prey species might have non-linear associations with water 

whereby they need to be close enough to access for drinking but not too close due to increased 

predation risk. Stepwise deletion was conducted using likelihood ratio tests appropriate for 

nested model comparison (Zuur et al. 2009). Predictors were retained in the final model when 

their P-values were <0.2 to prevent the inadvertent omission of important variables (Tabachnick 

& Fidell 1996; Hopcraft et al. 2012). The best models (Table 2) were then used to map the 

average seasonal biomass and probability of seasonal prey occurrence (frequency) across the 

landscape as 200 x 200m rasters which match the resolution of input prey transect quadrats. The 

mean value of these prey availability variables within each used and available 200m circle for 

each event was then extracted. 

Since the goal was to determine whether lions were encountering, attacking or killing 

their prey in the most prey abundant and/or reliable areas available, the prey measures were 
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standardized (range: 0-1) by dividing seasonal values by the maximum value for that season. The 

standardized mean prey biomass measure was then arcsine transformed to comply with model 

assumptions (Gottelli & Ellison 2004).   

Statistical analysis 

 Backward step-wise logistic regression modeling (generalized linear models with 

binomial error structure) was used to determine the independent variables that best describe the 

probability of an encounter, attack and kill. The backward step-wise approach described above 

was utilized for all event types, starting from the global model which included all 8 independent 

variables. To determine model adequacy the le Cessie-van Houwelingen-Copas-Hosmer 

goodness-of-fit test was conducted and likelihood ratio tests were used to determine the 

explanatory power of final models vs. the null model (Crawley 2007). Nagelkerke’s R² was 

determined to provide an estimate of the amount of variation in the data explained by the final 

models.   

Statistical and spatial analysis was undertaken using R software version 2.15.1, R 

Development Core Team 2012, ArcMap 10.1 (ESRI Inc.) and Geospatial Modeling Environment 

0.7.2.0.   

Results  

Temporal predation patterns 

The probability of encountering potential prey was significantly higher (P < 0.05) during 

crepuscular periods (P(Encounter/h) = 0.499) and daytime periods (P(Encounter/h) = 0.355)  

compared to at night (P(Encounter = 0.166) (Table 3, Fig. 2). Although the raw data suggest the 
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potential for intriguing temporal variation (Table 3), we found no statistically significant effect 

of time of day on either P(Attack|Encounter, which averaged 0.243 over the entire 24 h period or 

P(Kill|Attack), which averaged 0.244 over the entire 24 h period. We also found no statistically 

significant seasonal differences between event probabilities (Fig.2).  

There were striking seasonal differences, however in the types of prey encountered, 

attacked and killed. In the dry season lions mostly encountered wildebeest (27.43%, Fig. 3), 

zebra (19.47%) and impala (18.58%) which were also the species that they most frequently 

attacked (25.93%, 14.81% and 22.22% respectively). However these species were attacked in 

proportion to their availability (D <0.20, Fig. 4) whereas there was slight selection for attacking 

baboons (D = 0.51) and Thomson gazelles (D = 0.38).  The vast majority of total kills during this 

season (n = 55) were of wildebeest (70.91%) which were strongly selected (D = 0.73), followed 

by zebra (16.36%) which were killed in accordance with availability (D = -0.11). In the wet 

season zebra were predominantly encountered (40.59%), attacked (52.17%) and killed (47.62%) 

by lions but again there was minimal selection for this species (D of attacks = 0.23 and kills = 

0.14). Instead warthogs were selectively targeted in this season (D = 0.61) Wildebeest (19.05%), 

buffalo (19.05%) and warthog (14.29%) were the only other species detected killed in the wet 

season and of these only buffalo (D = 0.64) and to a less extent warthog (D = 0.32) were 

selectively killed. Across both seasons zebra were most frequently encountered and attacked by 

lions (29.44% and 32% respectively) with wildebeest next (21.96% and 18% respectively). 

However, only wildebeest were selectively killed by lions (D = 0.64) with more than double their 

number killed (56.58% to 25%) compared to zebra (Fig. 3, 4). Impala were the third most 

frequently encountered and attacked species (14.02% and 16% respectively, Fig. 3) but not a 
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single lion killed impala was detected during the study. Buffalo were attacked less than expected 

overall (D = -.45) but killed slightly more than expected (D = 0.13).      

