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Abstract

The degree to which predator and prey distributions overlap in space influences the
probability of encounters between predator and prey, kills of prey, and consequently, how each
S p e c i edange varibsumtime and in space. Predator and prey attempt to increase or decrease
overlap respectively through movement and habitat selection, processes that are sensitive to
habitat heterogeneity. If predator and prey respond differently to novehtlabierogeneity
such as a zone of influence in and around human disturbance, it may provide prey with a refuge
or facilitate predator hunting efficiency. Al
region of boreal forest with extensive mining dexghents and overlapping wolCénis lupu}
and mooseAlces alcespopulations. To assess whether the human disturbance in AOSR has
affected wolfmoose spatial overlap, | quantified the degree to which both wolves and moose
avoid human disturbance acrosyg study area. | hypothesized that wolves would avoid areas
disturbed by human developments and activity, and that this avoidance would be used by moose
as a refugeWolves and moose both used and selected areas near human disturbance such that no
refugia br moose was available due to human disturbance. Further, | found that a higher
proportion of moose were killed as the distance to oil sands mines decreased. | also found that
wolves selected to move on linear features associated with oil extractioncargegection
facilitated faster movement. Wolves did select to mavéheraway from human habitation and
oil sands facilities, but only during the day. There was no relationship between wolf movement
speed and proximity to industrial facilities, urbaeaor oil sands mines. Moose cows,
particularly those with calves, strongly avoided areas within their home ranges with a high
intensity of wolf use. In addition, moose altered their behaviour both within and between

individuals as a function of the lodakensity of use by wolves, but only with respect to natural



iii
features. Rivers and streams were avoided in areas with more wolf use. Overall, | conclude that

human disturbance in AOSR has not generated prey refugia for moose, rather it has provided a

margiral advantage for wolves while hunting in proximity to mines.
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Chapter 1. General Introduction

Predator-Prey Spatial Distributions

The degree to which species distributions overlap in space has long been understood to be
critical in determining ceexistence between predator and plteyffaker 1958, Holling 1959)
For predators, the importance of overlap is intuitive; it is required for the encounters with prey
and subsequent kills neededgrgdators for survivalSih 2005) For prey, reducing overlap may
be important for escaping predation, thereby allowing prey, and subsequently predator,
persistencéGause 1934, Huffaker 1958)wo predictions follow from considerations of
predatofprey overlap. Firstly, the distributions and resulting overlap between predators and prey
determine how spees abundances vary in tirfidolling 1959, Sinclair 1989, Messier 19%hd
in spacqHuffaker 1958, Sih 2005, Kauffman et al. 2008&condy, for mobile predators and
prey a behaviour al r (&ik 2005hirs véhichr peedators attempttd s p a c e
maximize spatial overlap with their prey and prey attempt to minimize it, em&ipe$984,
Lima and Dill 1990) These two predictions are not exclusive. Spatial and temporal variation in
predator and prey abundance determine the extenatékpverlap and the importance of
behavioural responses to it, and vice versa.

In the absence of predation, prey should be distributed according to the distribution of their
food (Sih 2005)with interacting effects of intraspecific competitiand attractior{fFretwell and
Lucas 1969)Predators are therefore expected to aggregate in areas of high prey density or prey
resourcegLima 2002, Flaxman and Lou 2008)t may be constrained by conspedifit the
same ways as préidassell 1978)in particular by territorialit{Maher and Lott 2000)Prey are

expected to respond to predators through the use of refugia, defined as any prey strategy that

r



reduces the probability of mortality due to predafeicNair 1986, Sih 1987a, Sih et al. 1988)
Refugia include avoidance of areas with higher predator denSite4987b)r higher predator
hunting efficiency(Lima and Dill 1990, Lima 1998)Without refugia therefore, the correlation
between the predator and pregtdbutions maylecreaseif predator and prey responses to one
another are of equal strengtle. predator work to increase overlap and prey do the opgSgite
1984) Wi th the introduction of refugia, prey
may become negatieluffaker 1958, Sih 1984, Muhly et al. 2011)

The degree of spatial overlap between predators and prey varies across different ecological
scaleqSih 2005, Courbin et al. 2018jhd as the importance of predation increases, species
select for overlap at broader scalPeCesare et al. 2012)wo ecological scales are otenest;
the populatiorrange scale, at which individuals in the population select areas for their entire
homerange, and the horrange scale, at which individuals choose patches of resources within
their homerange(Johnson 1980By selecting habitat avoided by predators at the population
range scalgprey can more effectivelgvoid predation than by doing so at finer scéiesttie
and Messier 2000However, given the importance of overlap from the perspeatitiee
predator, finer scale overlap is expected, particularly for single prey systems. Predator and prey
spatial overlap translates into encounters and kills within the fnange scale and varies
through selection of patchy refugia by p{&aley and John 199@nd both predator and prey
movement. Movement rates of both species partially determined by the movement rate of the
other such that reduced prey movement may lead to increased predator m¢&ameds4)

Because selection, or disproportionate (isde et al. 2013)of habitat partially determines
spatial overlap between predator and preyrlapds a function of spatial heterogeneity.

Heterogeneity is the axis along which refugia are generated and so, novel sources of

be



heterogeneity influence overlap, behavioural response races and ultimately, predator and prey
abundancefHuffaker 1958) The sensitivity of a predatg@rey space race to novel sources of
landscape heterogeneity is expected to depend on both the strength ofdifidrdrece between
predator and prey responses to that heterogeneity. When predator prey responses differ in
magnitude, direction or both, spatial overlap shifts. One critical source of novel heterogeneity, is

human disturbance.

Human Disturbance

Speciegesponses to humans and human disturbance vary according to level of habituation
(Mattson et al. 1992, Frid and Dill 2002he cost to other important l#@story requirements or
any advantages presented by association with human disturbance f@gé¢itdswhite et al.
2002, Latham et al. 2011b)he range of responses to disturbance determines whether a species
can cope with the new environments created by human distur{&ihc2013) If a speciess
able to response to disturbance behaviou(&itid and Dill 2002)or through phenotypic
plasticity (Crews 2005, Hendry et al. 2008)ey may cope without demographic changes. When
behavioural/phenotypic responses insufficient or maladapti®eWitt et al. 1998)hen the
species may experience demographic consequédeesnychuk and Boag 1972hd increased
natural selection pressure.

Such responses to human alters species distribution in two principal ways. When the area of
the disturbance is not used by a species, that area is removed from thedand=tucing or
displacing the space over which species are distributed with potential reductions in abundance
being the end resul{&aston et al. 2000Alternatively, if the disturbance alters the quality of

the habitat in proximity to it, the number of individuals that oacupy or use that habitat

changes. This effect hagDydr and &hneider 2008 ramge® z o n e



from edge effects at the boundary between disturbed and undisturbed (Bayitet et al. 2005)

to noise or risk effects reaching for kilometers away from a disturbance Resaticis et al.

2009) to constraints on animal moveméktuhly et al. 2015)When a zone of influence

decreases habitat quality, it leads to functional habitat loss, with potential demographic costs
(Dyer et al. 2001ys increased Hmtat quality, which leads to increased occupai@yace and

Walsh 2006)improved foraging efficiencgDickie et al. 2017and/or improved vital rates. As

human impacts to natural systems and habitats increase, it is important to assess the population
consequences of human mediated changes to species interactions.

The effect of human disturbance on preds@y overlap varies due to differences between
predatorand prey response to human disturbance. When novel heterogeneity creates habitat for
either predator or prey leading to higher abundance or increased use, the other species may shift
its space use in response. For instance, songbird densities incleagedoael cutblock edges
elicited an aggregative response from predators to those @lgges and Gysel 1978 redator
use of areas opened up after human disturbance may lead to prey avoidance and functional
habitat loss for the prgyyames and StuaBmith 2000) Conversely, when predators avoid
human disturbance and prey do not, refugia are created near the distHebiewnhite et al.

2005b, Berger 2007, Muhly et al. 2011)

Al bertabds Athabasca Oil Sands
Al bert ad s IsAandsabi@a$AOSR) B a region of boreal forest in the Canadian
boreal plains ecozone with extensive deposits of bitumen, a viscous form of hydrocarbon or
crude oil(Alberta Biodiversity Monitoring Institute 2014Development of the area for bitumen
extraction began in the 196006s with accelerat

(Hauge and Keith 1981, Schindler 201Gurrently, the AOSR is characterized by extensive



human disturbance inaling open pit mines, tailings ponds and industrial facilities (Fig 1.1,
Schindler 201Q)In 2014, the total footprint of the mines was approximately 650 Recause
bitumen in the AOSR is extracted using pit mining, such disturbances completely remove habitat
from the landscap®r most specieHowever, indirethabitat losslsooccuss due to species
avoidance of the areas in gnmity to mining features or a zone of influershge to noise,
wildlife -human conflict, hunting and traffi©yer and Schneider 2006 patial refugia will
occur if such avoidanoearies between predator and prey in the AOSR.

