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ABSTRACT 
 

 

 

MODELLING THE EFFECT OF LANDSCAPE FEATURES ON WOODLAND 
CARIBOU MOVEMENT AND POPULATION GROWTH IN ONTARIO 

 

 

 

Boyan Liu                   Advisor: 

University of Guelph, 2018      Professor J. M. Fryxell 

 

The suitability of an animal’s local environment is expected to influence patterns of 

movement and population growth rate (). Landscape suitability can accordingly be estimated, 

based on the relative frequency and spatial distribution of good versus poor areas. This 

framework can be used to evaluate the landscape suitability of 14 woodland caribou (Rangifer 

tarandus caribou) ranges in Ontario and relate it to projected inter-range differences in 

movement and  calculated using individual-based movement trajectories. The caribou 

movement simulation model predicted that average rates of caribou displacement should 

decrease with increasing forage variability and decreasing variability in moose abundance. The 

caribou population viability analysis model predicted that caribou population growth should 

decrease with increasing density of both wolves and moose, the wolves’ primary prey. These 

model predictions suggest that caribou movement and  could respond differently to spatial 

variation in food availability and predation risk.  
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Introduction 
 

Background 

 

Animal movement patterns are often highly affected by surrounding landscapes (Clobert 

et al. 2009, Reim et al. 2018, Torney et al. 2018). Two concepts integral to quantifying this 

relationship are heterogeneity, or the uneven distribution of resources and hazards, and selection, 

the tendency for organisms to utilize specific habitats with a greater frequency than predicted by 

availability over the landscape (Polis et al. 1997, Northrup et al. 2013). In approaching selection, 

it is often assumed that animals know, to some extent, which areas are more favourable for 

maximizing fitness and tend to gravitate to these areas (Northrup et al. 2013). As a corollary, the 

favourability of an animal’s current location, quantified with traits such as food availability and 

predation risk, might also be expected to directly impact its fitness. As an animal moves across a 

heterogeneous landscape, the favourability of its current location will thus vary over time and 

space. For example, the favourability of each area might also change due to seasonality. Broadly 

speaking, a given landscape would be more favourable for an animal if it has more favourable 

attributes, such as greater food availability, and the animal can access favourable areas, as in less 

fragmented landscapes (Fryxell et al. 2005, Morales et al. 2010).  

 

Natural or artificial landscape alterations, such as forest fires and deforestation, can 

change the landscape, altering movement patterns and making the landscape less suitable for the 

focal species (Martin and Bellingham 2016). Also, these activities can introduce exotic 

organisms and increase the population of species antagonistic to the survival of species 

threatened by extinction, such as predators and competitors (Tingley et al. 2016).  When the local 

environment is subject to such changes, animals might be expected to alter their movement 

patterns to account for the changes, leading to changes in animal movement over time and/or in 

different areas (Torney et al. 2018).  
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Individual-based models (IBMs) offer one way of exploring the potential implications of 

altered movement trajectories through a landscape. IBMs are models that simulate how decisions 

made by individuals are shaped by their surroundings as well as assessing how these decisions 

scale up to effects at the population level (Grimm and Railsback 2005). Simulated individuals 

adjust to environmental cues, such as landscape alterations, by moving to different areas 

depending on local resource availability, which varies through time and space (Grimm and 

Railsback 2005). In principle, this could generate novel quasi-realistic movement trajectories that 

are temporally and spatially sensitive, which allow for a multi-scale approach to ecology by 

simulating population level outcomes resulting from individual-level actions. 

 

The movement trajectories generated by an IBM predict where an animal would likely be 

in a landscape at a given time of year. Thus, the landscape attributes encountered by these virtual 

individuals can be used to project the likelihood of individual survival and reproduction via a 

population viability analysis (PVA), given independent quantification of how survival and 

reproduction are related to landscape attributes (Lindenmayer et al. 2000). This approach is 

different from simpler traditional PVAs that are solely parameterized using annual rates of birth 

and death, which are often quantified at the population level (Boyce 1992, Beissinger and 

McCullough 2002). PVA offers insight into the likelihood of extinction for a given population 

over a given amount of time in a given area (Sweka and Wainwright 2014). PVAs can 

accordingly be used as a valuable wildlife management tool; indeed, both spatial and non-spatial 

PVAs parameterized using vital rates have been implemented in the management of a variety of 

species, including the greater glider (Petauroides volans), Siberian tiger (Panthera tigris 

altaica), Atlantic salmon (Salmo salar), coral (Acropora cervicornis) and sleepy lizard (Tiliqua 

rugosa) (Lindenmayer et al. 2000, Tian et al. 2011, Sweka and Wainwright 2014, Mercado-

Molina et al. 2015, Jones et al. 2016). The results of PVA analyses regarding key resources and 

hazards can also be used to assess the relative importance of different environmental factors, 

which in turn can help managers identify conservation priorities for threatened species (Slotta-

Bachmayr et al. 2004, Vincenzi et al. 2008). 
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Application for caribou conservation 

 

The boreal ecotype of woodland caribou (Rangifer tarandus caribou) is listed as a 

Species at Risk in Canada under COSEWIC and COSSARO, specifically as a threatened species 

(Environment Canada 2012, Ministry of Natural Resources and Forestry 2014a). In Ontario, 

caribou experienced dramatic range contractions since the early 1900’s, with populations having 

shifted northwards (Environment Canada 2012). For administrative purposes, Ontario’s boreal 

woodland caribou herds have been assigned to 14 discrete ranges and a discontinuous 

distribution, an area linking caribou ranges that has little to no caribou within its boundaries, 

over the span of northern Ontario (Hornseth and Rempel 2016, Ministry of Natural Resources 

and Forestry 2010) (Figure 1). However, provincial information regarding woodland caribou is 

limited due to the remoteness of their habitat and the difficulty of detecting an individual and 

there is uncertainty regarding how landscape differences and changes affect woodland caribou 

(Ministry of Natural Resources and Forestry 2014a, Brown et al.2007). My objective was to 

compare these ranges to assess the effect of different landscape factors, such as food and refugia, 

in terms of quality and arrangement. These landscape differences would shape movement 

decisions that lead model animals to make different movement trajectories in different ranges. 

Since the ranges also differ in their capacity to sustain caribou ((Hornseth and Rempel 2016), the 

various landscape factors encountered in an individual animal’s movement through a range can 

be compared to identify which spatial attributes are associated with steeper population declines, 

identifying crucial factors for future conservation efforts. This spatially-explicit framework 

bridges landscape effects with movement and then population growth effects to overcome 

information deficits by limiting the necessity of surveying caribou on the landscape.   

 

Some obvious ways caribou ranges might differ is in the source, the arrangement, and/or 

the amount of disturbances. Disturbances due to forestry or fires are often thought to benefit 

moose (Alces alces), allowing them to become more abundant in regions with historically low 

densities of moose (Environment Canada 2012). This is because moose tend to favour early-

succession areas dominated by deciduous vegetation, a common outcome of forestry in boreal 

forests (Gagné et al. 2016). Moose are also part of an apparent competition dynamic with 
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caribou, defined as a situation where the presence of a prey species leads to population decline in 

another prey species due to a shared predator (Holt 1977). Moose are often viewed as the 

primary prey of wolves, so the encroachment of moose in caribou habitat would be expected to 

increase the level of predation risk to caribou due to increased wolf density supported by the 

increase in overall prey abundance (Gagné et al. 2016). Moose are often viewed as the primary 

prey of wolves in northern Ontario, but wolves incidentally prey on caribou if detected by a 

pack, which is more likely at high wolf density (Kittle et al. 2015). If this is an important factor 

in declines of caribou populations, one would expect ranges with larger moose populations to 

have lower rates of caribou population growth.  

 

Caribou populations are expected to be influenced by wolf populations due to high levels 

of predation-related mortality (Leblond et al. 2016). The increase in predation risk caused by 

higher wolf abundance would be compounded by extensive areas of human development, which 

often increase the amount of open areas in the landscape, such as roads and hydro corridors 

(Kittle et al. 2015). These so-called linear features increase the search efficiency of wolves by 

allowing them to move through the landscape at a quicker pace, which increases their encounter 

rate with caribou, thus making predation mortality more likely for caribou (Popp and Donovan 

2016, Boan et al. 2014). Greater search efficiency for wolves in landscapes with extensive linear 

features would also be expected to contribute to increased wolf population density, further 

increasing the rate of incidental caribou predation (Dickie et al. 2017). Linear features and other 

disturbances can also create high-risk areas near or in caribou refugia, bringing caribou and 

wolves in closer contact and so increasing the chance of incidental predation (DeMars and 

Boutin 2018).  Generally, this means a more open landscape with higher levels of anthropogenic 

disturbance would be predicted to have more wolves and that wolves would be more likely to 

find caribou, leading to higher levels of caribou mortality (Leblond et al. 2016, DeMars and 

Boutin 2018).  If this is an important limiting factor, then one would predict that ranges with 

higher wolf density and higher levels of anthropogenic disturbance will have lower rates of 

caribou population growth. 
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Recently disturbed areas also tend to have less lichen, the most important food source for 

caribou, leading to increased energetic stress on caribou (Thompson et al. 2015, Joly et al. 2015). 

This is largely due to the slow regeneration rate of lichens following disturbance, which can take 

longer than 33 years to return to undisturbed levels of lichen biomass and diversity (Bartels and 

Chen 2015, Ministry of Natural Resources and Forestry 2014a). The energetic costs of living in 

different areas can be quantified thanks to studies regarding caribou diet and landscape 

productivity which have made it easier to measure how the caribou’s energy budget changes 

based on landscape factors such as Normalized Difference Vegetation Index (NDVI) (Mosser et 

al. 2014, Thompson et al. 2015, Mallon et al. 2016). If its habitat can not provide sufficient 

energy gain and nutrients, starving individuals would be expected to suffer increased risk of 

energetic stress, which has been linked to reproductive failure in a wide variety of organisms due 

to reduced parental and offspring body condition (Wright 2013, Scharf 2016, Willis 2017). If this 

is an important factor in declines of caribou populations, one would expect ranges with lower 

forage availability to have lower rates of population growth. 