Spatially explicit predation process 

Lions disproportionately encountered potential prey in open areas near range centres 

where prey abundance was high (Table 4). These areas also tended to be closer than average to 

water sources, in more elevated areas of the landscape where prey species were reliably found. 

Lion attacks were similarly biased toward areas of high prey biomass and higher probability of 

prey occurrence, but were also more likely to occur away from range centres where woody cover 

is intermediate. Kill sites were not influenced by prey abundance or the reliability of prey 

occurrence, but instead were strongly associated with steeper areas in proximity to water sources 

where woody cover is neither too sparse nor too dense. Kill sites were also closer to range 

centres than expected by chance.  

Discussion 

Although lions are typically more active at night (Schaller 1972; Hayward & Slotow 

2009), their probability of encountering potential prey was greater during diurnal and crepuscular 

periods. This might be a reflection of the activity patterns of their ungulate prey. Both warthog 

(Somers 1997) and impala (Jarman & Jarman 1973) are less active at night than during the day 

and exhibit pronounced crepuscular peaks in activity around dusk. Thomson’s gazelles are 

similarly more active during the day, with an activity peak near dawn (Walther 1973). Buffalo 

(Sinclair 1977; Winterbach & Bothma 1998) and wildebeest (Berry et al. 1982) remain active at 

night but may restrict movements to less risky parts of the landscape at this time (Thaker et al. 

2011). Crosmary et al. 2012 found ungulates visited waterholes less at night due to increased risk 
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of predation there. The lunar phase during which observations were made may also have 

contributed to the lower nocturnal encounter and attack rates observed. Moonlight has been 

found to suppress activity for species that use non-visual cues or, like African lions, rely on 

stealth, especially in open areas (Packer et al. 2011; Prugh & Golden 2014).  

Wildebeest appear to be the principal component of lion diets in the western corridor but 

there is a seasonal contrast apparent whereby they comprise the majority of kills and are clearly 

preferred in the dry season when the migration sweeps through the region but are of lower 

relative import in the wet season. In the wet season, when prey abundance is considerably lower 

overall in the corridor, zebra comprise the bulk of the diet with buffalo and warthog important in 

addition to wildebeest. Buffalo and warthog are resident and form an important buffer for lions 

when migrants are absent or sporadic (Scheel 1993; Scheel & Packer 1995). Zebra have been 

previously considered the most important prey for lions in the Serengeti system due to their 

availability beyond the main migration (Schaller 1972) and this seems to resonate in the western 

corridor although additional data is needed to confirm this. This is broadly in accordance with 

general lion prey preferences for wildebeest, zebra and buffalo across their range (Hayward & 

Kerley 2005).   

As predicted, lions disproportionately encountered their potential prey in areas of high 

prey abundance as well as where the probability of prey being found was higher. These areas 

were also characterized by sparse cover, indicative of the open grasslands where large herds of 

herbivores congregate to feed (Wilmshurst et al. 1999; Creel et al. 2014). African wild dogs 

(Lycaon pictus) in Selous also experienced the highest prey encounter rates in grasslands (Creel 

& Creel 2002). These open spaces are not ideal hunting grounds for ambush predators such as 

lions, with the possible exception of during a relatively short period in the late wet season when 
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grass height is at its maximum (> 0.5m). Ungulates in Hwange, Zimbabwe exhibit stronger anti-

predator responses to lions in open areas which may further impede lion hunting effectiveness 

here (Valeix et al. 2009; Periquet et al. 2012). Lion kills were not associated with these open 

areas or with either prey measure, but as predicted were instead strongly associated with areas 

where potential prey are more vulnerable to ambush predation including near water, where 

woody cover is intermediate and in more steeply sloping terrain.  

Water sources have several advantages from the perspective of ambush predators. They 

are typically associated with vegetative cover, particularly the main rivers in the western corridor 

(Sinclair 1995), which allows for effective concealment. These rivers are often associated with 

topographic variation and are characterized by steep embankments along much of their length, 

which again provides cover for predators (Hopcraft et al. 2005). Additionally, most herbivores 

need to regularly drink which makes water sources predictable areas for prey visitation, if not 

necessarily high prey abundance (Redfern et al. 2003). This is particularly pertinent during the 

dry season when relatively few water sources remain viable. Finally, prey tend to be more 

vulnerable when they are drinking since they cannot be effectively vigilant at the same time 

(Crosmary et al. 2012). The need of African ungulates to regularly drink may explain why lion 

encounters were also positively influenced by proximity to water sources. The observed positive 

association of kill sites with increased slope may be a reflection of these same river 

embankments which typically exhibit steeper slopes than the surrounding landscape. However 

even steeper areas not associated with rivers, such as rocky outcrops and hills, presumably 

provide increased topographic relief which predators use to their advantage. Although encounters 

are biased towards open areas, kills are disproportionately made where woody cover is 

intermediate. This is in accordance with earlier studies showing that other ambush predators 
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preferentially hunt where cover is adequate but not too thick as to obscure their own visibility 

(Balme et al. 2007).  