Oil sands extraction activities in the AOSR are distributed close to several major rivers (Fig
1.2). To investigate the importancergfarianhabitat and connectivitglong rivers and the
utility of setback @stances between rivers and industrial development, the Wildlife Habitat
Effectiveness and Connectivity (WHEC) working group, which included representatives from
the oil sands industry and the Alberta government, and scientists from the University td Alber
was formedBoutin et al. 2015)WHEC deployed GPS collars on moose between 2010 and
2012 and wolves between 2012 and 2014 in the AOSR to examine movement and habitat
selection with respect to rivers of the two spsci

Wolf distribution and abundance is closely related to those of moose across North America
(Messier 1994)Wolves maximizénomerange scale overlap with moose by selecting habitats
preferred by mooskKittle et al. 2017) However, the correlation between the distribution of
moose and wolves doestremgual one for seral reasons. At the populatisnale moose avoid
predation by selecting horranges with low overlap with wolvéBussault et al. 20057t the
homerange scale, wolves select habitat that facilitates huntingvoeur(Kunkel and Pletscher
2000) allowing moose to reduce overlap by avoiding those habitats. Human distifoether

allows moose to reduceverlap with moose. Wolf resportd human disturbance varies with the



types and intensity/frequency of use of the disturbance. When the intensity of use by humans is
low, wolves use human disturbance such as linear &ssabut reduce their use with increasing
human uséWhittington et al. 2005, Hebblewhite and Merrill 2008, Houle e2@10, Rogala et

al. 2011, Lesmerises et al. 201)oose also exhibit a mixed response to human disturbance. In
some cases, moose select disturbances with a high intensity of human use that are avoided by
predatorspresumablyo reduce predation rigStephes and Peterson 1984, Berger 2007)

The GPS telemetry data collected by WHEC suggested that wolves and moose exhibit
disparate and variable responses to oil sands mining activities, with concentrations of both
species near mines in some areas and avoidanaee, the other, or both species in other areas.
The question was raised; does differential response to human activity by wolves and moose in
the AOSR result in disruption to welfoose spatial overlap, generating prey refugia for moose?
In this thesis] utilized a multiscale predateprey space race conceptual framework to
investigate whether the imposition of large human disturbance alters the spatial dynamics of a

predatosprey system.

Thesis Structure

| structured this these as a series of s@@ode but interrelatedchaptersin Chapter 2 | test
the prediction that wolves are distribufadtheraway from mines than would be expected
randomly at the populatiostale, which is necessary for refugia for moose near mines. The
chaper investigatesgpulation scalselection of both wolves and moose allowing direct
comparison. In this chapter | also calculate the latent selection diffgfleatbam et al. 2011a)
between the two species, the coefficientsf which | used to map areas across the study area

predicted to provide refugia for moose.



In Chapter 3| extended the analysis of the second chapter to assess how wolf and moose
distributions and proximity mines and other human disturbance determidistifigution of
locations at which wolves killed moose. To estimate the location of wolf kills of moose across
the study area, | developed an algorithm in the R programming lan{fR&dere Team 2016p
summarize clusters in the wolf GPS telemetry data. Asstilof these clusters were visited in the
field in order to estimate a predictive model based on cluster characteristics. The resulting
distribution of kill locations was compared to an independent spatial index of moose density to
assess changes to the proportion of moose killed near and far from human disturbance.

Both predator hunting behaviour and gmedation behaviousy preycontribute tahe
predator space race. ThereforeCimapters 4and5 | investigated the behaviour of wolves and
moose respectively to further understand how wolves and moose and kills of moose are
distributed in the AOSR. I€hapter 4 | used integrated step selectemalysis (iISSA), a novel
analysis method that estimates and controls for changes in movement behaviour in habitat
selection analysifAvgar et al. 2016)to investigate changes to wolf movement and hoange
scale selection as a function of proximity to human disturbance. By then comparing movement
locations to kill locations, | elaborated how wolf hunting determines kill location. Finally, in
Chapter 5 | analyzed moose habitat selection across gradients of wolf presence both within and
between moose individuals, when accompanied or not, by célygsarsing the effects of
habitat and the presence of an important predator, | used this chapter to demonstrate the capacity
of moose to respond spatially to predators and whether the presence of human disturbance
provides them with an advantage in dosug

In the final chapter, | summarized the main findings of my thesis and suggested both

management implications for both wolf moose populations in the AOSR and, more generally, for



large mammals living in proximity to large polygonal disturbances. Iditsmss directions for
future research.

Throughout the thesis, | concentrated on the winter season. | did so for two reasons; firstly,
scat analysis from the WHEC project indicated that the majority of wolf predation on adult
moose is in the wintgunpublished data, Thomas 20H8)d secondly, we only sited kill

locations in winter.

Study System

As written inNeilson and Boutir§2017) the study area (Fig 1.2) is comprised of dhea
surrounding the Athabasca Oil Sands. The mines lie along the Athabasca River approximately 20
km north of he town of Ft. McMurray between 56.9 and 57.4 degrees nortHLaad and
112.0 degrees east. The forested areas surrounding the mines are moderately disturbed by linear
features with few cut blocks of various ages. Topographic heterogeneity is cotaagsbyl
within steep and deep river valleys and a broad, decreasing elevation gradient (860m to 250m)
from north to south. Low, peaBphagnum spforming wet areas with variable black spruce
(Picea mariana and tamaracki@rix laricina) forest dominatethe area (33%), followed by
uplands of asperPppulus tremuloidgswhite spruceRicea glaucqand jackpineRinus
banksiana (together 30%). Forest understories contain will®alik sp) dogwood Cornus
stoloniferg, blueberry Yaccinium myrtilloide) cranberry Yaccinium sp.and alder Alnus sp).

Moose densities are low in the AOSR, ranging between 0.04 and 0.15/km2 in the three
Wildlife Management Units overlapping our study area as measured between 2008 and 2013
(Morgan and Powell 2008, 2009, 2010, Sustainable Resource Developmeni/Z6i&s and
black bear prey on moose in the AOGRauge and Keith 1981Human hunting of moose is

also an impdant source of moose mortaliilauge and Keith 1981Reported hunter harvesit



moose was below the allocated quiaiatwo and similar to the allocated quota in one of the
wildlife management units in the study at&sorgan and Powell 2008, 2009, 201®Moose are
the most frequent source of prey for wolves in the winter in AOSR although wolves switch to
beaver in the summéThomas 2013, unpublished datéjolf trapping rates are between-0.5
3/1000 knt annuallyin the aregRobichaud and Boyce 2010)

Study area size and shape varied for the various chapters but inference from my thesis does
not extendoeyondthe extent of all the wolpack territorieand mooséomeranges (Fig 1.2
Kernel density estimategere createdsing the distribution of moosedividual and wolfpack

GPS locationgn Geospatial Modeling Environmen(iBeyer 2012)
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Figure 1.1 Photos of oil sands mines in the Athabasca oil sands regiken from
helicopter Photo credis. Eric W. Neilson
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Figure 1.2 Moose home ranges and wolf pack territories in the Athabasca oil sands region. Home ranges

territories were estimated using kernel density estimates.
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Chapter 2. Differential responses to disturbancelters spatial overlap of
predators and prey in the Athabasca oil sands

Introduction

Predatoiprey relationships are characterized by competing strategies in which predators
attempt to maximize and prey attempt to minimize spatial ové8dp2005) In the absence of
predates, prey use space according to the distribution of important resources and the degree of
intraspecific competitioKacelnik et al. 1992, Hammond et al. 200 erefore, predators can
track the distribut i caamize spatiallowraf-laxmaneayddeu r esour
2009) Consequently, prey use of space can shift to reflect the distribution of food as well as
areas offering spatial refugia from predat{&mh 1987a, Hammond et al. 200Refugia are any
space used by a prey species to reduce the probability of mortality due to présiatib®87a)

Novel refugia can arise due to differences between predator and prey response to human
disturbancéHebblewhite et al. 2005b, Berger 2007, Muhly et al. 2011)

When predation is an important limiting factor, prey selection for areas and habitats that
facilitate redwed overlap with predators should be prioritized at broad s@étse and Messier
2000) An individual prey that has selected an areaided by predators at tkendscapecale
(the second order of selection definedJohnson (1980)xperiences an overall reduction in
risk such that it can prioritize selecting habitat to mitigate other limiting factors at finer scales
(Hebblewhite and Merrill 2009})-or instance, caribolr@ngifer turandusselect habitat that
minimizes overlap with moosélces alceswhich consequently minimizes overlaps with
wolves(Canis lupu} at broad scales, theby limiting their need to avoid predation within their
seasonal home rang@®ettie and Messier 2000, DeCesare et al. 20B)refore, whereas

refugia can be present at multiple scdB®wn and Kotler 2004the most effective refugia
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from predation are those that allow prey to select dogdbeir entire home that exhibit low
predator use or hunting efficiency. In additibngadscalerefugia that maintain little to zero
overlap between predators and prey can be more safely inferred to be an effective refuge when
data are collected oversaort period. A smaller scale refuge must consider prey movement in
and out of arefuge in order to make conclusmm out t hat r efecausebs ef fect
intermittent exposure to predatianll determine the longer term predation ré&h et al. 1988)