 

Thus, disturbed areas are generally classified as unfavourable areas for caribou since they 

contain low levels of caribou forage and present elevated levels of predation risk (Ministry of 

Natural Resources and Forestry 2014a). Some undisturbed areas, such as naturally occurring 

deciduous stands, would also be unfavourable for caribou as well, due to low amounts of food 

lichen. Current assessments of range suitability for caribou are based on percentage of 

disturbance and important caribou habitat, such as nursery areas, over the caribou range 

(Ministry of Natural Resources and Forestry 2014a).  

  

The simulation model I used to evaluate woodland caribou ranges in Ontario takes 

advantage of field calibration of forage availability and predation risk, quantified with moose and 

wolf density, in relation to habitat features published in a series of articles, based on field data 

gathered near the townships of Nakina and Pickle Lake. The forage availability model was built 

using sampled ground vegetation, which was then transformed into digestible biomass weighted 

by contribution to caribou diet, mapped to different land cover classes (Avgar et al. 2015). The 
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moose density was projected using a moose Resource Selection Probability Function (RSPF), 

which was parameterized with NDVI, snow depth and land cover classes, utilizing surveyed 

presence/absence moose data (Street et al. 2015). Wolf density was projected using a model 

created using wolf GPS radio-collar data to create wolf utilization distributions using kernel 

Brownian bridge home range estimation (Kittle et al. 2015). This was generated over a hexagon 

grid at the pack level to project wolf density, which was then correlated with land cover 

information, NDVI and elevational roughness (Kittle et al. 2015). In the methods, I will outline 

in greater detail how these ground-truthed regressions were used to construct fitness landscapes 

from GIS data retrieved from Ontario’s provincial databases. Together these three landscape 

layers provide information about the conditions that may affect caribou differently in different 

areas across Ontario. Models of movement (Avgar et al. 2015) and demography (Fryxell et al. 

unpublished) were then used to simulate probabilities of reproduction and survival by individual 

caribou in each of the caribou ranges in Ontario.   

 

Using this simulation-based approach, I asked how the magnitude of forage availability 

and predation risk as well the spatial configuration of these metrics might influence projected 

patterns of caribou movement and population growth rate across the woodland caribou ranges 

(Collinge 1996, Morales et al. 2010). The combined effects of limited forage availability and/or 

high levels of moose or wolf occupancy may contribute to caribou population decline due to 

energetic stress, apparent competition and/or predation, respectively, leading in turn to lower 

caribou populations (Table 1).  

 

The landscape arrangement of these factors could also influence caribou movement. For 

instance, an animal surrounded by more favourable areas, such as areas with high forage or low 

risk of predation, would be more inclined to move than an animal surrounded by poorer areas. 

Given an animal’s capability to select for favourable areas, a caribou range with a more 

heterogeneous landscape configuration would present more unfavourable patches in a caribou’s 

surroundings. This is because heterogenous landscapes would have more unfavourable areas 

interspersed with favourable areas than more homogenous landscape that have more continuous 
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areas of favourable or unfavourable areas. This reduction in favourable areas to move to should 

in turn discourage movement (Table 1). Over larger spatial and temporal scales, I predicted that 

ranges with more homogeneous arrangement of favourable versus unfavourable habitat should 

lead to larger caribou home ranges and more overlap among individual trajectories. This is due to 

greater probability of movement in more homogenous landscapes, as detailed above (Table 1). 

Ranges with greater levels of landscape heterogeneity would similarly be predicted to have lower 

projected rates of population growth due to individuals having an increased probability of 

entering unfavourable areas (Table 1). Given evidence that caribou tend to stay in favourable 

areas (Avgar et al. 2015), I predicted that landscapes with greater separation between patches of 

favourable habitat should be characterized by greater frequency of long movement steps, due to 

caribou minimizing time in unfavourable areas wherever they choose to move (Table 1). This is 

due to animals trying to minimize time in areas that would reduce fitness. 

 

Another possible effect of landscape configuration on caribou population growth could 

stem from spatially-mediated trade-offs between forage availability and predation risk. For 

instance, caribou would face a fitness trade-off in an area if it contained abundant forage but high 

predation risk, or vice versa. If this were the case, areas that satisfy one fitness requirement 

would compromise another (McGreer et al. 2015). If a given landscape contains more areas with 

substantial trade-offs, I predicted that caribou would be forced to inhabit mediocre areas, 

whereas a landscape without trade-offs would present caribou with clear choices and thus more 

unambiguously favourable areas, which should contribute to increased population growth (Table 

1).  
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Methods 

 

Study Area 

 

The Ontario distribution of woodland caribou stretches north-south from the northern 

shore of Lake Superior up to halfway the length of James Bay (around 53
o
N latitude) and along 

the entire width of Ontario east-west (Hornseth and Rempel 2016, Ministry of Natural Resources 

and Forestry 2010) (Figure 1). Habitat conditions for caribou vary considerably along its extent 

(Ministry of Natural Resources and Forestry 2014b). The northeast portion near Hudson and 

James Bay is dominated by wetlands such as bogs and fens, with infrequent fires. The remainder 

of the Ontario distribution consists largely of boreal forest, increasingly dominated by stands of 

mixedwood and deciduous forest as one moves south (Ministry of Natural Resources and 

Forestry 2014b). Southern ranges exhibit predominantly anthropogenic disturbance, with 

correspondingly higher population densities of moose and wolves (Ministry of Natural 

Resources and Forestry 2014b). This is because they tend to lie within the Area of Undertaking 

(AOU), the area in Ontario where commercial forestry is permitted (Hunt et al. 2005). Caribou in 

these areas have smaller home ranges than their conspecifics living further north, where wolf and 

moose abundance are lower and disturbance mainly arises from fires (Ministry of Natural 

Resources and Forestry 2014b). Caribou range divisions in Ontario are administrative units 

based on a number of real biological characteristics  (Ministry of Natural Resources and Forestry 

2014b), including (1) evidence of caribou occupancy based on aerial surveys or radio-telemetry, 

(2)  sufficient areal extent to potentially support a self-sustaining population, (3) presence of 

critical habitat, such as nursery areas (4) The different land cover classes in the range are used by 

the individuals for similar purposes (e.g. all individuals using fens for predator avoidance), (5) 

individual caribou all face similar risks, such as deforestation, and (6) natural (e.g. rivers) or 

artificial boundaries (e.g. highways or forestry management units). It should be noted that these 

range boundaries do not correspond to truly isolated subpopulations; collared individuals are 

known to cross range boundaries and there is evidence of cross-range genetic connectivity 

(Ministry of Natural Resources and Forestry 2014b). 
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Constructing a Virtual Landscape 

 

The virtual landscape used in the modelling process has four main components, forage 

availability, moose density and wolf density, which were analyzed for their impact on movement 

and population growth rate, as well as snow depth, which was included as a movement inhibitor 

in the original movement model but had minimum impact on movement and fitness outcomes 

(Avgar et al. 2015). These layers were create using a variety of landscape datasets (Table 2). 

Environmental data for woodland caribou ranges in Ontario were obtained for November 1
st
, 

2010 to October 31
st
, 2011 to stay within the timespan covered by landscape information that 

informed the Far North Land Cover (FNLC) dataset version 1.4 (Ministry of Natural Resources 

and Forestry 2014c). Each data layer was clipped to the area of caribou range and projected to 

the NAD 1983 MNR Lambert coordinate system using ArcMap 10.4.1 (ESRI Inc., Redlands, 

CA, USA). The boundaries of the caribou ranges were obtained from Land Information Ontario 

(Ministry of Natural Resources and Forestry 2010). The Lake Superior Coastal Range was of 

insufficient size for the movement IBM. This was because the models utilized were unable to 

quantify the effect of offshore islands acting as refugia from predation, the primary hypothesis to 

account for the persistence of this caribou population (Ministry of Natural Resources and 

Forestry 2014b). Therefore, it was excluded from analysis, leaving 13 ranges and the 

Discontinuous distribution for use.  

 

Normalized Difference Vegetation Index (NDVI) information from the MODIS/Terra 

Vegetation Indices 16-Day L3 Global 250m SIN Grid V006 dataset were acquired from the Land 

Processes Distributed Active Archive Center (Didan 2015). The NDVI values were rescaled 

using the equation NDVIrescaled = (NDVI - (-2000)) / (10000 - (-2000))*100 to remain consistent 

with past procedures (Avgar et al. 2015). The MODIS NDVI dataset averages landscape values 

over consecutive 16-day windows throughout the year. This means that 23 different values were 

available for a given location in a year. 
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Elevation data were taken from the Ontario Provincial Digital Elevation Model (Ministry 

of Natural Resources and Forestry 2013). The elevation layer was converted to a roughness 

measurement by subtracting actual elevation by average elevation in a 500m radius around each 

raster cell to reflect the effect of topography on local vegetation and thus spatial use by animals 

(Kittle et al. 2015).  

 

Several satellite-based provincial datasets were used to classify the study area into 

discrete land cover classes. The Far North Land Cover map was used for most of the caribou 

ranges since it is the most recent GIS data source (Ministry of Natural Resources and Forestry 

2009). The older Provincial Landcover 2000 layer, built to encompass the whole of Ontario, was 

used to fill in the areas with missing information in the southern portion of the caribou 

distribution, mostly south of 50° N latitude (Spectranalysis Inc. 2004). Any remaining missing 

areas, which totaled to approximately 646 km
2
, were filled with an historical Ontario land cover 

dataset (Ontario Ministry of Natural Resources 1998). The values in other land cover classes 

were converted to equivalent categories in the Far North Land Cover database version 1.4 to 

form a consistent landscape. 