Spatial locations where lions attack prey appear to act as “bridges” between the encounter 

phase and kill phase of the predation process. Lions were more likely to attack their prey where 

prey abundance and prey reliability were high, which is also where encounters were more likely, 

supporting the hypothesis that lions hunt opportunistically. However, lions also favoured areas of 

intermediate cover to launch attacks, indicating a more selective strategy supportive of the 

ambush predator hypothesis. These results point to a possible tradeoff whereby lions are trying 

their luck when prey is abundant but minimizing energy expenditure by restricting attempts to 

portions of the landscape where kills are more likely. Of all the hunts observed in the western 

corridor (n = 52), including those by unknown lions, 25% resulted in kills. This ratio of 

attempts/kill may help to explain the disjunction between attack and kill locations.    

Both encounters and kills disproportionately occurred close to seasonal range centres, 

indicating that territoriality may be affecting lion range use, with core areas of activity situated 

near, or perhaps defining, these centres. However, attacks were disproportionately initiated away 

from range centres. This seemingly counter intuitive result may be based on a combination of 

ecological and social factors. Interactions with neighbouring prides are more likely outside core 

areas (Spong 2002) and given that female lions are highly territorial (Packer et al. 1990) these 

interactions can be dangerous (West et al. 2006) and fatalities not uncommon (McComb et al. 

1994). As a result lions, like most territorial carnivores, typically expand range use only when 

prey is scarce (Carbone & Gittleman 2002; Loveridge et al. 2009). This means that lions 

(excluding males that need to patrol) should visit the riskier, more peripheral parts of their range 

when prey is scarce in the central portion and they are hungry. Due to the combination of hunger 
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and the inherent risks of these areas the likeliohood that they will attack prey given an encounter 

is presumably elevated. When prey is abundant in the range centre need to venture far is reduced. 
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Tables 

Table1: The average adult female weight (from Estes 1991) of lion prey species in Serengeti’s 

western corridor detected during monthly census surveys.  

Common name Scientific name Weight  (kg) 

Giraffe Giraffa camelopardalus 800 

Buffalo Syncerus caffer 450 

Zebra Equus burchelli 250 

Wildebeest Connochaetes taurinus 170 

Topi Damaliscus korrigum 120 

Waterbuck Kobus defassa 180 

Warthog Phacochoerus aethiopicus 60 

Grant's gazelle Nanger granti 55 

Impala Aepyceros melampus 50 

Thompson’s gazelle Eudorcas thompsoni 20 

Olive baboon Papio cynocephalus 20 
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Table 2: Best seasonal models explaining the frequency of occurrence of prey and average biomass of prey for 200 x 200m prey 

transect quadrats (n = 645). All models determined from backward stepwise elimination procedure using likelihood ratio tests, starting 

from full model (k = 7).   

Season Response Predictor variables θ SE P-value 

Dry Frequency of occurrence Distance to permanent water -2.49E-04 1.11E-04 < 0.05 

  

(Distance to permanent water)2 4.67E-08 2.18E-08 < 0.05 

  

Distance to rangerpost/lodge 1.66E-05 9.30E-06 < 0.1 

  

Wooded grassland 2.31E-01 1.18E-01 < 0.1 

Dry Average biomass Distance to rangerpost/lodge  -7.91E-05 1.79E-05 < 0.0001 

Wet Frequency of occurrence Distance to water 5.04E-04 2.02E-04 < 0.05 

  

(Distance to water)2 -3.42E-07 1.10E-07 < 0.01 

  

Distance to rangerpost/lodge -5.44E-05 7.88E-06 < 0.0001 

  

Wooded grassland -1.60E-01 9.81E-02 < 0.2 

  

Dense woodland -4.61E-01 2.05E-01 < 0.05 

Wet Average biomass Distance to rangerpost/lodge -5.18E-05 1.77E-05 < 0.01 

  

Open grassland 1.37E+00 2.16E-01 < 0.0001 

    Open woodland 1.60E+00 4.23E-01 < 0.001 
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Table 3: Mean probabilities and conditional probabilities by time of day, season and across all 

periods. 