Investigations of prey refugia have tended to focus on the effeefugfia on predator and
prey population stability and interactiofdcNair 1986, Sih 187a) trophic cascades
(Hebblewhite et al. 2005b, Finke and Denno 2G0®) community richness and divergiijixon
andBeets 1993, Caley and John 199R)ese studies assume that a refuge is present dntbsee
measure its impact.derminingthe presence of spatial refugia farge wideranging
vertebrategHebblewhite et al. 2005a, Muhly et al. 20id gqually important, particularly when
novel human disturbance may disrupt the overlap between predator ynd pre

Al bertads Athabasca oils sands region (AOSR)
boreal shield ecozone with extensive deposits of bitumen. Development of the area for bitumen
extraction began in the 19600isthewarlyB0008c cel er at
(Schindler 2010)Currently, the AOSR is characterized by extensive humaurkizsice
including open pit mines, tailings ponds and industrial facil{gehindler 2010)Becatse
bitumen in AOSR is extracted using pit mining, such disturbances completely removefbabitat
many speciefom the landscape. However, indirect habitat ldlse mayoccur due to species
avoidance of the areas i n eproofxiimdudgdpomeend ni ng

wildlife -human conflict, hunting and traffi©yer and Schneider 2006)
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Wolf responses to human disturbance vary with the types and intensity/frequency of use of
the disturbance. When the intensity of use by humalesvisnvolves use human disturbance such
as linear features but reduce their use with increasing humgwigéngton et al. 2005,
Hebblewhite and Merrill 2008, Houle et al. 2010, Rogala et al. 204d9se also exhibit a
mixed response to human disturbance. In some cases, moose select disturbances with a high
intensity of human use that are avoided by preddtoreduce predation risk and avoidance of
low or unknown intensity of use human linear features, which have shown to be selected by
wolves(Stephens and Peterson 1984, James and -Sumtth 2000, Berger 2007, Wasser et al.
2011) Whereas moose home ranges do not always strongly overlap those of wolves, the link
between selection for large human disturbgmoeiding refugia and reduced overlap with
wolves has not been demonstrapdssault et al. 2005We investigated the hypothesis that
wolf avoidance of human disturbance in AOSR creates prey refugia for moose in winter.
Specificdly we predicted that wolves avoid human disturbance more than moose and this

discrepancy increases with the intensity of use of disturbances by humans.

Methods
Study Area

The AOSR is comprised of the broader Athabasca watershed surrounding the Atbdbasca
sands. The mines lie along the Athabasca River approximately 20 km north of the town of Ft.
McMurray between 56.9 and 57.4 degrees north-ah#l.0 and112.0 degrees east.
Topographic heterogeneity is contained largely within steep and deep riwstsvatid a broad,
decreasing elevation gradient (860m to 250m) from north to south. Low Spdetgnum sp.

forming wet areas with variable black spruBé&céa marianqand tamaracki@rix laricina)
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forest dominates the area (33%), followed by uplandsgéPopulus tremuloidgswhite
spruce Picea glauca and jackpineRinus banksiang(together 30%). Forest understories
contain willow Salixspp.) dogwood@ornus stoloniferg blueberry Yaccinium myrtilloide)
cranberry Yacciniumspp.) and alderAlnusspp.).

The area is characterized by extensive mining footprints consisting of large extraction pits
(325 kn¥), tailings ponds (248 kfhand associated large facilities (663%nThe area
surrounding the mines has linear densities as high as 18 Knif&nastry is minimal in AOSR.
Moose densities are low in the AOSR, ranging between 0.04 and 0%iB6/kna three Wildlife
Management Units overlapping our study area as measured between 2008 aiMio2§as and
Powell 2008, 2009, 2010, Sustainable Resource Development 20&E#HIberta provincial
government estimatetie moose paulation declined by 60% between 1994 and 26G8e
management unit west of the Athabasca riiorgan and Powell 2010YVolves and black bear
prey on moose in the AOSRiauge and Keith 1981Human hunting of moose is alan
important source of moose mortal{tfauge and Keith 1981Reporéd hunter harvesbf moose
was below the allocated qudta two and similar to the allocated quota in one ofhielife
management units in the study a(®rgan and Powell 2008, 2009, 201®)oose are the most
frequent source of prey for wolves in the winter in AOSR although wolves switch to beaver in
the summe(Thomas 2013, unpublished dat@&jolf trapping rates are between-3A000 kn3

annuallyin the aregRobichaud and Boyce 2010)

Moose and Wolf Location Data
As written inNeilson and Boutin2017) We collared 25 individual moose cows throughout
the study area in February 2010 and outfitted each with a GPS (Lotek 7000MU) collar

(University of Alberta, ACUC Study Id. AUPO0000108PS collars were programmed to fix
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t he mo aaisor évery thre hours and continued collecting data until OctoberD®d 2.
presence of calves with moose cows was ascertained during the collaring in March of 2010 and
using aerial surveys in December of 2010, January of 2012 and December of 2@ightall
were conducted using a Jet Ranger helicopter flying between 80 and 10Chftated moose
were relocated using radio telemetry and the presence and number of young of the year were
recorded.

We collared at least two wolves in every pack in tleaa&overed by moose GPS telemetry
and equipped each with Iridium GPS collars (Lotek Inc., Newmarket, ON) in winter of 2011/12
using aerial negunning (University of Alberta, ACUC Study Id. AUP00000040). A total of 41
wolves from 10 packs were capturedaollared. Wolf collars were programmed to fix the
wol fés | ocation every three hours. I n the win
failed and new wolves were captured where individuals had died. In the second winter, GPS
locations of therevious year were used to establish pack boundaries to assess whether or not all
packs in the area had a collared wolf. We discovered 2 distinct gaps; one situated between Fort
McMurray town site and an oil sands mine west of the Athabasca River asdatwed south of
oil sands mines and east of the Athabasca River. Both areas were searched using two helicopters
for a full day. We did find limited wolf tracks indicating that wolves had moved through the area
but could not find any sigrof wolves usinghis habitat as territorysuch as kill sites or large
groups of tracksBased on our extensive efforts we are confident that we placed collars on
wolves from all 10 packs in our study area.

We conduced all spatial and statistical analysis on moose ah@iwtdr locations (October
to March) because in summer wolf predation of magsew (Thomas 2013jlue to wolf

switching toconsuming moreeaverin the denning period than in the winté/e only estimated
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resource selection for the area common to the distribution of €B®&etry for both species (Fig
2.1). Critically, because the wolf GPS data extended much farther from the human footprint than
for mooseg(Fig 1.2) we did not want to bias our estimate of fas@lection for areas near human
footprint compared to that of mood&'e used the minimum convex polygon (MGR)he
smalkestpossibleshapesurrounding a set of locations or shagesslosing the all individual

moose 95% utilization distributions (UD)i¢f2.1), calculated using kernel density estimation

(kde) and the least squares cross validation smoothing {&taman et al. 1999yhe moose

MCP was used to clip wolf 95% UDslculated for each individualhe resulting polygons

were the utilization distributions for each wolf that overlapped the area covered by the moose
GPS dataWe then calculated the 95% MCP of the resulting wolf polygons, producing a 2967
km? polygon (Fg 2.1, 2.2). All GPS telemetry from both species falling outside this polygon was
then removed. The effect is to not compare the species in areas where we only had information

from one of them.

Environmental Covariates

As written inNeilson and Boutirf2017) We used Alberta Vegetation Inventory data (AVI;
Alberta Environment and Sustainable Resource Development gD&tBssify land cover into
five classes: fen, bog, mixedwood, deciduous and coniferous based on the Alberta Ecosites
definitions(Beckingham and Archibald 199&)r uplands and the Alberta Wetland Inventory
Classification SystertHalsey et al. 2003pr wetlands Table2.1). Fen was used as a reference
category for analysis of larmbver. We calculated the distance to majeers and the density of
streams using the Inland Waterway Base Hydrology |akelé2.1) (Alberta Environment and

Parks 2004)We calculated the distance to major rivers #r@density otreams using the
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Inland Waterway Base Hydlogy layer Table2.1) (Alberta Environment and Parks 2004)
Stream density was calculated as km pef.km

As written inNeilson and Boutir§2017) we defined the mine footprint as any area where
excavation had occurred including pit mines and tailings ponds. Facilities were defined as the
mining footprint associated with oil sands operations; upgraders, processingwtaktsamps
and parking lotsCleared areas were any area adjacent to mines that had been cleared of forest
cover for future pit miningTable2.1). To delineate the borders of mines and facilities, we
modified 2009 land use shapefiles supplied by thedRediiAquatics Monitoring Program
(2011)using SPOT satellite imagery for @Dand 2012the earliest yearfor which we had GPS
telemetry for moosand wolves respectivelyWeonly includedfacilities that were larger than
one knt for analysis and clipped facility polygons from minBscause we were interested in a
zone of infltence around the mining footprintewemoved locations falling inside mines and
facilities for analysis and calculated the Euclidean distance to mines and fadibt@scount
for an attenuating effect of distance to mines and facilities as well asllinearity between
mines and facilities at far distances, we used an exponential decay transformgteoshafrtest
distances to mines and facilitits each GPS locatiomThe decay we chose reduaad
transformed distance to zero approximately pessadce of 8 km (Table 5.1), the approximate
mean diameter of a moose home range in AdERsequently, coefficients estimated the effect
of the transformed distance to mines and facilities that are negative indicate avoidance and are
predict effects thago to zero at approximately 8 km from either mines or facilities.