 

Fire disturbance and harvested areas overlaid the land cover layer (Aviation, Forest Fire 

and Emergency Services Branch 2017, Smyth 2012). Recent disturbances (occurring in 2010-

2011) were treated separately, due to their greater negative effect on caribou forage and wolf 

density compared to non-recent disturbance, which were quantified back to 1975 (Kittle et al. 

2015, Avgar et al. 2015). Other artificial disturbances were buffered so they could be used for 

the calculation of projected wolf density, in other words, these features were assigned a larger 

zone surrounding them, defined by a set radius, to approximate effects on the landscape 

extending beyond their immediate area. These features including dumps (buffered by 1 km), 

settlements (buffered by 1 km) and linear corridors (buffered by 500m). Furthermore, other 

unbuffered artificial disturbances used in the Integrated Assessment Protocol for Woodland 

Caribou Ranges in Ontario were also included in the landscape as FNLC settlement landcover 

classes (Ontario Ministry of Natural Resources 2014). 
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Snow depth data were obtained from the North American Regional Reanalysis dataset 

(National Centers for Environmental Information 2016). The coarse scale of the dataset was 

mitigated using a projection model developed by regression of landscape data against field data, 

using NDVI, land cover class and elevational roughness (Avgar et al. 2015). 16 layers with non-

zero snow depth spanning the Ontario caribou distribution were produced for each 16-day NDVI 

window throughout the year. The seven layers situated during the summer (defined as June 10
th

, 

2011 to September 29
th

, 2011) were arbitrarily set to snow depth = 0. 

  

Spatial variation in the amount of dietary digestible biomass was projected across the 

landscape following procedures outlined in Avgar et al. (2015). This projection was developed 

based on the vegetation present in caribou habitat surveyed in 27 stands located in different land 

cover classes (Mallon et al. 2016). Each stand contained six sampling plots where percent 

coverage, species composition and aboveground biomass of vegetation were measured, samples 

were then collected and dried to estimate percent Neutral Detergent Fiber (which includes 

cellulose, hemicellulose and lignin), and Acid Detergent Fiber (composed of cellulose and 

lignin) content (Mallon et al. 2016). The fiber values were regressed against published vegetation 

digestibility values for caribou to obtain available digestible biomass (Mathiesen and Utsi 2000, 

Avgar et al. 2015). Caribou diet data were gathered from video collars (n =23); video analysts 

identified the frequency of bites and genus of ingested forage to construct a seasonal dietary 

profile (Thompson et al. 2015). Available digestible biomass was multiplied by the fraction 

occupied by each plant species in the caribou diet; then summed for all species to obtain dietary 

digestible biomass (kg/m
2
) (Avgar et al. 2015). These site-specific values were then regressed 

against local land cover class and NDVI (Avgar et al. 2015). I used the coefficients from this 

final step and the seasonal NDVI (defined as spring (May 1
st
 to June 15

th
), summer (June 16

th
 to 

October 31
st
) and winter (November 1

st
 to April 31

st
)) as well as land cover class data for the 

whole study area to create three layers spanning the Ontario caribou distribution, one each for 

spring, summer and winter.  
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Spatial variation in wolf density was estimated using a resource utilization function with 

the following parameters: snow depth, seasonal NDVI (variables for both winter (November–

April) and summer (May–October)), amalgamated FNLC land cover class and elevational 

roughness, as well as proximity to linear features, dumps, settlements and shorelines of water 

bodies larger than 500m in diameter (Kittle et al. 2015). The projection was conducted according 

to the procedures outlined in Kittle et al. (2015). The data for the projection were based on aerial 

surveys of packs as well as collar information from 52 individuals drawn from 34 packs (Kittle et 

al. 2015). The GPS fix interval was five hours long and were collected for three years; this 

location information was used to construct utilization distributions for each radio-collared wolf 

using kernel Brownian bridges and then translated to local wolf density by multiplying by pack 

size (Horne et al. 2007, Kittle et al. 2015). The derived wolf density was then regressed with the 

above parameters to obtain the landscape coefficients used to reverse the process to go back from 

landscape features to wolf density (Kittle et al. 2015). This allowed for the creation of two layers 

spanning the Ontarian caribou distribution, one each for summer and winter.  

 

Spatial variation in moose habitat was estimated using a resource selection probability 

function with the following parameters: snow depth, NDVI (defined as summer average (May–

October) minus winter average (November–April)), amalgamated FNLC land cover class and 

elevational roughness as coefficients (Street et al. 2015). This information layer was included 

alongside the wolf layer because caribou avoid areas frequented by moose, which are not always 

areas frequented by wolves (James et al. 2004, Latombe et al. 2014). The amalgamation was 

conducted according to Street et al. (2015), modified for the most recent version of the Far North 

Land Cover Class layer. The projection was conducted according to the procedures outlined in 

Street et al., where data were gathered via aerial survey with two observers looking for moose up 

to 500m away (2015). Each sighted moose was marked and buffered with a 250m circle; the 

landscape was then assessed from a used/availability basis to create the RSPF model (Street et al. 

2015). Two layers spanning the Ontario caribou distribution were produced, one each for 

summer and winter. 

 



   

 

13 

 

The projections of wolves and moose were regionally corrected using empirical data to 

adjust for coarse gradients in wolf and moose density recorded across the province. Empirical 

moose abundance data were obtained from the OMNRF’s Moose Resource Reports (Ministry of 

Natural Resources and Forestry 2014d). Empirical wolf abundance data were obtained from a 

currently unpublished OMNRF wolf report (OMNRF, unpublished). The projected data for both 

wolves and moose were mapped onto wolf zones and Wildlife Management Units (WMU), 

respectively. The regional correction factor for caribou range j (𝛾𝑗) was calculated as 

                                      𝛾𝑗 =   
𝛤𝑗

𝑚𝑒𝑎𝑛(𝛤)⁄ , where 

𝛤𝑗 =  ∑
𝐴𝑖,𝑗

𝐴𝑗
⁄  × 𝐷𝑖 

𝑛

𝑖=1

 

Ai,j = the area of each of n wolf zones or WMU’s nested within caribou range j, Aj = the 

area of caribou range j and Di = the OMNRF wolf or moose density estimate for the wolf zone or 

WMU. Mean(Γ) is calculated over all of the 14 caribou ranges. This aided in correcting the bias 

arising from extrapolating information gathered in a small area to a larger whole; which is 

inherent to the wolf and moose projections, since they were not created with Ontario-wide 

information. 

 

Forage, snow depth, moose and wolf GIS layers were normalized for the whole caribou 

distribution using the following formula: 

(Local value – minimum layer value) / (maximum layer value – minimum layer value) 

to enable inter-range comparison of values (Avgar et al. 2015). A separate set of maximum and 

minimum values were drawn from each seasonal layer, except for the snow depth layers, which 

used one set drawn from the whole year to remain consistent with Avgar et al. (2015). The 

normalized data were partitioned into a hexagonal grid with each cell size = 0.22 km
2
.  
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Using past models to obtain animal movement and population growth rate 

 

An individual-based movement model previously developed by Avgar et al. (2015) was 

used to model caribou movement across each caribou range. The simulation, conducted in 

MATLAB R2012a, deposits caribou agents at the centroid a given caribou range on the first day 

of the simulation, and tracks their movements over the next 2 years.  

 

The movement model was probabilistic, with each individual comparing the favourability 

of its surroundings, obtained via simulated sensory and memory information, to its current 

location and then using this information to decide whether to move and if so how far and in 

which direction (Avgar et al. 2015). The agent was more likely to move if the surrounding area 

was more favourable than the current location and the distance moved was modeled using an 

exponential decay relationship (Avgar et al. 2015). Maximum movement likelihood parameters 

were estimated from 22 GPS radio-collared caribou from the Pickle Lake and Nakina study sites 

(Avgar et al. 2015). Since the landscape was structured as a hexagonal grid, animal movement 

was discrete; the agent could only move from the centroid of one hexagon to the centroid of 

another hexagon or remain in its original hexagon (Avgar et al. 2015). But simulated individuals 

could choose to move through more than one hexagon during a movement step (Avgar et al. 

2015). 

 

Simulated movement trajectories were conducted for two years; the first year purely to 

parameterize memory for each caribou agent and only data gathered in the second year used to 

model the final trajectory (Avgar et al. 2015). Any trajectories that went outside the range 

boundary were discarded, since the model assumed the ranges are closed systems, and the 

simulations continued until 1000 valid trajectories had been created for each range (Avgar et al. 

2015). Each trajectory consisted of 1752 locations with five-hour intervals recorded over 365 

days. Locations could overlap in space and time, representing instances when the model caribou 

chose to not move or doubled back (Avgar et al. 2015).  
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Average forage abundance, wolf density and moose RSPF value associated with each 

point along each trajectory were used to calculate the persistence and population growth rate for 

caribou over a 50-year simulation in each range using a spatially-explicit PVA (Fryxell et al. 

unpublished, Beissinger and McCullough 2002; Morris and Doak 2002). The spatially-explicit 

PVA was repeated 1000 times for each range with an initial population of 300 individuals. A 

second set of simulations was initiated with the minimum animal counts (MAC) obtained via 

aerial survey in each caribou range, but since no meaningful difference in model outcomes was 

found using these alternative initial values, I restricted my discussion here to the set calculated 

with starting populations of 300 individuals to isolate the effects of landscape factors from the 

complicating factor of variable starting populations. 