  
Mean Probabilities 

    Encounter/hr Attack/hr Kill/hr Attack|Encounter Kill|Attack 
TIME of DAY Day 0.355 0.078 0.027 0.220 0.346 

 
Crepuscular 0.499 0.109 0.016 0.219 0.143 

 
Night 0.166 0.057 0.005 0.343 0.083 

SEASON Dry 0.330 0.078 0.023 0.238 0.292 

 
Wet 0.279 0.070 0.013 0.250 0.190 

OVERALL All Periods 0.305 0.074 0.018 0.243 0.244 
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Table 4: Model results for each step of the predation process indicating the direction of 

association between the probability of each event and relevant ecological and environmental 

factors.  

Variable ENCOUNTERS ATTACKS KILLS 
Distance to water (m) (-). NS (-)*** 
Mean elevation (m) (+)* NS NS 
Mean slope (º) NS NS (+)** 
Mean cover (%) (-)*** NS NS 
(Mean cover)² (%) NS (-)* (-)** 
Prey biomass (0-1) (+)*** (+)*** NS 
Prey frequency (0-1) (+)* (+)** NS 
Distance to range centre (m) (-)** (+)** (-)* 
Goodness-of-Fit  P = .979 P = .092 P = .419 
Nagelkerke R² 0.119 0.195 0.116 
Likelihood Ratio Test 3.90E-22 8.80E-09 3.13E-09 
(+/-) indicates direction of association, ./*/**/** indicates P < 0.2/0.05/0.01/0.001 
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Figures 

Figure 1: Schematic diagram showing the four steps of the predation process. Step 1 is the 

(independent) movement of predators and prey. Step 2 illustrates the temporal and spatial 

intersection of those movement paths, which defines an encounter. Step 3 shows the decision by 

a predator to attack a potential prey and Step 4 depicts a successful attack which results in a 

capture and kill. Tracking back from Step 4 (the kill) it is apparent that each step of the process 

depends upon the previous step.  
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Figure 2: Characterization of temporal predation patterns in the western corridor of Serengeti 

National Park. Bars with 95% confidence intervals show the probability/hour encounters, attacks 

and kills across different time periods and seasons based on the number of events per hour of 

monitoring as well as the conditional probability of an attack given an encounter and kill given 

an attack. Daytime was defined as 7:00 – 18:00; nighttime as 19:00 – 6:00; and crepuscular as 

6:00 – 7:00 (dawn) and 18:00 – 19:00 (dusk). The dry season was June through October and the 

wet season November through May. The probabilities across all time periods and seasons are 

also show. 
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Figure 3: Proportion of total encounters, attacks and kills which involved each of the eight most 

common lion prey species in the dry season (June through October), the wet season (November 

through May) and throughout the year. The species listed separately were involved in a 

minimum of ten encounters each across seasons. The Other category includes those species that 

were involved in fewer than ten encounters across seasons (Eland = 3, Giraffe = 5, Grant’s 

gazelle = 2, Mongoose = 1, Porcupine = 1).   
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Figure 4: Jacob’s Index of selectivity for both the attack and kill steps of the predation process. 

Both events are measured relative to the number of encounters which is assumed to represent 

prey availability. Selection is described by season for potential prey species with >10 total 

encounters. Jacob’s Index values range from -1 indicating maximum avoidance to 1 indicating 

maximum selection. Values close to 0 indicate use in proportion to availability. 
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Epilogue 

Space use decisions by predators play a prominent role in dictating such fundamental 

factors as the rate at which prey are encountered and the vulnerability of prey to possible 

predation. These factors in turn underlie predator-prey dynamics and resonate across multiple 

trophic levels resulting in the species distribution and abundance patterns that characterize 

ecosystems, the very patterns that ecologists strive so hard to understand. Despite the 

acknowledged importance of large predators to maintaining ecosystem structure and function, 

widespread uncertainly persists as to the factors that drive their observed spatial patterns. At the 

crux of this debate is the relative influence on predator space use of the direct abundance and 

distribution of prey compared to habitat attributes that may improve a predator’s predation 

efficiency. In addition, although the manner in which potential prey species perceive predators’ 

use of the landscape has widespread ecological ramifications, mediated by how prey 

behaviourally respond to perceived risk, our understanding is obscured by uncertainty as to 

which aspects of a predator’s spatial patterns deserve the greatest consideration.  