As written inNeilson and Boutir§2017) the distribution of linear featas was delineated by
the Alberta Biodiversity Monitoring Institute (ABMI) at a 1:15 000 scale using 2012 SPOT

imagery. We used proximity to the city of Ft. McMurray, located in the south of our study area,
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as a surrogate for intensity of human recreatiasa on linear features. Using network analyst in
ArcMap 10.1(ESRI 2011) we calculated the density of seismic, transmission and pipelines as
km/kn? weighted with network distance to Ft. McMurraye recalculated the network

distances as their difference from the maxm distance such that the largest valuesen#osest

to the Ft. McMurray. The resulting density values were a composite of linear feature density and
proximity to Ft. McMurray, with larger \raes indicating higher densities or closer proximity to

Ft. McMurray.

Distribution of moose and wolves in AOSR

To test our predictions @modelledmoose and wolfesource selectioat the population
scale or second ordddohnson 1980p determine the extent to which wolves avoid establishing
territories in areas near humastdrbancetherebyproviding a refuge zone available to moose.
Secondorder selection is estimated bgmparing the locations used by an animal to random
locations available to gampédfrom acrossa study aregBoyce et al. 2003)We sampled
availability of resources using a distribution of pointsd@nly generated at a density of 50
pointgkm?. Second order selection analyassunesthat all individuas are exposed to the same
availability (Manly et al. 2002)Due to pack territorialityPeters and Mech 1975phe area
occupied by adjacent packsnist available to all individual wolves, so we included a variable
indicating whether a used or random location is in or out of the area occupied by neighboring
packs, calculated as the summed 90% utilization distribution for all other pdekssed 90%
UDs rather than 95% to allow for a greater degree of overlap at territory ¥dgéis.a model
including distance to facilitiegnines and rivers, the density of streamsighted linear feature
density (WLD) a categorical landcover factor for each indual moose and wolfndividual

models were used to account for spatial ausiwelation within and sample size differences
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among individualgFieberg et al. 2010We fit logistic regression models with the faina glm
in R, with the bias reduction fitting method. Bias reduction was tesedtimate finite standard
errors(Firth 1993)because some individual moose or wolves had nearly complete
use/availability in distance to mines or facilitehge to thedistanceexponential decay
transformationWe centered all continuous variables on zero by subtracting the variable mean
from each value and dividing by the standard deviation.
We inferred moose and wolf selection for human disturbance variables in two ways. Firstly,
we calculated a population mean and confidence int€@laby bootstrapping the distribution
of coefficients pr species foeach model covariate, vghted by the inverse of the standard error
for each coefficient panoose or wolfWolf bootstrap means were calculated among individuals
within packs and then across packs. Pack bootstrapping was weighted witvetise of the
variance between individusfirom the same pack. We inferred that moose or wolves selected or
avoided a landscape feature when its Cls did not overlap zero and that the species differed from
one another when eachtbpecilksltdotl meand Wett oe
proportion of individuals with coefficients in agreement with the bootstrapped population mean.
To spatially visualize areas providing possible refugia for maese&alculated the latent
selection difference (LSO)etween moose and wolf selection in winter for both habitat and
disturbance variablassinglogistic regression, coding moose as 1 and wolvegaatBam et al.
2011a) We then calculated and mapped the potedi relative latent selection distance value for
all pixels in the study area. Because the LSD was solely for spatial prediction, we did not make
inferences from the model coefficientdl mapping and spatial analysis was conducted in

ArcGIS 10.1(ESRI 2011) All other analysis was conducted in R 3.2.3 (R Core Team 2015).
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Results

Between 2010 and 2012 we collected 58,323 moose locations in winter, which after clipping
to our study area lef6,193locations We collected 146,590 wolf locations in winter between
2012 and 2014. After rarefying to a three hour fix rate and clipping data by the study area
common to both speciewe retained 105 locations of wolves from eight packs that we used
in modeling.The large reduction in wolf GPS locations is due to removal of points outside the
study area common to the moose GPS data.

As predicted, moose selected home ranges closer to human disturbances tharFgolves (
2.3). However, the difference between the speevas not due to wolf avoidanakthe mining
footprint Rather, both moose and wolves selected home ranges and territories on average closer
to facilities than expected by chance, moose selected home ranges closer to mines and wolves
were indifferent tanines (Fig 2.3)Further, the probability of selecting territories increased for a
majority of wolf packs with decreasing distance to facilities (6Bk24) and mines (63%Fig
2.4). A majority of moosaelectechome ranges near mines (64B4g 24) butwere completely
equivocal in their response to facilities (48%g 24). Moose and wolves did not differ in their
selection of home ranges and territories with respect to weighted linear feature density or cleared
areasftig 23).

Rivers emerged as amportant predictor of overlap between wolves and moose. Wolves
strongly selected territories near rivers whereas moose selected homdaghgesway Fig
2.3). The probability of selection for territories only increased with increasing distance from
rivers for only 25% of wolf packd={g 24). Moose individuals varied with response to rivers
such that there was no clear majority of selection for rivegs44). Among other natural

landscape features, mocmad wolves did not demonstratd#ferences irtheir second order
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selectionWolves ehibited territoriality. The boostrapped mean selection coefficient for areas
occupied by neighboring packs wak.89, €2.67;1.55) and was negative for evgrgck

The spatially mapped LSBemonstrates the imponiee of natural habitat for reducing
overlap between moose and wolv&seas far from rivers andast of the Athabasca River
comprised of high density conifer and fen complexes exhibit relatively large LSD values (Fig.

2.2). Areas very closed to oil sandxcflities also exibited relativehigh LSD values (Fig2.2).

Discussion

Wetested aspatial refugia hypothesis for a moeself system in the heavily disturbed
Athabasca oil sands. Our prediction that moose select areas closer to human disturbance than
wolves for their home rangegs supported. However, by modeling individuals of each species
we determined that the difference in moose and wolf selection was not due to wolf avoidance as
we predicted. Therefore, any refugia experienced by moose in tends is due to the strength
of their own selection for human areas, not wolf avoidance.

Our resultdiffer from earlier studies examining the variation in the response of wolves and
their ungulate prey to human disturbari8madly, largecarnivores in wstern North America
avoid humans and human disturbance, whereas prey species do not such that human areas
provide 6shiel dsd t h@ergep®0d, Mehty etalp20ld)yn f r om pr ed
particular, wolves have been shown to avoid human disturbance ranging from human settlement
(Hebblewhite et al. 2005l forestry(Houle et al. 2010Q)to linear feature densifyVhittington
et al. 2005)Much of this previous work has demonstrateat the driver ofvolf avoidance is
not the disturbance itself but increased presence of humans disttireancgWhittington et al.

2005, Hebblewhite and Merrill 2008, Houle et al. 201@¢ conclude that the mines, facilities
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and linear features in AOSR are simply nséd intensely enough by humans to provoke wolf
avoidance.

Wolf selection for areas near human disturbance may be due to constraints in spHceease.
of the eight packs considered have had recent mining developments within their territories such
that lage portions of their available space rasentlybeen removed by human footprint.

Wolves may continue using their territory after it is reduced or compromised and we speculate
that loss of territory to mines results in higher intensity of use by wok@smine edges,
particularly in important hunting habitats such as along riflexrsmerises et al. 2012)

Therefore, far from providing refugia, proximity to mines likely generates increased risk of
predation for moose in AOSR

Strikingly, rivers emerged as an important predictor of relative predation risk for moose.
Wolves stronglyselectedpack territories near rivers and we found that on average moose
selected home rangéatherfrom rivers than expected by chance. Consequemtbas far from
rivers, particularly those cut off from access to a river by mining developments presented areas
with large ratios of moose to wolf selection as demonstrated by our mapped LSD Fajues (
2.2). The accumulation of these impacts resultedlarge area in the southwest corner of the
study area, lying between Ft. McMurray and the oldest mines in the area in which no wolves
were detectechtoughout the study perio@he use of areas near human disturbance with low
wolf presence by moose was rmhpsonounced in this hole in the wolf distribution.

Because we examined the broad distribution of moose data as opposed to individual
movement and fine scale habitat selection, it is not possible to say whethermuyeseto
areas of low wolf uséSih 1984)or simply exhibithigher recruitment ther@IicNair 1986, Caley

and John 1996}urther, the increased selection for areas near human disturbance by moose
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compared tavolves is not due to wolf avoidance. Wolf use of the area may be sufficient to
maintain a constant predation rate across the study aaairking the distribution of locations
of moose killed by wolves animportant next stem determining the magnitedof the refugia.
Before the population consequences of a prey refugia can be measured, obsefvations
predator and prey behaviourtime field are needed to establish the existengefafia.Here, we
demonstrate that relatively wel human disturbanda the Athabasca oil sands has disrupted the
overlap between moose and wolves. However, disturbance does not create refugia for moose in
all areas of the region because while moose select areas closer to the oil sands footprint than
wolves, wolves do notvaid it. Only in areas far from rivers near oil sands facilisethere a
refugia for moose, indicating that natural drivers of the wolf distribution may be more important
than human disturbander structuring the distribution and population of mooseartheastern

Alberta.