 

Changes to simulated caribou populations were characterized at the individual level, with 

each individual randomly selecting an IBM-generated trajectory (with replacement) from the 

focal range each year to approximate agent survival and reproduction for each year (Fryxell et al. 

unpublished). The probability of a caribou agent encountering a predator was calculated 

according to a type II functional response (Dale et al. 1994), scaled by the relative riskiness of 

the local habitat measured by the moose RSPF value, the area searched by wolves per five-hour 

timestep, handling time of predated caribou or moose, size of the caribou range, current caribou 

population size, as well as the provincial estimates of moose and wolf population density 

(Fryxell et al. unpublished). The risk of predation mortality was added to a fixed background 

mortality rate observed during the field study (Fryxell et al. unpublished). The resulting 

probability of death for each individual was compared to a random number drawn from a 

uniform distribution between 0-1 to determine the stochastic fate of each caribou agent as part of 

a Bernoulli trial. If a given individual survived the year, the probability of reproduction by that 

individual was estimated by multiplying the expected value of rmax (maximum rate of population 

growth) by the average forage abundance experienced by that individual along its annual 

trajectory divided by the mean forage abundance across the entire range. In essence, this 

represents an evaluation of the trajectory quality relative to the caribou range.  This value was 
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used to calculate the reproductive outcome for each individual using the same Monte Carlo 

estimation procedure and Bernoulli trial as the survival calculation (Fryxell et al. unpublished).  

 

The simulated population is updated at the end of each year by surviving individuals plus 

new offspring. This process is repeated every year of the simulation, each year drawing a new set 

of movement trajectories from the initial set of 1000 generated by the movement model (Avgar 

et al. 2015) to approximate a different set of experiences in the new year (Fryxell et al. 

unpublished). Repeating these procedures over a number of years allows for the quantification of 

an annual rate of population growth (λt = Nt+1/Nt) for each year in the simulation by evaluating 

reproduction as an effect of forage availability against mortality as an effect of predation risk 

(Fryxell et al. unpublished).  

 

The annual rate of population growth would accordingly be expected to be higher when 

the set of agent-selected trajectories features more forage and less predation risk, with variability 

in the rate of growth depending on the favourability of the randomly selected trajectory for each 

agent per year (Fryxell et al. unpublished). The population growth rate was averaged over 50 

years and 1000 Monte Carlo replicates and the grand mean was used as our best estimate of 

expected λ for each range. Repeating this procedure throughout all the caribou ranges resulted in 

an estimate of λ for each of the caribou ranges.  

 

Characterizing inter-range differences 

 

A variety of landscape metrics were used to test their contribution to inter-range variation 

in aggregate movement parameters and the mean rate of population growth recorded over 1000 

Monte Carlo replicates. Unless otherwise stated, all statistical tests were conducted in R (R Core 

Team 2018). The mean values of projected seasonal forage availability, expected moose density 

and expected wolf density were taken for each range, adjusted for the temporal length of each 

defined season over the year. Spatial heterogeneity was characterized using the coefficient of 
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variation of forage availability, wolf density and moose density recorded over each range. This 

allows for the quantification of variation in the landscape values while controlling for differences 

in mean value. Landscapes with a lower coefficient of variation were more homogeneous; they 

have more similar forage, wolf or moose values across their extent. Spearman’s rank-order 

correlation was used to quantify the degree of spatial covariance between forage and predation 

risk, with predation risk quantified separately for risk represented by moose and risk represented 

by wolves, on a hexagon-by-hexagon basis over each range. This procedure allowed for the 

detection of spatial trade-offs, where caribou may have to confront areas favourable in terms of 

forage but unfavourable for predation risk, and vice versa. 

  

Patch characteristics were measured by dividing the ranges into high (above the median) 

and low (below the median) values relative to the median value for forage, wolf and moose 

spatial layers. This creates a network where areas of like values, e.g. high values, are separated 

by areas of unlike values, e.g. low values, in other words, patches in a matrix. High value patches 

for forage and the low patches for wolf and moose were operationally defined as “habitat” and 

the converse as “non-habitat”. Dividing the landscape into contiguous sets of patches instead of 

small hexagons of uniform dimension allowed for categorical analysis that can identify 

landscape patterns in matrix area and shape as well as between-patch distance. The spatial 

separation between habitat patches was quantified using minimum Euclidean distance. In 

addition to minimum distance between patches, I evaluated the effect of mean inter-habitat patch 

size and shape of inter-habitat patches to test their potential effect on caribou movement 

distance. Patch level analyses were conducted using FragStats software (McGarigal et al. 2012).     

 

Simulated caribou trajectories were characterised using a variety of metrics, including the 

probability of movement in each 5 h time interval, the average distance moved, home range area, 

and amount of inter-trajectory overlap amongst caribou agents. The probability of movement, 

characterized as a Boolean variable (whether movement occurred) for each location, was 

averaged across the trajectories of each range to test how mobility was affected by landscape 

heterogeneity. The average distance moved per 5h was measured by averaging the distance 
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between sequential spatial locations for each trajectory, excluding the instances where the 

caribou agent did not move. This was used to investigate how the velocity of moves was affected 

by the separation between favourable patches. The home range area for simulated caribou agents 

was calculated using 95% utilization distribution via the bivariate normal kernel method using 

the R package adehabitat (Calenge 2011). The locations used for calculating home range were 

drawn from each individual trajectory and repeated for all 1000 trajectories. The smoothing 

parameter (h) was derived using the following equations:  

ℎ =  𝜎 ∗ 𝑛−1/6                                     𝜎 = 0.5 ∗ (𝜎𝑥 +  𝜎𝑦)   

where σx and σy are the standard deviations of the x and y coordinates and n is the number of 

points in the trajectory (Calenge 2011, Worton 1989). Inter-trajectory overlap was calculated as 

the number of occurrences in spatial overlap among trajectories in a range divided by the total 

area covered by all of the trajectories within a range. Both home range area and inter-trajectory 

overlap were tested for their relationship to landscape heterogeneity via caribou movement. 

 

Data Analysis 

 

Multiple linear regressions were used to test the effect of landscape features on 

movement and population growth rate. Regarding movement, the effect of landscape 

heterogeneity on probability of movement, on home range area and inter-trajectory overlap was 

tested; an increase in heterogeneity was expected to decrease probability of movement, home 

range area and instances of inter-trajectory overlap. This is because a more heterogeneous 

landscape configuration would tend to surround model caribou with more unfavourable patches, 

discouraging movement away from current locations that are relatively favourable. The effect of 

inter-patch separation on movement distance was also tested; movement distance was expected 

to increase with inter-patch separation.  

 

To evaluate the impact of landscape features on population dynamics, the effect of 

landscape heterogeneity, prevalence of food vs. risk tradeoff and the sPVA parameters (mean 
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values of forage, moose and wolf) were regressed against average λ recorded over 1000 

replicates from the spatially-explicit PVA. These simulated outcomes were used to test the 

importance of forage availability, apparent competition and predation on the long-term 

population growth rate. I predicted that λ should decrease with decreasing forage availability and 

increasing numbers of wolf and moose. Growth rates were expected to decrease with increasing 

heterogeneity due to model caribou being more likely to stochastically move into unfavourable 

areas in more heterogeneous landscapes, since there are more unfavourable areas surrounding 

model caribou. In landscapes with high levels of trade-off between food vs. risk, caribou agents 

would be forced to inhabit mediocre areas that compromise either or both the ability to obtain 

food and avoid predation. This would also be expected to reduce population growth rates. The 

most important factors from the spatial heterogeneity and trade-off models were then tested 

against mean wolf density due to wolf density’s strong effect on λ to avoid confounding effects.  

 

To identify the most parsimonious models, AICc scores corrected for small sample size 

(because there were 14 caribou ranges in total in the model comparison) were calculated for all 

possible combinations of the explanatory variables for each regression model, including an 

intercept model where the explanation is merely the mean response. Support for a hypothesis 

was inferred if and only if the most parsimonious associated model, the model with the minimum 

AICc score, was not the intercept model and the sign of the explanatory variables matched the 

prediction. If the ΔAICc score (AICc score of focal model – minimum AICc score) of any other 

model is less than two, the model with the smallest number of parameters will be selected as the 

most parsimonious model (Burnham and Anderson 2004).    

 

A follow-up sensitivity analysis was then conducted to test the effect of uncertainty in the 

provincial estimates of moose and wolf density, and how it affects analysis of population growth 

rate (lambda). This was accomplished by first calculating the standard deviation of the wolf 

density estimates and standard deviation of the moose density estimates across all 14 ranges to 

obtain a realistic range of values for both wolf and moose density. The provincial estimate for 

each range and the standard deviation were then used to create a normal distribution, which was 
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used to randomly draw 100 non-negative values for both wolf and moose density. Each of the 

drawn 100 values of wolf and moose density were than used to parameterize the spatial PVA 

model for 20 runs to obtain a mean lambda value, this was repeated for each range (N =14) to get 

a total of 1400 lambda estimates, which were then reorganized into 100 sets of 14 lambdas. 

These 100 lambda sets were regressed against forage availability, moose RSPF value, wolf 

density, spatial trade-off and spatial heterogeneity (the hypothesized explanatory variables) to 

determine consistency in directionality (measured using the sign of the coefficient) and model 

competition outcomes (measured using AICc scores).      

 

Results 

 

Movement 

 

Movement probability was most highly correlated with landscape heterogeneity. The best 

approximating (most parsimonious) model, as determined by AICc scores, was based on the 

coefficient of variation of forage and moose values over the caribou ranges (Table 2, Figure 2). 

The probability of an individual caribou moving was lower for ranges where forage availability 

was more variable than ranges where it was less variable. However, the probability of movement 

was lower for ranges where moose density was less variable relative to ranges where moose 

density was more variable. Models correlating patch distance and movement distance did not 

outperform the intercept models (the mean response) regardless of the method used to measure 

patch separation (Tables 2-6, Figures 3-5). 