 In this thesis I have attempted to broadly confront these fundamental questions by 

investigating the same essential theme from a variety of theoretical and analytical angles. In my 

first chapter I determined that broad-scale predator space use is more consistently influenced by 

the distribution of their preferred prey’s forage resources than by the distribution of prey 

themselves. This is in accordance with theoretical tri-trophic foraging models and represents one 

of the first empirical descriptions of this result at such a large scale. The abundance of preferred 

prey was also strongly selected in the portion of the study area where overall preferred prey 

density was high, in contrast to the relatively prey-poor section where predators selected for 
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features that increased landscape permeability and thus predator mobility. This suggests the 

intriguing possibility that predator foraging decisions at this scale are biased toward predictable 

prey locations but also incorporate alternate strategies, the adoption of which may be dependent 

on prey density. It may be that if this density exceeds a certain threshold the direct tracking of 

prey becomes possible but if density is below this threshold then predators are better served by 

using features that promote mobility to increase encounter rate. 

 In my second chapter, with analysis executed at a finer spatial resolution but at a 

similarly broad extent, I again found predators biasing space use toward areas of their preferred 

prey’s forage abundance, as well as in proximity to landscape features that improve predator 

mobility. Using the preferred habitat types identified by this population-level model and a 

measure of preferred prey use as habitat quality metrics, I find an inverse relationship between 

these measures and territory size but no relationship with group size. This indicates clear support 

for the hypothesis that social predators alter territory size and not group size as a function of 

local habitat quality which might be an adaptive way to balance tradeoffs between the cost of 

territorial defense and the gains derived from resource acquisition.  

 My third chapter highlights the complexities inherent in attempting to understand 

predator-prey interactions. Here I demonstrate that the probability of a kill is increased in areas 

where the relative probability of prey use is high or in areas of high predator density, but that 

where both prey use and predator density are high this probability is dampened. When an 

environmental variable that impacts prey vulnerability is added we see nuanced responses which 

depend on the inter-relationship between these three variables. The implication of this is that 

factors which influence predator-prey encounters interact with factors which influence the 

vulnerability of prey to predators given an encounter. The model that best explains the location 



180 
 

of observed kill sites includes these three mechanistic variables as an interaction term as well as 

several habitat specific variables, emphasizing the fact that multiple factors – including prey 

availability and habitat attributes -contribute to realized predation risk.   

 The results described in my fourth chapter broadly mirror those from chapter one despite 

being from an entirely different system containing a different, more complex suite of predators 

and prey. Here we again see predator space use most consistently influenced by habitat attributes 

albeit attributes that increase prey vulnerability as well as their spatial predictability. Again like 

the first chapter, prey availability was also tracked by predators when overall prey abundance in 

the study area was high. Inter-specific competition had little impact on predator space use 

patterns. This work again hints that the behavioural decisions that result in observed predator 

spatial patterns hinge on some prey abundance threshold in the considered area.  

 Finally, in the fifth chapter I characterize some of the variation inherent in predation 

process events, including substantial diel variation in encounter rates and seasonal variation in 

the composition of species being encountered, attacked and killed. Spatially I demonstrate that 

the factors affecting predation process events vary as a function of the specific event, with 

encounters strongly dependent on prey availability and kills dependent on habitat features that 

render prey vulnerable. Attack locations spatially bridged these events and were 

disproportionately located where prey availability was high but prey vulnerability also elevated. 

Overall, this indicates the importance of decomposing the predation process and strongly 

suggests that predation risk needs to be carefully considered relative to ecological and 

environmental co-variates. 
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 To conclude, in my thesis I have attempted to comprehensively investigate the primary 

environmental and ecological factors that influence observed spatial patterns of apex, social 

predators. The backbone of this thesis is the fundamental question as to whether the space use 

decisions made by social predators are affected more by direct prey availability or by habitat 

attributes that render prey more vulnerable. I find that habitat features more consistently 

underpin the spatial decisions made by apex predators but direct prey availability is also an 

important factor which may become more or less critical depending on the overall abundance of 

prey in an area. This possibility is an intriguing result and requires greater attention. I further 

show that features which increase predator mobility, including anthropogenic features, are often 

selected by coursing predators presumably in order to increase the rate of encounter with 