33

Works Cited

Alberta Environment and Parks, G. of A. 2004. Base Waterbody Polygon Arc. Edmonton,
Alberta.
https://geodiscover.alberta.ca/geoportal/catalog/search/resource/fullMetadata.page?uuid=%7B
A2216D8477AB-4F65AB34-03434442CF3%7D.

Alberta Environment and Parks, G. of A. 2011. Alberta Vegetation Inventory (AVI). Edmonton,
Alberta.
https://extranet.gov.ab.ca/srd/geodiscover/srd_pub/biota/Vegetation/AlbertaVegetationinvent
oryCrownPolygonsindex.zip.

Beckingham, J. D., and J. H. dhibald. 1996. Field guide to ecosites of Northern Alberta. Fifth
edition. UBC Press, Vancouver, BC, Canada.

Berger, J. 2007. Fear, human shields and the redistribution of prey and predators in protected
areas. Biology letters 3:6P8.

Boyce, M. S., J. Mao, E. H. Merrill, D. Fortin, M. G. Turner, J. Fryxell, and P. Turchin. 2003.
Scale and heterogeneity in habitat selection by elk in Yellowstone National Park. Ecoscience
10:421431.

Brown, J. S., and B. P. Kotler. 2004. Hazardous duty pay and the fgpm@gghof predation.

Ecology Letters 7:999.014.

Caley, M., and J. S. John. 1996. Refuge availability structures assemblages of tropical reef
fishes. Journal of Animal Ecology 65:4U4P8.

DeCesare, N. J., M. Hebblewhite, F. Schmiegelow, D. Hervieux,McDermid, L. Neufeld,

M. Bradley, J. Whittington, K. G. Smith, and L. E. Morgantini. 2012. Transcending scale
dependence in identifying habitat with resource selection functions. Ecological Applications

22:1068 1083.



34

Dussault, C., J. P. Ouellet, R. Coustal. Hout, L. Breton, and H. Jolicoeur. 2005. Linking
moose habitat selection to limiting factors. Ecography 28:628.

Dyer, S. J., and R. R. Schneider. 2006. Death by a Thousand Cuts Impacts of In Situ Oil Sands
Devel opment on Al bertads Boreal Forest.

ESRI. 2011. ArcGIS Desktop: Release 10. Environmental Systems Research Institute, Redlands,
CA.

Fieberg, J., J. Matthiopoulos, M. Hebblewhite, M. S. Boyce, and J. L. Frair. 2010. Correlation
and studies of habitat selection: problem, red herring or opptr2uPhilosophical
transactions of the Royal Society of London. Series B, Biological sciences 36512233

Finke, D. L., and R. F. Denno. 2006. Spatial refuge from intraguild predation: implications for
prey suppression and trophic cascades. Oecologia@=495.

Firth, D. 1993. Bias reduction of maximum likelihood estimates. Biometrika BB&7

FIl axman, S. M., and Y. Lou. 2009. Tracking pr
of movement and optimal habitat selection by predators. Journalosétizal biology
256:187 200.

Halsey, L. A., D. H. Vitt, D. Beilman, S. Crow, S. Mehelcic, and R. Wells. 2003. Alberta
Wetlands Inventory Standards, Version 2.0. Alberta Sustainable Resource Development,
Edmonton.

Hammond, J. I., B. Luttbeg, and A. Sih.020 Predator and prey space use: dragonflies and
tadpoles in an interactive game. Ecology 88:13%5

Hauge, T. M., and L. B. Keith. 1981. Dynamics of moose populations in northeastern Albera.

The Journal of Wildlife Management 45:5B37.



35

Hebblewhite, M.and E. Merrill. 2008. Modelling wildlifdhuman relationships for social species
with mixed-effects resource selection models. Journal of Applied Ecology 45834

Hebblewhite, M., and E. H. Merrill. 2009. Trad#fs between predation risk and foragdefif
between migrant strategies in a migratory ungulate. Ecology 90:3488.

Hebblewhite, M., E. H. Merrill, and T. L. McDonald. 2005a. Spatial decomposition of predation
risk using resource selection functions: an example in & @lklpredatoiprey sysem. Oikos
111:101111.

Hebblewhite, M., C. White, and C. Nietvelt. 2005b. Human activity mediates a trophic cascade
caused by wolves. Ecology 86:212344.

Hixon, M., and J. Beets. 1993. Predation, prey refuges, and the structure -oéebfah
assemladges. Ecological Monographs 63i7D1.

Houle, M., D. Fortin, C. Dussault, R. Courtois, ané JOuellet. 2010. Cumulative effects of
forestry on habitat use by gray wolf (Canis lupus) in the boreal forest. Landscape Ecology
25:419 433.

James, A. R. C., @A. K. StuartSmith. 2000. Distribution of Caribou and Wolves in Relation
to Linear Corridors. Journal of Wildlife Management 64i16zD.

Johnson, D. H. 1980. The comparison of usage and availability measurements for evaluating
resource preference. Ecojo§1:65 71.

Kacelnik, A., J. R. Krebs, and C. Bernstein. 1992. The ideal free distribution and piaegtor
populations. Trends in ecology & evolution 750

Latham, A. D. M., M. C. Latham, and M. S. Boyce. 2011. Habitat selection and spatial
relationshps of black bears ( Ursus americanus ) with woodland caribou ( Rangifer tarandus

caribou ) in northeastern Alberta. Canadian Journal of Zoology 82287



36

Lesmerises, F., C. Dussault, and.StLaurent. 2012. Wolf habitat selection is shaped by
human ativities in a highly managed boreal forest. Forest Ecology and Management
276:125131.

Manly, B. F. J., L. L. McDonald, D. L. Thomas, T. L. McDonald, and W. P. Erickson. 2002.
Resource selection by animals: statistical design and analysis for fieldsstudie

McNair, J. N. 1986. The effects of refuges on predptey interactions: a reconsideration.
Theoretical population biology 29:883.

Morgan, T., and T. Powell. 2008. WMU 519 Aerial Moose ( Alces alces ) Survey February
2008. Alberta Sustainable Resaeii@evelopment Wildlife Division, Fort McMurray, Alberta,
Canada.

Morgan, T., and T. Powell. 2009. WMU 531 Aerial Moose ( Alces alces ) Survey February
2009. Alberta Sustainable Resource Development Wildlife Division, Fort McMurray, Alberta,
Canada.

Morgan,T., and T. Powell. 2010. WMU 530 South Portion Aerial Moose ( Alces alces ) Survey
February 2010. Alberta Sustainable Resource Development Wildlife Division, Fort
McMurray, Alberta, Canada.

Muhly, T. B., C. Semeniuk, A. Massolo, L. Hickman, and M. MusidfiLl1. Human activity
helps prey win the predatprey space race. PloS ONE 6:e17050.

Neilson, E. W., and S. Boutin. 2017. Human disturbance alters the predation rate of moose in the
Athabasca oil sands. Ecosphere 8.

Peters, R. P., and L. D. Mech. 19786eB8tmarking in wolves. American Scientist 63:6837.

Regional Aquatics Monitoring Program. 2011. Land Change Area (2010) [Polygon].

http://www.rampalberta.org/data/map/mapdata.aspx.



37

Rettie, W. J., and F. Messier. 2000. Hierarchical habitat selectismbgiand caribou: its
relationship to limiting factors. Ecography 23:4888.

Robichaud, C. B., and M. S. Boyce. 2010. Spatial and temporal patterns of wolf harvest on
registered traplines in Alberta, Canada. Journal of Wildlife Management 744635

Rogda, J. K., M. Hebblewhite, J. Whittington, C. A. White, J. Coleshill, and M. Musiani. 2011.
Human Activity Differentially Redistributes Large Mammals in the Canadian Rockies
National Parks. Ecology and Society 16:16.

Schindler, D. 2010. Tar sands needdskience. Nature 468:40801.

Seaman, D. E., J. J. Millspaugh, B. J. Kernohan, G. C. Brundige, K. J. Raedeke, and R. A.
Gitzen. 1999. Effects of sample size on kernel home range estimates. Journal of Wildlife
Management 63:73947.

Sih, A. 1984. The behawral response race between predators and prey. American Naturalist
29:913 930.

Sih, A. 1987. Prey Refuges and Preddoey Stability. Theoretical Population Biology1P.

Sih, A. 2005. PredatdPrey Space Use as an Emergent Outcome of a Behavioralifledpace.
Pages 24i255in P. Barbosa and I. Castellanos, editors.Ecology of Predeggrinteractions.
Oxford University Press New York, New York, USA.

Sih, A., J. W. Petranka, L. B. Kats, S. The, A. Naturalist, and N. Oct. 1988. The Dynamics of
PreyRefge Use : A Model and Tests with Sunfish
Naturalist 132:463483.

Stephens, P., and R. Peterson. 1984. iMdl f avo



38

Sustainable Resource Development, A. E. 2013. WMU 518 Aepabkk! ( Alces alces ) Survey
February 2013. Sustainable Resource Development, Alberta Environment, Fort McMurray,
Alberta, Canada.