 

Home range size and inter-trajectory overlap were also correlated with landscape 

heterogeneity. The best approximating model for home range size utilized the CV of forage; it 

projected smaller caribou home ranges in landscapes with more variable forage availability 

(Table 7, Figure 6). Like home range size, the best model explaining variation in inter-trajectory 

overlap was based on the CV of forage, with lower number of inter-trajectory projected in 
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landscapes with greater forage variability (Table 8, Figure 7).  In other words, my model 

projected that caribou will move less frequently, have less overlap with other caribou, and have 

smaller home ranges in landscapes in which forage and moose habitat are distributed in a highly 

heterogeneous fashion. 

 

Lambda 

 

 Mean population growth rates predicted by the spatially explicit PVA were lower in 

landscapes with higher wolf density, whereas the forage and moose models did not outperform 

the intercept model (Table 9-11, Figure 8-10). Regarding the wolf sensitivity analysis, outcomes 

agreed with study results in terms of directionality in 98% of all regressions but there was only a 

49% match in model competition outcomes (Table 15). For the forage sensitivity analysis, 

outcomes agreed with study results in terms of directionality (negative) in 82% of all regressions 

and there was a 98% match in model competition outcomes (Table 15). The moose sensitivity 

analysis returned a 96% match for both directionality (negative) and model competition 

outcomes (Table 15).  

 In terms of spatial trade-off, the spatial covariance between forage and wolf predation 

risk best explained variation in  (Table 12, Figure 11). Population growth rate was highest in 

landscape where forage and wolves were positively correlated spatially and lowest when forage 

and wolf were negatively correlated spatially. Sensitivity analysis of the spatial trade-off models 

demonstrated a 95% match in directionality for forage vs. wolf and a 74% match for moose vs. 

forage (positive), whereas overall model competition outcomes only matched 22% of the time 

(Table 15). Further analysis showed that the trade-off effects above were likely confounded with 

the effect of mean wolf density (Tables 13). Sensitivity analysis regarding this outcome showed 

a 45% match for directionality of wolf vs. forage trade-off (negative) but a 95% match for model 

competition outcome (Table 15). The model for correlating  with spatial heterogeneity showed 

that the intercept model was not outperformed (Table 14, Figure 12). Sensitivity analysis showed 

an 81% match for forage (negative), 49% for moose (positive) and 57% for wolf (negative), in 

terms of directionality, and an 89% match for model competition outcome (Table 15).  
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Discussion 

 

 My simulations suggest that landscape heterogeneity, in terms of variation in forage and 

moose density, should be an important driver of movement; as fitness seeking individuals, 

caribou would gravitate toward favourable areas and avoid unfavourable areas. This is reflected 

in the model outcomes regarding probability of movement, where increasing variability in 

landscape forage decreased probability of caribou movement, as simulated caribou became less 

inclined to move when they were surrounded by unfavourable habitat. However, the regression 

for moose CV displayed the opposite trend, whereby the probability of caribou movement 

increased with moose habitat heterogeneity. This may be due to a threshold effect in the 

magnitude of variability, as the mean CV value for moose was significantly larger than that for 

forage (t-test; t-value = 13.849, df = 18.701, p-value = 2.80 x 10
-11

). If the surrounding area was 

composed of many relatively very unfavourable areas but a few relatively very favourable areas, 

the modelled caribou agents might still be motivated to move. It should be noted that there was 

only about a 1% difference between the range with the highest probability of movement 

(Ozhiski) and the range with the lowest probability of movement (Sydney). This means, on 

average, a model caribou in the Ozhiski range would only move about 16 km more than a model 

caribou in the Sydney range over the course of a year, which is likely not very significant 

biologically.     

 

 The effect of landscape heterogeneity on movement carried over into the large-scale 

movements. The home range area model suggested that forage CV had a strong effect on the 

probability of movements, as predicted. Similarly, just forage CV was retained for the best 

model regarding home range overlap. There was a negative relationship between landscape 

forage heterogeneity and inter-trajectory overlap. This means both the home range and inter-

trajectory overlap hypotheses were supported. Additionally, there was a greater difference 

between ranges for average home range size and overlap. The range with the largest average 

home range size (James Bay) had caribou with an average home range size of 1082 km
2
 versus 
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an average home range size of 619 km
2
 in Sydney, the range with the smallest average home 

range size. James Bay and Sydney were also the largest and smallest caribou ranges in terms of 

inter-trajectory overlap, with 940958 and 779550 overlaps respectively. These ranges of values 

are much more likely to be significant biologically, and it reflects literature data suggesting the 

effect of landscape on caribou movement could depend on the scale that movement is measured 

at (Bastille-Rousseau et al. 2018).  

 

 None of the patch metrics regarding inter-patch distance calculated in FragStats 

outperformed the intercept model, so the inter-patch distance does not appear to influence the 

mean movement distance of model caribou as they attempt to minimize time in unfavourable 

areas. The range of movement values was also not very large; the range with the largest average 

caribou movement distance is Ozhiski and the smallest is Sydney, at 883m per 5-hour timestep 

and 862m per 5-hour timestep respectively. This translates to a difference of 37 km moved over 

the course of a year. Similar to movement probability, this was probably not biologically 

significant. However, this might be a consequence of an inability to delineate patches in a 

meaningful manner. While my simulated caribou responded to the value of patches at a scale of 

individual hexagons (area around 0.22 km
2
), the boundaries imposed by dividing the landscape 

into favourable versus unfavourable patches relative to the median quality may simply be too 

crude as to be useful.  

 

  The lambda values tended to be clustered at a regional scale, which is likely due to coarse 

geographical gradients that affect fitness variables, such as mean wolf or moose density.  The 

spatially explicit PVA model suggests that the relatively less disturbed northern ranges (Kinloch, 

Ozhiski, Swan, Spirit, Missisa and James Bay) should tend to have higher caribou population 

growth rates than the more southern ones. This is presumably due to greater landscape alteration 

from commercial logging and road development, which are allowed in the area of undertaking 

that cover most of the southern ranges (Hunt et al. 2005). This result is mostly consistent with 

the disturbance-based vital rate assessments conducted by the Ministry of Natural Resources and 

Forestry, which posits that the northern ranges plus two southern ranges, Berens and 
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Pagwachuan, are more likely to have stable population growth than the other ranges (2014a) 

(Table 15).  

 

There are several possible explanations for such divergences. To start with, traditional λ 

values calculated using vital rates rely on the accuracy and precision of survey data, such as 

animal count data. These often have obvious limitations, stemming from small sample size for 

surveyed and collared individuals across ranges, as well as concerns regarding how well the 

sampled individuals reflect the general population. Small sample sizes and short duration of 

sampling can readily contribute to misinterpretations of long-term population trends (Wilson et 

al. 1999).  

 

 While the spatially explicit movement and PVA models potentially sidestep some of 

these issues by using a large, consistent sample size of individuals projected over a long period 

of time, the underlying parameters informing the simulations are similarly constrained by data 

limitations on sample size and study duration. In addition, the spatial projection does not account 

for variation in mortality outside of predation, so mortality due to vehicular collision or 

starvation, usually due to freezing rain inhibiting access to lichen, could cause lower levels of 

population growth in some or all ranges (Vors et al. 2007, Vors and Boyce 2009). Contradictions 

among the alternative metrics for λ demonstrate the complexities inherent in predicting caribou 

population trends and highlight the need for further observational studies.          

 

My simulation results suggest that wolf density was projected to have a negative 

relationship with , whereas the intercept model was not rejected for forage availability and 

moose RSPF. This suggests caribou populations are more sensitive to changes in wolf 

populations than to changes in forage availability or to moose populations, from a magnitude-

based perspective.  
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 Alone, the calculation of forage vs. predation risk trade-off showed an unexpected 

positive correlation between the presence of landscape trade-off and caribou population growth 

rate, which was contrary to the prediction of spatial trade-off being detrimental to caribou 

population growth rate. Further analysis showed that when the magnitude-based effect of wolf 

density was controlled for a marginal negative effect between λ and spatial trade-off was 

demonstrated. This was likely due to a negative correlation between spatial trade-off and mean 

wolf density (Spearman’s rank correlation: ρ = -0.78); the ranges with more positive spatial 

correlations between forage availability and wolf density tended to have less wolves overall. 

Landscape heterogeneity did not appear to have an effect on population growth rate: none of the 

spatial heterogeneity metrics of forage, moose or wolf correlated significantly with changes in 

caribou population growth rate. The hypothesis regarding fragmentation leading to caribou 

wandering into sub-optimal areas does not appear to be supported.  

 

 The sensitivity analyses generally support the study conclusions, with model competition 

outcomes being replicated 89% - 98 % of the time in most cases. The 22% match in model 

outcome for the spatial trade-off model before accounting for the effects of wolf density is not 

concerning. This is because the model results were likely due to the effects of wolf density, and 

the model with wolf density and wolf vs. forage trade-off had a 95% match in model outcome, 

showing that it was very likely that there was no effect of wolf vs. forage trade-off on population 

growth rate. However, there is reason to question the effect of wolf density on population growth 

rate, as the model outcome was only repeated in 49% of the sensitivity regressions. 

Directionality outcomes were not concerning, as the parameters with low repeatability (wolf vs. 

forage trade-off after controlling for wolf density: 45%, heterogeneity of moose RSPF values: 

49% and heterogeneity of wolf density 57%) were not parameters that outperformed the intercept 

model, which were supported by the sensitivity analyses’ model outcomes (wolf vs. forage trade-

off after controlling for wolf density: 95%, spatial heterogeneity: 89%). 

    

 While there is some concern about fitting three explanatory parameters with N = 14 for 

the full models, model competition reduced the number of parameters in the most parsimonious 



   

 

26 

 

model to one in all but the model concerning movement probability, which had two parameters. 