potential prey. The influence of anthropogenic disturbance is mixed and context dependent. In a 

multi-prey, multi-predator system I find little evidence of inter-specific competition influencing 

space use whereas indirect evidence suggests that intra-specific competition, expressed through 

territoriality, influences spatial patterns in both systems. An increased emphasis on the role of 

con-specifics in influencing predator spatial decisions is another recommendation from this 

work. The multiple processes that contribute to the spatial patterns that we observe upon the 

landscape are exceptionally complex, replete with daily and seasonal variation, non-linear 

interactions and state-dependent drivers. By continuing to investigate these processes across 

multiple systems, using diverse approaches from a variety of perspectives we can gradually 

untangle their key elements and thus gain an improved understanding of predator spatial 

behaviour and its profound impacts.  
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Supplementary Material 

Appendix A 

Chapter 3 

Figure S1: Jacob’s selectivity index of habitat classes where moose were killed by wolves in 

both study areas. Values of 1 represent complete selection and values of -1 represent complete 

avoidance, values close to 0 represent use in accordance with availability. Here Disturbed and 

Sparse habitat classes show -1 for Pickle Lake because 0 kills were made in there (n=21). 
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Table S1: Generalized Least Squares model output used to project wolf density across the 

landscape. 

 
   Average β                  95% CIs 

Intercept -7.8071 (-7.8749, -7.7394) 
relative elevation (500m) -0.0017 (-0.0027, -0.0007) 
NDVI (current winter) -0.0112 (-0.0118, -0.0105) 
NDVI (previous summer) 0.0092 (0.0084, 0.0100) 
proximity to dump (1km) 0.7883 (0.2712, 1.3054) 
proximity to settlement (1km) -0.0033 (-0.1690, 0.1623) 
proximity to primary roads (500m) 0.0272 (0.0082, 0.0462) 
proximity to secondary roads (500m) 0.0362 (0.0212, 0.0512) 
distance to shoreline (km) -0.0768 (-0.0900, -0.0637) 
water 0.0502 (0.0143, 0.0862) 
open lowland -0.3954 (-0.4360, -0.3548) 
treed lowland -0.1208 (-0.1406, -0.1010) 
deciduous lowland -0.0755 (-0.2112, 0.0602) 
deciduous upland 0.3170 (0.2689, 0.3651) 
mixed upland 0.1896 (0.1527, 0.2265) 
sparse forest 0.0032 (-0.0787, 0.0851) 
disturbed (fire and/or forestry) 0.0573 (0.0341, 0.0805) 
new disturbance (1 year) -0.1640 (-0.2295, -0.0986) 
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Table S2: Resource Selection Function coefficients and associated standard errors of the full and 

reduced moose models.  Dashes (--) indicate the predictor dropped out of the model following 

stepwise AIC (Street et al. submitted MS). 

  Full Reduced 
Predictor Coefficient SE Coefficient SE 
Intercept -6.78715 0.82906 -6.97007 0.66988 
ΔNDVI 0.11353 0.01391 0.11326 0.01375 
Relative Elevation -0.00916 0.02117 -- -- 
Snow Depth -0.01533 0.00728 -0.01362 0.00677 
Water -3.08644 0.66306 -2.95998 0.48004 
Lowland -2.00631 0.55211 -1.90219 0.33182 
Mixed -0.29251 0.7112 -- -- 
Conifer -2.32298 0.5749 -2.25297 0.39014 
Sparse -3.53946 2.01051 -3.47724 1.96844 
Disturbance -0.03809 0.46847 -- -- 
Recent Burn -4.98647 11.13606 -- -- 
Site (Pickle Lake) 0.33119 0.18154 0.33583 0.18111 
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Table S3: Maximum likelihood estimates and standard errors of the snow depth model (Avgar et 

al. submitted MS). 

 

  log(snow depth)   MLE SE 
main effects intercept 3.20034 0.10079 

 
log(NOAA snow depth  + 1) 0.44718 0.01487 

 
NDVI -0.02502 0.00155 

site effects intercept 0.05139 0.02005 

 
road -0.14147 0.05741 

 
water -0.35965 0.05381 

 
Relative Elevation * coniferous  -0.01877 0.00609 

 
Relative Elevation * deciduous -0.01313 0.00504 

 
Relative Elevation * sparse -0.01693 0.00576 

  Relative Elevation *  winter NDVI 0.00038 0.0001 
 

 

 

 