Thomas, B. 2013. Diet analysis of grey wolves (Canis Lupis) within the Athabasca Oil Sands
region of northeastern Alberta.

Wasser, S. K., J. L. Keim, M. L. Taper, and S. R. Lele. 2011. The influences of wolf predation,
habitat loss, and human activity on caribou and moose in the Alberta oil sands. Frontiers in
Ecology and the Environment 9:5451.

Whittington, J., C. Cassady,@&. Mercer. 2005. Spatial responses of wolves to roads and trails

in mountain valleys. Ecological Applications 15:5583.



Table 2.1Explanatory variables used in analysis of wolf and moose selection and latent
selection difference in winter in the Athasca oil sands region, northeastern Alberta,-201(

2014.

Variable Description Model Units

Landcover bog, conifer, mixedwood, deciduous, fen used as In=1, out=0
reference category

Rivers Distance to nearest river m

Streams Density of streams km/km?

Facilities Distance {) to oil sands facilities exp(0.001 xd)

Mines Distance {) to oil sands pits, tailings ponds exp(0.001 xd)

Linear Density of trails, seismic, transmission, pipelines weighted km/kr

features weighted by the network distance to Ft. McMuyrra

39



40

112°0'0"W
L

12°00"W
1

| Rivers
[ Facilities
m Mines

Moose Wolf LSD
- High

- Rivers
I Feciities

Low

%

57°0'0"N
L
Soreitly.
jecsesss
57°0'0"N

57°0'0"N

SASHATCHEWAN
o
&
o2 FT
T
57°0'0"N

112“[;'0"W I I I I
Figure 2.1 The study area polygon was created by  Figure 2.2 The model estimated ratbf the probability
intersecting the MCP of individual moose and wolf

of a moose selecting a given pixel to the ratio of the
pack 95% kernel density estimates. Uplands are a  probability of wolf selecting the same pixel, predicte:
combination of deciduous, coniferous and mixedwoc across the thabasca oil sand study area. Ratios wer:
landcover defined using thel®erta Ecosites. Wetland estimated using latent selection difference (LSD)
are a combination of bogs and fen defined using the analysis which assues each species had all areas
Alberta Wetlands Inventory Classification System.

available to it. The resulting raster image (Moose W
Other is a combination of cleared areas near mines, LSD) was brightened by 50%.

open water and other forest cover types.

T T
12°0°0"W



41

4 4
§ %]
=
= == loose
§ ‘ ' ] == Wolf
s | | I J oy
m |I n I I | ”

Q?Qm o \}0\:}“’ & Y Q_Sp Og{b- _ @@" ] \?ef’ @}5}
v&ﬁ@bﬁ & S & °

Figure 2.3Bootstrapped beta coefficients and 95% confidence intervals of moose and wolf selection for
landscape features in the Atlzeloa oil sands. Coefficients were estimated with logistic regression comparir
individual moose and wolf GPS locations to random locations generated across the study area. Bootstray
weighted the beta value from each individual moose and wolf by teesgof the model estimated variance fc
each covariate. Wolf values were bootstrapped across all individuals in a pack and then packs were boot
weighting using the inverse of the per pack estimated variance. Note: positive coefficients estivaatffert of
selection along a gradient of distariogiversindicate avoidance.
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Figure 2.4 Proportion of moose or wolf packs with beta coefficients estimating selection for various landsc
features larger than zero. Coefficients were estimatgdlogistic regression comparing individual moose and
wolf GPS locations to random locations generated across the study area. Note: positive coefficients estirr
effect of selection along a gradient of distateiversindicate avoidance.
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Chapter 3. Human disturbance alters the predation rde of moose in the
Athabasca oil sands

Introduction

Predation rate, or the proportion of prey killed by a predagounit time is a fundamental
component of understanding the effect of predation on prey population dyr{desser
1994) Predation rate varies when predator abundance (numerical response), per predator kill rate
(functional response) or both vary with prey dgnéSolomon 1949, Holling 1959, Vucetich et
al. 2011) Predator abundance changes temporally in response to prey density via predator
reproduction and spatially due to a predatoro
predators hunt more spme areas than others in response to prey clunfgwiing 1959,
Hassell 1978)Thereforelandscape heterogeneity causes predation rate to vary spatially when
prey aggregate in habitat with increased access to food or mates and predators allocate
disproportionately more hunting effort there than other areas.

Both predators and prey can respdo spatial heterogeneity caused by novel human
disturbance such that the proportion of prey killed by predators is a funtfooximity to
human disturbancélowever, the direction and magnitude of such effects are not always
predictablelncreased py density at humamade forested edges can elicitiacreased
predator functional response leading to increased predatiofGates and Gysel 197.8)
Predatorsiseareas disturbed by humans such as along linear features to increase moa&ment
(Dickie et al. 2017)potentially increasing predation rates in the absence of prey density changes
(James and StuaBmith 2000, Decesare 2012yhen a predator avoids human disturbgifcil
and Dill 2002)more than theiprey, predation rates will be decreased near disturbance due to a

prey refuge effedfHebblewhite et al. 2005IBerger 2007)When predation influences prey
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population dynamics, it is important to assess if and how predation rates vary with novel human
disturbance.

Al bertads Athabasca oils sands region (AOSR)
western sdimentary basin with extensive deposits of bitumen. The AOSR is characterized by
extensive human disturban®chindler 2010and is home to spatially overlapping moo&&és
alceg and wolf Canis lupu} populationgFuller and Keith 1980, Wasser et al. 2QM/plves
respond to human disturbance depending on the types and intensity/frequency of use of the
disturbance. When the intensity of use by humans is low, wolves use hunuabatise such as
linear features but reduce their use with increasing humafWlsdington et al. 2005,

Helblewhite and Merrill 2008, Houle et al. 2010, Rogala et al. 2Bdyeral studies have

shown that moose use areas avoided by their predators near human disturbance to reduce the
probability of predatiorfEdwards 1983, Stephens and Peterson 1984, Dussall 2005,

Berger 2007, Latombe et al. 2014)

We used the locations of moose killed by wolves and a spatial index of moose density to
calculate a relative predation rate in a spatially heterogeneous and highly disturbed landscape.
We tested whetheraives kill a larger proportion of moose by estimating the relationship
between relative moose density and the frequency of kills across gradients of natural and
anthropogenic landscape features. By including both natural and anthropogenic features we were
able to compare the strength of each source of spatial heterogeneity on predation rate dynamics.
Human induced rapid ecological change (HIREC) can disrupt pregiapispatial interactions
by adjusting either the type or behavior of predétatham et al. 2011b, Sih et al. 201Wje

therefore predicted that because human disturbance is a novel source of heterogeneity, disruption
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to the wolf aggregative response would lead to stronger changes in predation rate near oil sands

mining features than near or in natural habitats.

Methods
Study Area

The AOSR is comprised of the broader Athabasca watershed surrounding the Athabasca oil
sands mineéFig 3.1) The mines lie along the Athabasca River approximately 20 km north of
the town of E. McMurray between 56.9 and 57.4 degrees north-Aht.0 and112.0 degrees
east. The mining footprints consists of large extraction pits (32% kailings ponds (248 kfn
and associated large facilities (66%nThe area surrounding the mines hassitias of linear
features including seismic, transmission and pipe lines as high as 18%iftkest surrounding
the mines is made up of pe&phagnum spforming wet areas with variable black spruce
(Picea mariana and tamaracki@rix laricina) (33%),uplands of asperPppulus tremuloidgs
white spruceRicea glaucaand jackpineRinus banksiang(together 30%). Forestry is minimal
in AOSR. Moose densities, estimatedh random block surveyare low in the AOSR, but vary
spatially between 0.04 andlB/kn? (90% CI ranged from 21 to 41% of the estimate) in the three
Wildlife Management Units overlapping our study area as measured between 2008 and 2013

(Morgan and Powell 2002009, 2010, Sustainable Resource Development 2013)

Wolf Telemetry Data

We attempted to collar at least two wolves in every pack in the area covered by moose GPS
telemetry. Wolves were captured and equipped with Iridium GPS collars (Lotek Inc.,
Newmarké, ON) in winter of 2011/12 using aerial Fgainning following the Wildlife Animal

Care Committee Class Protocol #1&tudy Id. AUPOOOOO040A total of 41 wolves were
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captured and coll ared. Wolf <coll ar sblevere prog
intervals depending on the time of year. In winter the fix rates varied from 10 min to three hours.

We estimated the number of wolves in the pack using counts of unique individuals during the
collaring process.

In the winter of 2012/13, collars wereptaced where they had failed and new wolves were
captured where individuals had died. In the second winter GPS locations of the previous year
were used to establish pack boundaries to assess whether or not all packs in the area had a
collared wolf. We disavered 2 distinct gaps; one situated between Fort McMurray and the oil
sands mines west of the Athabasca River, and the second south of oil sands mines and north of
the Steepbank river on the east side of the Athabasca River. Both areas were searched using
helicopters for a full day. We did find limited wolf tracks indicating that wolves had moved
through the area but could not find any sign of wolves using this habitat as territory. Based on
our extensive efforts we are confident that we placed calamgolves from all packs in our

study area.