This means most final models pass the rule of thumb of N = 10 per explanatory parameter, and 

some sources even provide support for models with less than N = 10 per explanatory parameter 

(Austin and Steyerberg 2015, Vittinghoff and McCulloch 2007). 

 

It should be noted that there are several major assumptions implicit in transferring the 

local landscape model based on data from Nakina and Pickle Lake to other areas across the 

province. There is serious lack of fine scale data on fitness variables across most of the province 

(McGreer et al. 2015). For instance, the percent composition of lichen and their relative nutrition 

is not known for many areas, so this information must be extrapolated from more broad-scale 

data like landscape NDVI and land cover class (McGreer et al. 2015). This process is often prone 

to error. For example, the western part of the woodland caribou distribution in Ontario, where the 

data used for parameterizing the projections were obtained, is dominated by upland coniferous 

forests. This contrasts with the eastern part of the caribou distribution, which is composed mostly 

of lowland coniferous swamps, thus it is likely that animals across this east-west divide could be 

influenced by different factors. The breadth of information is also not equal across the province, 

as the land cover data used for northern part of the caribou distribution is more recent than the 

data used in the south. This means caution must be taken to preserve data integrity when working 

across scales. Several measures and supplemental data mitigate these shortcoming, for instance, 

there is evidence suggesting caribou habitat selection depends on a consistent set of factors such 

as landscape biomass and predation risk across seasonal and geographical scales (McGreer et al. 

2015). While the metrics values may not always be accurate, there is evidence that animals are 

responding to these metrics in consistent ways across multiple scale (McGreer et al. 2015). The 

information gap between the north and the south was also minimized by updating the whole 

distribution with disturbances such as fire and forestry, which would account for some, if not 

most, of the changes occurring between the timeframes of the different land cover datasets.   

 

To correct for the effect of scale at the provincial level, provincial estimates of moose and 

wolf population density were used to adjust projected predicted risk values. However, both the 
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wolf and moose provincial estimates were available for zones which imperfectly map onto the 

caribou ranges. This means that there are unrealistic borders within caribou ranges along which 

wolf or moose values would suddenly increase or decrease. Furthermore, the zones used for wolf 

and moose were quite large, especially in the northern parts of the province, notably, the most 

northerly wolf zone almost covered all of the northern caribou ranges. This demonstrates that the 

ability to alter projections of wolf and moose at a fine spatial scale based on location in the 

province is clearly limited by lack of field data.   

 

The individual-based movement and population viability models both treat the caribou 

ranges as closed systems, which is an unrealistic assumption since collared individuals are 

known to cross range boundaries and there is evidence of cross-range genetic connectivity in the 

Ontario ranges (Ministry of Natural Resources and Forestry 2014b). This means the projected 

caribou movement trajectories are artificially constrained from fully exploiting surrounding 

landscape resources, especially near the range boundaries. Furthermore, the project population 

growth rates do not account for the effects of immigration and emigration, which could 

cumulatively drive population growth up or down from the projected value. However, treating 

the ranges as closed systems is still useful, as it is the currently the best way to define 

populations with current knowledge and thus model population-level effects. Movement 

constrains due to boundary effects would also be negligible across the whole range given 

sufficient range area, since all individuals start at the centre of the range when the simulation 

commences.     

 

 My thesis work suggests that woodland caribou’s movement response to landscape factor 

is scale-dependent and the magnitude is important than the spatial arrangement of landscape 

factors for population growth rate. Response should differ between availability of forage and 

amount of predation risk, and even between the two metrics for predation risk (wolf and moose 

habitat use). Caribou movement should tend to increase with reductions in forage spatial 

variability but, unexpectedly, with greater spatial variability in moose habitat, although this 

moose-mediated relationship is likely not biologically significant. However, wolf abundance had 
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a large impact on projected rates of population growth. This demonstrates the importance of 

studying multiple aspects of an organisms’ environment to determine how many different factors 

interact and affect the organism. 
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Table and Figures 
 

Table 1: Outline of hypotheses and predictions tested for the study  

 

Hypothesis Prediction 

 

Population growth rate ~ Magnitude of landscape factors 

 

If insufficient energetic intake leads to 

reproductive failure in caribou  

Model caribou in landscapes with lower forage 

availability will have lower population growth 

rate 

If greater moose density is linked to a larger 

wolf population due to greater prey 

availability, this could increase the rate of 

incidental predation on caribou    

Model caribou in landscapes with higher 

moose density will have lower population 

growth rate 

If greater wolf density is linked to higher risk 

of predation on caribou 

Model caribou in landscapes with higher wolf 

density will have lower population growth rate 

 

Caribou movement ~ Spatial configuration of landscape factors 

 

Heterogenous landscapes should present 

caribou with more unfavourable movement 

destinations due to greater interspersion of 

favourable and unfavourable areas   

Model caribou in landscape with more 

heterogenous configurations will have a lower 

probability of movement 

Heterogenous landscapes should present 

caribou with more unfavourable movement 

destinations due to greater interspersion of 

favourable and unfavourable areas   

Model caribou in landscape with more 

heterogenous configurations will have a 

smaller home range  

Heterogenous landscapes should present 

caribou with more unfavourable movement 

destinations due to greater interspersion of 

favourable and unfavourable areas   

Model caribou in landscape with more 

heterogenous configurations will have less 

instances of inter-trajectory overlap 

Landscapes with larger distances between 

favourable patches presents caribou with large 

unfavourable areas that caribou should 

minimize time in  

Model caribou in landscapes with larger 

distances between favourable patches will 

utilize larger movement bursts. The distance 

between patches can be measured as the 

nearest linear distance as well as the area or 

shape between patches  

 

Population growth rate ~ Spatial configuration of landscape factors 

 

Landscapes with a greater degree of spatial 

trade-off between food availability and 

Model caribou in landscape with a greater 

degree of spatial trade-off will have lower 
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predation risk should lead to more sub-optimal 

areas where fulfilling one biological need 

compromises another  

population growth rate 

Heterogenous landscapes should present 

caribou with more unfavourable areas to enter 

by mistake due to greater interspersion of 

favourable and unfavourable areas   

Model caribou in landscape with more 

heterogenous configurations will have lower 

population growth rate 
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Table 2: List of datasets that inform the virtual landscape layers 

 

Forage Availability Wolf Density Moose RSPF Value Snow Depth 

Land cover class 

(from Far North Land 

Cover and Ontario 

Land Cover) 

Land cover class 

(from Far North Land 

Cover and Ontario 

Land Cover) 

Land cover class 

(from Far North Land 

Cover and Ontario 

Land Cover) 

Land cover class 

(from Far North Land 

Cover and Ontario 

Land Cover) 

NDVI (from Terra 

Vegetation Indices) 

NDVI (from Terra 

Vegetation Indices) 

NDVI (from Terra 

Vegetation Indices) 

NDVI (from Terra 

Vegetation Indices) 

Disturbance (fire, 

forestry and other 

human activity), from 

Land Information 

Ontario 

Disturbance (fire, 

forestry and other 

human activity), from 

Land Information 

Ontario 

Disturbance (fire, 

forestry and other 

human activity), from 

Land Information 

Ontario 

Disturbance (fire, 

forestry and other 

human activity), from 

Land Information 

Ontario 

 Elevational roughness 

(from Land 

Information Ontario) 

 Elevational roughness 

(from Land 

Information Ontario) 

   Coarse snow depth 

(from North American 

Regional Reanalysis) 
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Table 3: The influence of landscape heterogeneity on the probability of caribou movement, 

including all component models, where each separate observation represents a distinct range 

(forage coefficient of variation = F, moose coefficient of variation = M, wolf coefficient of 

variation = W) 

 

 

 
Dependent variable: 

  

 
Probability of Caribou Movement 

Explanatory variable F+M M F F+M+W Intercept M+W F+W W 

 
CVForage -0.03 

 
-0.02 -0.02 

  
-0.03 

 

         
CVMoose 0.01 0.01 

 
0.01 

 
0.01 

  

         

CVWolf 

   
0.01 

 
0.05 -0.02 0.01 

         
Mean Response  

(Intercept) 
0.79 0.77 0.80 0.78 0.79 0.76 0.81 0.79 

 

Observations (N) 14 14 14 14 14 14 14 14 

R
2
 0.59 0.29 0.25 0.60 0.00 0.38 0.27 0.01 

Adjusted R
2
 0.52 0.23 0.19 0.48 0.00 0.27 0.13 -0.07 

AICc 0.00 3.61 4.41 4.83 5.13 5.70 8.12 8.33 

Model Weights 0.65 0.11 0.07 0.06 0.05 0.04 0.01 0.01 
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Table 4: The influence of Euclidean nearest distance (END) between favourable patches on 

distance moved by model caribou, including all component models, where each separate 

observation represents a distinct range (forage patch distance = F, moose patch distance = M, 

wolf patch distance = W) 

 

 

 
Dependent variable: 

  

 
Mean Distance Moved 

Explanatory 

variable 
Intercept W M F W+M M+F W+F W+M+F 

 
ENDWolf 

 
-0.02 

  
-0.06 

 
-0.02 -0.07 

         
ENDMoose 

  
0.01 

 
0.06 0.02 

 
0.06 

         
ENDForage 

   
0.01 

 
0.01 0.01 0.01 

         
Mean Response 

(Intercept) 
872.07 879.94 864.90 868.75 873.71 860.00 876.52 867.93 

         
 

Observations (N) 14 14 14 14 14 14 14 14 

R
2
 0.00 0.02 0.02 0.02 0.15 0.04 0.04 0.19 

Adjusted R
2
 0.00 -0.06 -0.06 -0.06 -0.003 -0.13 -0.14 -0.05 

AICc 0.00 3.03 3.05 3.07 5.05 6.77 6.84 9.49 

Model Weights 0.55 0.12 0.12 0.12 0.04 0.02 0.02 0.00 
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Table 5: The influence of area between favourable patches on distance moved by model caribou, 

including all component models, where each separate observation represents a distinct range 

(forage patch distance = F, moose patch distance = M, wolf patch distance = W) 

 

 

 

 

 

 
Dependent variable: 

  

 
Mean Distance Moved 

Explanatory 

variable 
Intercept M W F M+F W+F M+W M+W+F 

 
AreaMoose 

 
-0.01 

  
-0.01 

 
-0.01 -0.01 

         
AreaWolf 

  
-0.001 

  
-0.004 0.002 -0.002 

         

AreaForage 

   
0.002 0.01 0.01 

 
0.01 

         
Mean Response 

(Intercept) 
872.07 879.13 873.79 870.36 876.65 868.25 880.65 873.34 

         
 

Observations (N) 14 14 14 14 14 14 14 14 

R
2
 0.00 0.11 0.03 0.01 0.17 0.16 0.13 0.18 

Adjusted R
2
 0.00 0.04 -0.05 -0.07 0.01 0.004 -0.03 -0.07 

AICc 0.00 1.69 2.88 3.18 4.81 4.96 5.43 9.70 

Model Weights 0.47 0.20 0.11 0.10 0.04 0.04 0.03 0.00 
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Table 6: The influence of shape of the areas between favourable patches on distance moved by 

model caribou, including all component models, where each separate observation represents a 

distinct range (forage patch distance = F, moose patch distance = M, wolf patch distance = W) 

 

 

 
Dependent variable: 

  

 
Mean Distance Moved 

Explanatory variable Intercept M F W M+W M+F F+W M+F+W 

 
ShapeMoose 

 
37.54 

  
68.58 34.38 

 
65.34 

         

ShapeForage 

  
27.94 

  
19.20 28.98 15.94 

         

ShapeWolf 

   
-3.51 -18.82 

 
-4.14 -18.44 

         
Mean Response  

(Intercept) 
872.07 816.05 830.86 877.51 798.90 792.45 835.76 779.66 

         

 

Observations (N) 14 14 14 14 14 14 14 14 

R
2
 0.00 0.06 0.02 0.004 0.13 0.07 0.03 0.14 

Adjusted R
2
 0.00 -0.02 -0.06 -0.08 -0.02 -0.10 -0.15 -0.12 

AICc 0.00 2.41 2.99 3.25 5.33 6.31 6.96 10.27 

Model Weights 0.54 0.16 0.12 0.11 0.04 0.02 0.02 0.00 
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Table 7: The influence of landscape heterogeneity on caribou home range size, including all 

component models, where each separate observation represents a distinct range (forage 

coefficient of variation = F, moose coefficient of variation = M, wolf coefficient of variation = 

W) 

 

 
Dependent variable: 

  

 
Mean Home Range Size 

Explanatory 

variable 
F F+M F+W Intercept F+W+M M W M+W 

 

CVForage -1.18x10
9 

-1.22x10
9 

-1.35x10
9 

 
-1.30x10

9 

   

 
         

CVMoose 

 
2.71x10

8 

  
2.38x10

8 
2.24x10

8 

 
2.88x10

8 

         

CVWolf 

  
-1.30x10

9 

 
-6.82x10

8 

 
5.00x10

8 
1.18x10

9 

         
Mean 

Response 

(Intercept) 

1.63x10
9 

1.32x10
9 

1.90x10
9 

9.39x10
8 

1.50x10
9 

6.62x10
8 

8.73x10
8 

4.26x10
8 

         
 

Observations 

(N) 
14 14 14 14 14 14 14 14 

R
2
 0.45 0.55 0.49 0.00 0.56 0.07 0.01 0.11 

Adjusted R
2
 0.40 0.47 0.40 0.00 0.43 -0.01 -0.07 -0.05 

AICc 0.00 1.18 2.87 4.98 5.90 7.27 8.18 10.72 

Model 

Weights 
0.51 0.28 0.12 0.04 0.03 0.01 0.01 0.00 
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Table 8: The influence of landscape heterogeneity on the number of overlaps between caribou 

trajectories, including all component models, where each separate observation represents a 

distinct range (forage coefficient of variation = F, moose coefficient of variation = M, wolf 

coefficient of variation = W) 

 

 

 

 

 
Dependent variable: 

  

 
Number of overlaps 

Explanatory 

variable 
F+M F F+W F+M+W Intercept M W M+W 

 
CVForage -4.72x10

5
 -4.50x10

5 
-5.23x10

5 
-5.02x10

5 

    

         
CVMoose 1.29x10

5 

  
1.17x10

5 

 
1.11x10

5 

 
1.36x10

5 

         
CVWolf 

  
-5.52x10

5 
-2.47x10

5 

  
1.48x10

5 
4.72x10

5 

         
Mean 

Response 

(Intercept) 

1.01x10
6 

1.16x10
6 

1.27x10
6 

1.07x10
6 

8.92x10
5 

7.55x10
5 

8.73x10
5 

6.61x10
5 

         
 

Observations 

(N) 
14 14 14 14 14 14 14 14 

R
2
 0.63 0.47 0.53 0.64 0.00 0.12 0.005 0.17 

Adjusted R
2
 0.57 0.42 0.44 0.54 0.00 0.05 -0.08 0.02 

AICc 0.00 1.20 3.65 4.67 6.75 8.23 9.99 11.55 

Model 

Weights 
0.54 0.29 0.09 0.05 0.02 0.01 0.00 0.00 
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Table 9: The influence of mean forage availability on caribou population growth rate, each 

separate observation represents a distinct range  

 

 

 
Dependent variable: 

  

 
Caribou Population Growth Rate 

Explanatory variable Intercept 
Forage  

availability 

 

Forage availability 
 

-0.16 

   

Mean Response (Intercept) 0.96 0.99 

   

 

Observations (N) 14 14 

R
2
 0.00 0.08 

Adjusted R
2
 0.00 0.0005 

AICc 0.00 2.18 

Model Weights 0.75 0.25 
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Table 10: The influence of mean moose RSPF values on caribou population growth rate, each 

separate observation represents a distinct range  

  

 

 
Dependent variable: 

  

 
Caribou Population Growth Rate 

Explanatory variable Moose RSPF Intercept 

 

Mean Moose RSPF value -0.49 
 

   

Mean Response (Intercept) 0.98 0.96 

   

 

Observations (N) 14 14 

R
2
 0.23 0.00 

Adjusted R
2
 0.17 0.00 

AICc 0.00 0.36 

Model Weights 0.54 0.46 
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Table 11: The influence of mean wolf density on caribou population growth rate, each separate 

observation represents a distinct range  

 

 

 
Dependent variable: 

  

 
Caribou Population Growth Rate 

Explanatory variable Wolf Density Intercept 

 

Mean Wolf density -0.40 
 

   

Mean Response (Intercept) 1.02 0.96 

   

 

Observations (N) 14 14 

R
2
 0.86 0.00 

Adjusted R
2
 0.85 0.00 

AICc 0.00 24.25 

Model Weights 1.00 0.00 
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Table 12: The influence of landscape tradeoff (quantified as the output of Spearman’s 

correlation, or rho) on caribou growth rate, a positive rho value indicates a positive spatial 

correlation between the two variables (forage vs. moose or forage vs. wolf) and vice versa, each 

separate observation represents a distinct range  

 

 

 
Dependent variable: 

  

 
Caribou Population Growth Rate 

Explanatory variable rho(Wolf vs. forage) 
rho(Wolf vs. forage) +  

rho(Moose vs. forage) 
Intercept rho(Moose vs. forage) 

 

rho(Moose vs. forage) 
 

0.03 
 

0.03 

     

rho(Wolf vs. forage)  0.14 0.14 
  

     
Mean Response  

(Intercept) 
0.97 0.97 0.96 0.96 

     

 

Observations (N) 14 14 14 14 

R
2
 0.44 0.50 0.00 0.07 

Adjusted R
2
 0.39 0.41 0.00 -0.01 

AICc 0.00 2.50 4.77 7.07 

Model Weights 0.71 0.20 0.07 0.02 
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Table 13: Testing the influence of mean wolf density on landscape trade-off regarding caribou 

population growth rate, by using the residual of linear regression between caribou population 

growth rate and wolf density as the response variable. Each separate observation represents a 

distinct range 

 

 
Dependent variable: 

 
Caribou Population Growth Rate, accounting for the effect of wolf density 

Explanatory variable Intercept rho(Wolf vs. forage) 

rho(Wolf vs. forage) 
 

-0.01 

Mean Response  

(Intercept) 
0.00 -0.0002 

Observations (N) 14 14 

R
2
 0.00 0.01 

Adjusted R
2
 0.00 -0.07 

AICc 0.00 3.20 

Model Weights 0.83 0.17 
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Table 14: The influence of landscape heterogeneity on caribou population growth rate, including 

all component models, where each separate observation represents a distinct range (forage 

coefficient of variation = F, moose coefficient of variation = M, wolf coefficient of variation = 

W) 

 

 
Dependent variable: 

  

 
Caribou Population Growth Rate 

Explanatory variable F Intercept F+W W M F+M F+W+M W+M 

 
CVForage -0.18 

 
-0.23 

  
-0.18 -0.23 

 

         

CVWolf 
  

-0.41 -0.10 
  

-0.42 -0.09 

         

CVMoose 

    
0.01 0.02 -0.001 0.01 

         
Mean Response  

(Intercept) 
1.07 0.96 1.15 0.98 0.95 1.05 1.16 0.97 

         

 