Locations of moose killed by wolves

We estimated thpotentiallocations of wolfcaused moose mortalities using GPS clusters in
wolf telemetry(Webb 2007)We followed the method @eloped byKnopff et al.(2009) which
established GPS cluster centroids as the geometric mean of points within-trapaggdow.
Seed centroids were established when a minimum of three points and three hours (given variable
fix rates) had past. Once a dmgentroid was established, points were added chronologically
and the centroid mean was adjusted. As the centroid moved, we corrected which points were
included in the GPS cluster using the spite window. When two centroids from the same

wolf fell inside the sampling window, they were combined into a new GPS cluster centroid using
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all points from each. We used a 3®@0radius and four day spatiene window(Webb et al.
2008, Lake et al. 2013We allowed GPS cluster durations to extend beyond the four day
temporal sampling window to a maximum of thirty déyebb et al. 20083s long as points
added chronologically were not more tHaaor days past the end of the GPS clug@teropff et
al. 2009)

We measured a suite of variables at each GPS cluster @ apldhe duration was calculated
as the sum of all times between locations less than six hours at a GPS cluster. We tallied the
number of returns to a GPS cluster as the numbeorefecutive locations separated by more
than 6 hours. The mean and maximum (radius) distance between all points and the GPS cluster
centroid were calculated. We tallied the number of times the wolf returned and created a new
cluster within the space windo{800-m) of another cluster within 30 days. We attributed the
pack size and the latitude to each GPS cluster.

We visited 49 GPS clusters in the field in the winters of 2013 and 2014. At each, we searched
for a prey carcass, blood or other remains andsbered whether the location was a kill or a
bed distinguished by areas in the snow where wolves had rested. At kills, we scored the species,
sex, age class and condition of the prey. As we were interested only in the components of GPS
clusters when wolvesere at a prey carcass, we did not distinguish between kills and scavenge
locations. However, only two carcassiear roads appeared to have been caused by means other
than wolves.

We plotted the location of these grodmdthed (GT) GPS clusters and sééetcfrom the full
set of summarized GPS clusters the closest centroid in space and time so long as the GPS cluster
began before our GT visit. When two wolves were present at the same GPS cluster, we selected

the summarized GPS cluster from the first indipal present to maintain a single wolf sampling
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unit for modeling. Using this subset of 49 summarized GPS clusters, we modelled the effect of
GPS cluster characteristics on whether the GPS clusters were beds or Kills (kill model), and
among kill clusters Wwether the prey was deer or moose (species model) usingsaevanodel
selection(Webb et al. 2008, Knopff @l. 2009) We coded GPS clusters known to be beds as 0
and kills as 1, then subset the kills from the GT GPS clusters and coded deer as 0 and moose as
1. We developed a candidate set of models with all combinations of GPS cluster characteristics
(Table 31) using logistic regression modelling. We excluded any models containing covariates
with a correlation coefficient > 0.7. Latitude was included in the species model selection because
deer densities are expected to decrease with lafjRalee and Boutin 2016)or both the kill
and species models, we selected the most parsimonious model within 2 delta AICc of the top
ranking model.

We assessed the atyilof the selected kill and species model to distinguish among kills and
beds, and species, usingdtd cross validatior{Boyce et al. 20B), for which we refit the model
to a 60% subset of the data, then calculated predicted values from the remaining 40%. From the
predictions we calculated the area under the receiver operator characteristic (ROC) curve (AUC)
and optimal threshold to maxine both the model classifier specificity and sensitiagythe
point on the curve furthest from the diagonal line where AUC =W bootstrapped the above
evaluation 1000 times. Using the mean optimal cutoff for both the kill and species models we
predcted first whether each GPS cluster from the full dataset of clusters summarized between
November and March, 2012014, was a kill and then among the kills, the prey species. Once
GPS clusters were predicted for each wolf, we combined GPS cluster cefrmoiddifferent
wolves withinthe 308m and within a max of thirtgays by retaining only the first GPS cluster

of the first wolf at the BS cluster.
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Relative Moose Density

We calculated a spatial index of moose density using Alberta Environment and{AE&Pys
moose surveys of our study area. AEP conducts ungulate surveys using a random stratified block
survey in which they fly initial surveys along lines of latitude (approx. 1.8 km spacing) to stratify
the area by moose density. We used the sightingstinese initial stratification flights in order
to capture uniform survey effort over our entire study area. Stratification flights are flown with a
Cessna 206 fixewing aircraft at 100 km/h allowing sightings of moose-380-m on either
side of the aimaft (Morgan and Powell 2010T he four wildlife management units (WMU) in
our study area were flown in the winters of 2013, (WMU 518), 2010 (WMU 5808 aNVMU
531) and 2008 (WMU 519).

We calculated the kernel density of moose sightings using kernel density in ArcGIS 10.1 The
kernel density estimator was weighted by the number of moose sighted at each location, used a
pixel size of 1 krhand a search dius of 8 km, corresponding to the average moose home range
diameter (7.1% 0.55 SE km) in our studyr@a. We rounded the search radm$ km to be
more inclusive of the moose in our study area and to create a smoother density surface. Moose
home rangeareas were calculated using moose GPS telemetry from collared moose. We
collared moose throughout the study area in February 2010. Tweatyoose were captured
and outfitted with a GPS (Lotek 7000MU) collar. Moose GPS collars were programmed to fix
themooseds | ocation every three hours. We <cal cu
95% isopleth of a kernel density estimate (kde) using the least squares cross validation (LSCV,

Seaman et al. 1998jnoothing factor in Geospatial Modeling EnvironmeBisyer 2012)
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Measuring Environmental Variables

We defined the mine footprint as mining exaaon including pit mines and tailings ponds,
and the facilities footprint as buildings, oil sands upgraders, processing plants, work camps and
parking lots. To delineate the borders of mines and facilities in AOSR, we modified 2009
landuse shapefiles spiped by the Regional Aquatics Monitoring Progré2011)using 2012
SPOT stellite imagery. Weonly usedfacilities that were larger than one kfor analysis and
clipped facility polygons from mine8ecause we were interested in a zone of influence around
the mining footprint, & removed locations falling inside mines and faes for analysis and
calculated the Euclidean distance to mines and facilities.

The distribution of linear features was delineated by the Alberta Biodiversity Monitoring
Institute (ABMI) at a 1:15 000 scale using 2012 SPOT imagery. We used proxintigy ¢ayt of
Ft. McMurray, located in the south of our study area, as a surrogate for intensity of human
recreational use on linear features. Using network analyst in ArcMagB®SRI 2011) we
calculated thelensity of seismic, transmission and pipelines as kimikgighted with network
distance to Ft. McMurray. We+@alculated the network distances as their difference from the
max distance such that the largest values were closest to the Ft. McMurray.

We usedlata from the Alberta Vegetation Inventory data (AMberta Environment and
Sustainable Resource Development 2@dassify land cover into wetlands (fens and bogs)
based on the Alberta Wetland Inventory Classification Sygteaisey et al. 2003nd uplands
(mixedwood, deciduous and coniferous) based on the Alberta Ecosites defifdeocksgham
and Archibald 1996)We calculated the destce to major riverssing the Inland Waterway Base

Hydrology layer Table 3.2 (Alberta Environment and Parks 2004)
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Statistical Analysis

We calculated a study area as a minimum convéygpa (MCP) calculated for the 95%
isopleth of summed KDEs for each wolf pack. This generated an 812&kay area polygon
used for modeling. We compared the locations of kills to random locations (10 fénkhe
study area using mixed effects logistegression with a random intercept for wolf pack to
account for varying GPS data collection durations. We fit multiple models containing all
combinations of five variables (Tal®&) interacted with moose density such that interaction
coefficients esthated how predation rate changes with each natural and anthropogenic variable.
For our inference, we selected the top model using AIC. No covariates were collinear > 0.7 and
we scaled all continuous variables so they were centered on zero. For eageretatiten we
re-calculated the distances to disturbance variables as their difference from the max distance
such that the largest values were closest to the disturbance. We compared the odds ratios of
interaction terms (predation rate) in the top mod#imddeling was conducted in R 3.3R

Core Team 2016)

Results
Locations of Wolf Kills of Moose

Of the 49 GPS clusters visited in the field, 29eveeds. Twelve of the 20 kill GPS clusters
were of moose and 7 of deer, with one labbgelied carcass uidentified. In the selected Kill
model (Table8.S1), GPS clusters defining locations of ungulates killed by wolves were
distinguished from locations @folf beds by longer durations and larger mean distance nfgoi
to the GPS cluster centroifihe bootstrapped mean AUC ROC score was 0.87 yielding an

optimal classifying cutoff of 0.42. The kill model successfullyssified an average 84% of Kill
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clustes and 89% obed clusteren bootstrapped-old evaluation. The selected species model
(Table3.S2) distinguished clusters of moose kills from those of kiélerby longer durations
and smaller mean distance of poirdshiie GPS cluster centroifihe malel with equal
parsimony to our selected species model, which contained duration and cluster radius was also
within two AICc of the top model (Tab@S2). To maintain a more general model for predicting
kill type, we selected the model with the higheelikood as opposed to model averaging. With
a bootstrapped mean AUC ROC score of 0.85 and an optimal classifying cutoff of 0.49, the
species model successfully classified 85% #ékclustersand 90% of mooskill clusters

Using the top kill model, weistinguished between bed and kill GPS clusters across our entire
GPS dataset, yielding 988 kills. From this subset we applied our species model, yielding 199
moose Kkills. After combining GPS clusters from wolves as#rae kill we were left with 153
unigue GPS clusters describing moose kills across the 10 wolf packs. Afteetiny to our
study area polygon, we were left with 129 locations of moose killed by wdhig82). The
average home range area of moose was 46 \kfa therefore used ank®n seach radius to

calculate relative moose density uskegnel density estimation (FR&j2).