Observations (N) 14 14 14 14 14 14 14 14 

R
2
 0.22 0.00 0.31 0.01 0.005 0.23 0.31 0.01 

Adjusted R
2
 0.15 0.00 0.19 -0.08 -0.08 0.09 0.11 -0.17 

AICc 0.00 0.13 2.21 3.34 3.38 3.84 7.26 7.36 

Model Weights 0.35 0.33 0.12 0.07 0.07 0.05 0.01 0.01 
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Table 15: Outcomes of sensitivity analyses; 100 regressions were conducted with variable 

caribou population growth rates, generated using realistic distributions of provincial moose 

and wolf density estimates  

Response 

Variable 

Explanatory 

variable 

Directionality 

(sign of 

coefficient) 

Percent match 

in 

directionality  

Model 

competition 

outcome 

(from AICc 

scores) 

Percent 

match in 

model 

competition 

outcome 

Caribou 

population 

growth 

rate 

(lambda) 

Forage 

availability 

Negative 82% Forage failed 

to outperform 

the intercept 

model 

98% 

Caribou 

lambda 

Moose RSPF 

value 

Negative 96% Moose failed 

to outperform 

the intercept 

model 

96% 

Caribou 

lambda 

Wolf density Negative 98% Wolf 

outperformed 

the intercept 

model 

49% 

Caribou 

lambda 
rho(Wolf vs. forage) 

Positive 95% Wolf vs. 

forage trade-

off was the 

most 

parsimonious 

model  

22% 

Caribou 

population 

growth 

rate 

rho(Moose vs. 

forage) 

Positive 74% 

Caribou 

lambda; 

controlling 

for wolf 

density 

rho(Wolf vs. forage)  

Negative 54% Wolf vs. 

forage trade-

off failed to 

outperform the 

intercept 

model 

100% 

Caribou 

lambda 

Spatial 

heterogeneity 

of forage  

Negative 81% No parameter 

outperformed 

the intercept 

model 

89% 

Caribou 

lambda 

Spatial 

heterogeneity 

of moose 

Positive 49% 

Caribou 

lambda 

Spatial 

heterogeneity 

of wolf 

Negative 57% 
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Table 16: Lambda values associated with each caribou range 

 

 

 

 

 

 

 

 

 

 

 

Range Name (geographical 

Classification) 

Lambda (Projected using 

PVA) 

 

Lambda (MNRF values from 

vital rates) 

Berens (southern) 0.94 
0.93 

Brightsand (southern) 0.96 
0.87 

Churchill (southern) 0.95 
0.96 

Discontinuous (southern) 0.94 
No Estimate 

James Bay (northern) 0.99 
0.91 

Kesagami (southern) 0.95 
0.94 

Kinloch (northern) 1.00 
0.95 

Missisa (northern) 0.99 
0.86 

Nipigon (southern) 0.94 
0.98 

Ozhiski (northern) 0.99 
No Estimate 

Pagwachuan (southern) 0.95 
0.94 

Spirit (northern) 1.00 
0.95 

Swan (northern) 1.00 
No Estimate 

Sydney (southern) 0.91 
0.98 
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Figure 1: The distribution of the boreal ecotype of woodland caribou (Rangifer tarandus 

caribou) in Ontario, split into 15 ranges. 
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Figure 2: The correlation of landscape heterogeneity (coefficient of variation) with probability 

of caribou movement (mean of Boolean movement/no movement over 1752 timesteps). The 

parameters in the most parsimonious model, determined by AICc (Table 3), (forage and moose) 

are plotted as partial residuals, with fitted lines and 95% confidence interval, whereas the 

parameter that was not in the most parsimonious model (wolf) is presented as a scatterplot. Each 

point represents a distinct caribou range. 
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Figure 3: The correlation of nearest neighbour distance between patches with mean distance of 

caribou movement (quantified as the average distance moved per five-hour timestep for non-zero 

movement distances). None of the parameter outperformed the intercept model (Table 4), so all 

of them are presented as simple scatterplots. Each point represents a distinct caribou range. 



   

 

59 

 

 

Figure 4: The correlation of mean area between patches with mean distance of caribou 

movement (quantified as the average distance moved per five-hour timestep for non-zero 

movement distances). None of the parameter outperformed the intercept model (Table 5), so all 

of them are presented as simple scatterplots. Each point represents a distinct caribou range. 
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Figure 5: The correlation of mean shape index (perimeter:area ratio) between patches with mean 

distance of caribou movement (quantified as the average distance moved per five-hour timestep 

for non-zero movement distances). None of the parameter outperformed the intercept model 

(Table 6), so all of them are presented as simple scatterplots. Each point represents a distinct 

caribou range. 
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Figure 6: The correlation of landscape heterogeneity (coefficient of variation) with mean home 

range area (95% utilization distribution via the kernel method; calculated per trajectory; 1000 per 

range). The parameter in the most parsimonious model, determined by AICc (Table 7), (forage) 

is presented as a scatterplot with a fitted line and 95% confidence interval, whereas the 

parameters that were not in the most parsimonious model (moose and wolf) are presented as 

simple scatterplots. Each point represents a distinct caribou range. 
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Figure 7: The correlation of landscape heterogeneity (coefficient of variation) with mean inter-

trajectory overlap (number of locations that occur across multiple trajectories; each occurrence is 

counted separately). The parameter in the most parsimonious model, determined by AICc (Table 

8), (forage) is presented as a scatterplot with a fitted line and 95% confidence interval, whereas 

the parameters that were not in the most parsimonious model (moose and wolf) are presented as 

simple scatterplots. Each point represents a distinct caribou range. 
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Figure 8: The correlation of mean forage availability with caribou population growth rate. The 

forage model did not outperform the intercept model (Table 9), it is presented as a simple 

scatterplot. Each point represents a distinct caribou range. 
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Figure 9: The correlation of mean moose resource selection probability function (RSPF) with 

caribou population growth rate. The moose model did not outperform the intercept model (Table 

10), it is presented as a simple scatterplot. Each point represents a distinct caribou range. 
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Figure 10: The correlation of mean wolf density with caribou population growth rate. The wolf 

model outperformed the intercept model (Table 11), so it is presented with a fitted line and 95% 

confidence interval. Each point represents a distinct caribou range. 

 



   

 

66 

 

 

Figure 11: The correlation of Spearman’s rho values comparing spatial correlation of food and 

risk for each range with caribou population growth. Greater positive values indicate a stronger 

positive correlation between food and risk, whereas greater negative values indicate a stronger 

negative correlation. The parameter in the most parsimonious model, determined by AICc (Table 

12), (forage vs. wolf) is presented as a scatterplot with a fitted line and 95% confidence interval, 

whereas the parameter that was not in the most parsimonious model (food vs. moose) is 

presented as simple scatterplots. Each point represents a distinct caribou range. 



   

 

67 

 

 

Figure 12: The correlation of landscape heterogeneity (coefficient of variation) with caribou 

population growth rate. None of the parameter outperformed the intercept model (Table 13), so 

all of them are presented as simple scatterplots. Each point represents a distinct caribou range. 
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Appendix: FragStats Metrics 
 

Table A1: Values of FragStats metrics for forage availability patches 

          

Range Name Euclidean Nearest 

Neighbor Distance 

between patches 

Shape of inter-patch 

matrix  

Area of inter-patch 

matrix 

Berens 506.989 1.4654 790.7662 

Brightsand 508.2206 1.4771 725.6377 

Churchill 554.3262 1.4362 742.4789 

Discontinuous 474.6914 1.4489 637.3915 

James Bay 500.0549 1.5107 1553.9 

Kesagami 600.5952 1.4715 827.8667 

Kinloch 472.429 1.5277 807.3815 

Missisa 871.2703 1.4608 1076.7024 

Nipigon 577.7761 1.4797 737.5787 

Ozhiski 579.2913 1.4849 809.1112 

Pagwachuan 501.4919 1.4446 846.951 

Spirit 491.9776 1.4549 907.8235 

Swan 449.0102 1.5064 698.5613 

Sydney 557.2425 1.4741 652.2768 
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Table A2: Values of FragStats metrics for moose RSPF value patches 

 

Range Name Euclidean Nearest 

Neighbor Distance 

between patches 

Shape of inter-patch 

matrix  

Area of inter-patch 

matrix 

Berens 597.3805 1.4369 946.1512 

Brightsand 551.9189 1.4535 999.2623 

Churchill 503.6068 1.4951 909.5315 

Discontinuous 393.938 1.5347 717.8899 

James Bay 536.3409 1.5227 1224.0656 

Kesagami 523.9282 1.5581 1098.6025 

Kinloch 507.3628 1.5155 678.3303 

Missisa 488.0389 1.4916 1363.1826 

Nipigon 507.986 1.4747 1074.7119 

Ozhiski 539.2551 1.4966 803.7864 

Pagwachuan 526.2513 1.4722 1456.6687 

Spirit 578.4117 1.4592 961.3244 

Swan 508.9714 1.4797 926.1678 

Sydney 484.1421 1.502 1320.7637 

 

          

 

 

 

 

 

  



   

 

70 

 

Table A3: Values of FragStats metrics for wolf density value patches 

 

Range Name Euclidean Nearest 

Neighbor Distance 

between patches 

Shape of inter-patch 

matrix  

Area of inter-patch 

matrix 

Berens 587.3974 1.4746 841.2979 

Brightsand 542.5073 1.4845 803.3993 

Churchill 477.9623 1.5119 1062.3735 

Discontinuous 413.6902 1.5483 966.8282 

James Bay 471.9219 1.7434 2717.2475 

Kesagami 455.2484 1.6727 1497.4147 

Kinloch 510.7623 1.5408 893.3928 

Missisa 506.7505 1.655 2395.8615 

Nipigon 482.144 1.4729 1127.2947 

Ozhiski 522.422 1.4676 837.9126 

Pagwachuan 563.925 1.5946 1967.9523 

Spirit 521.243 1.4963 975.2293 

Swan 490.203 1.4519 586.56 

Sydney 500.5853 1.5652 1670.204 

 

 

 

 