Relative Predation Rate

Our top ranked predation rate mo@Bable 3.S3rontained interactions between moose
density and rivers, distance to mines, weighted linegtufe densytand forest cover type (Table
3.3). Wolves killed moose more frequently with decreasing distance to mines and rivers (Table
3.3) such that the relative predation rate incrdasgnificantly near mines (Fi8.3) and rivers
(Fig 3.4). Wolves Kled moose more frequently in upland fordstn wetland foregiTable3.3).
Fifty-nine percent of kills occurred in upland forest, which only made up 45 % of the available

area, whereas only 19 % of kills occurred in wetland forest, which made up 4Bé6sbfidy
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area. Frequency of kills also decreased with increasing density of weighted linear feature density
(Table3.3). However, when compared to moose density, the number of kills in upland forest and

along the linear feature gradient translated arly weak changes to the relative predation rate.

Discussion

Comparing locations of moose killed by wolves to an index of moose density revealed
dynamics in the relative predation rate of moose driven by natural and anthropogenic landscape
features. Our gpoach allowed inference concerning both the distribution of kills, which
revealed areas where wolves are aggregating while hunting, and how that distribution contributes
to the relative predation rate in space. Our results indicate that the influemedatfqn on the
moose population is not uniform across the Athabasca oil sands, with areas of relatively high and
low rates of predation and that these areas have changed with building of mining features.
Whereas the wolf aggregative response demonstaatadance of high density of linear features
near Ft. McMurray but not to the extent that the predation rate was altered in these areas. On the
other hand, areas in proximity to oil sands mines and tailings ponds exhibited increased wolf
kills above that pedicted by moose density

As predicted, variation in the predation rate was better explained by gradients in
anthropogenic than natural landscape features. Predators and prey compete in an evolutionary
arms race to maximize or minimize spatial ovef&jh 2005) In a system with relatively stable
population dynamics, such as wolves and moose in AG8Rer and Keith 1980, Hauge and
Keith 1981, Wasser et al. 201iL)s unlikely that either species wins the race over long time
spans. Long standing features such as forest cover and rivers are likely therefore to exhibit

relatively uniform predation rates across space. For instance, despite the strong increased
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frequency of moose Kkills in upland forest cover over wetlands, the predation rate was not
different between these two forest types. The two landscape gradients over which prat&tion
did vary spatially, distance to rivers and mines, had comparable effect sizes but the effect on
distance to mines on predation rate dynamics was mines was stronger. The imposition of oll
sands minemay haveprovided wolves with an advantage in thenarace with potential
population consequences for moose.

Previous work has demonstrated that human disturbance increases wolf hunting efficiency.
Wolves use linear featur¢dames and Stuaimth 2000)to move faster and further in a day
(Dickie et al. 2017)The edges of mines are similar to linear features in that they are open and
can be long and straight, characteristics previously shown to facilitate wolf mov@rekie et
al. 2017) For a coursing predator that uses a large area to encounter prey, such features facilitate
movement and should increase encounters. For moose living near a mine, the edge of a pit,
tailings pond or fence presents a comsisteature past which there are reduced escape
opportunities. We speculate that the large barriers such as mines provide a hunting advantage to
wolves because unlike the edge of a territory, which is a boundary to vileeb 1977)put
not their prey, mines constraine movement and space useh species thereby increasing
overlap near mines. This effect has been observed in hunting by African wildvdadg3yk and
Slotow 2003, Daviedostert et al. 2013and demonstrated experimentally with predatory
shrimp in which ceaggregabn with their prey along microcosm walls increased predator attack
rates(Bergstrom and Englund 200Mjuhly et al. (2015fpeculated that restriction to the
movement of woodland cariboR&ngifer tarandusdue to impermeability of human disturbance
increased the probability of encounter with predators. Additienek examining predator and

prey movement along boundaries is needed to understand this effect in vertebrate systems.
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Predicting the relative predation rate as a fimmcdistance to minesemonstrated increased
frequency of kills with increasing moosergsity within several km of mines. Given that, on
average, a moose home range in our area is approx. 8 km in diameter, individual moose near
mines will experience increased exposure to predation across their entire home range. Increased
predation rates neanines will reduce moose densities there, driving dispersal of juvenile moose
to the aredPulliam 1988) Such a novel souresnk would be unsustainable if mortalitgar
mines is higher than can be replaced by dispersal, putting downward pressure on the moose
population in AOSR. Consequences for the moose population may be particularly concerning
considering the large footprint of the mine edge (975 km). However, cwmapen could
mitigate the increased predation rate near mines. The top predation model demonstrated that
wolves are killingfewermoosethan expected given moose densgityareas with high relative
moose density away from mines and rivétig 33, 3.9. It is possible that the imposition of the
mines hagurtheraggregated wolves in some areas of the AOSR, decreasing the relative
predation rate in others. Our results do not predict specific changes to the absolute predation rate
of moose in AOSR over timand additional work is needed to assess moose population
dynamics over longer time periods.

Wolves may be trading off food and perceived risk in areas near high intensity human
disturbances. Overall, there were fewer Kills in areas of high linear feknsgy near the city
of Ft. McMurray, but wolves were killing moose there in proportion to other areas. We speculate
that wolves use areas near human disturbance in AOSR despite the human presence where
moose density is highest. Avoidance of human disiueb by predators can be thought of as
antipredator behavioffFrid and Dill 2002) However, the benefits of such behavior will be

weighed against cos(sryxell 1991) If moose near human disturbance are unavailable to
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wolves, they potentially incur reduced access to food. If that loss limits wolf survival for packs
near Ft. McMurray, they would likely begusing areas near human disturbance because the
advantage of avoiding the disturbance does not outweigh the disadvantage of lost hunting
opportunitiegHebblewhite and Merrill @09). Our results demonstrate that for wolves, access to
prey is more important than avoiding human disturbance.

The aggregative response of wolves is an important component of predation rates and
measuring how it varies in space provides a deeper uadénsg of how the total proportion of
wol vesd prey are killed. Several recent studi
behavior in response to human disturbance by either avdidetgblewhite et al. 2005b, Rogala
et al. 2011 Muhly et al. 2011pr using(James and Stua8mith 2000, Latham et al. 2011Db,
Dickie et al. 2017human disturbance, particularly lindaatures. By estimating the relative
predation rate of wolves on moose in the Athabasca oil sands region, we have illustrated that
removal of large areas of habitat, which creates boundaries and alters the amount of space
available to wolves and theirgy, facilitates wolf predation with potential prey population and
trophic consequences. Considering that oils sands mines are large and in places, used intensely
by humans, the expected outcome may be wolf avoidance of mining features that creates refugia
for moose. Our results highlight the-predictability of the effects of human disturbance and the
importance of investigating novel types and magnitudes of disturbances on ppedgtor

interaction.
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Table 3.1. Variables measured at clusters in the wolf GPS data. Clusters wel
estimatedusing a 306ém and 4 day space time window.

Variable Units
Duration min.
Mean Distance m
Radius m
Returns count
Pack Size count

Latitude (species model only) weighted km/km
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Table 3.2 Covariates used to model the dynamics in the relative poediatie
of moose in the Athabasca oil sands. Each variable was interacted with rel
moose density to estimate its effect on the relationship between the distrib
of location of kills of moose and moose density.

Covariate Units
Landcover: UplangWetland, Other 0/1
Distance to rivers m
Distance to mines m
Distance to facilities m

Linear feature density weighted km/kr

Rel. Moose Density kde
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Table 33 Top model output testing for changes in predation risk to moose in the
Athabasca oil safs. Effects were estimated with logistic regression with random
intercept for each wolf pack. Landcover Wetlands was the reference category for
Landcover categorical variable. Covariates with : indicate an interaction between
relative moose density. WLD weighted linear feature density. Moose refers to
relative moose density.

Covariate Estimate SE

Distance to Rivers 0.4420 0.1051
Moose 0.0035 0.2123
Cover Uplands 0.9409 0.2300
Landcover Other 1.0417 0.2823
Distance to Mines 0.5683 0.1197
WLD -0.270 0.1145
Moose:Rivers 0.2664 0.1208
Moose:Cover Uplands -0.1585 0.2275
Moose:Landcover Other -0.2012 0.2728
Moose:Mines 0.4245 0.1146

Moose:WLD -0.0072 0.0996




Figure 3.1Map of the Athabasca oil sands clipped by our study area. We calculdtety aea as a minimum
convex polygon (MCP) calculated for the 95% isopleth of summed KDEs for each wolf pack.
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