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Abstract

Grizzly bearautilize large home rangeand movehrough many stages of forest succession
Researclio date has confirmed beatisplay preference for habitats along forest edges, as well
as certain landcover classes. However, the effect okfiake patirns and changes in forest
structure on bear movement and habitat selection is less well understood. To date, habitat
selection studies of grizzly bears have thoroughly examined the effe@dgous habitat
characteristics such as anthropogenic disturbaimod availability, topographic variables, and
plant communities, though there is more opportunity to leveadganced remote sensing, three
dimensional dat#o refine and enhance our understanding. To address this, | processed Airborne
Laser Scannindata in the Yellowhead region of Alberta to characterize forest structure and used
resource selection functions to determine whether-Aé®ved descriptions of habitat could
effectively model habitat selection by bears. | found:
1) ALS, when combined with topographic index, provides enough structural information
and context to reliably describe habitat selection.
2) Canopy cover and vegetation height both influence selection as a function of distance
from the forest edge.
3) Outside a forest stand, cover > Amareases the probability of selection, while inside
forested stands, higher canopy cover is negatively related to selection.
My final model crossvalidation demonstrated selective use of forest edge habitat. Selective use
of forest edges implies that tshape and spatial arrangement of forest cut blocks and associated
retention patches left durifarvestingoperations may be optimized to minimize huntear
encounters and associated huransed mortality of grizzly bears, in accordance with the

Aemuingt nat ur al di sturbanceo forest management
iii



Lay Summary

| examined the influence of forest edge and vegetation structural conditions (height, canopy

cover, and others) on the movement of grizzly beavgestcentralAlberta, Canada. Most

studies of ani mal habitat use® dldessidiuiouast ifome
Andrmorest, 0 and ot herwhiletthis apprexitis usdfug itdoeshat t at t yp
account for the diversity of conditions that exist within a single habitat type. | used a technology
known as Airborne Laser Scanning (Alsso called lidar) to characterize the thddmensional

structure of vegetation in my study area. | ugedzly bearGPS collar data to compare areas

frequently used by bears with areas that were used less frequently to determine the critical
variablesinfluencing grizzly bear movement throughout the year. | found that the distance to

forest edge is a strong predictor of hahits¢by bearsn this area



Preface

My research was conceptually outlined by question 5 oNBERC researchrant,iGrizzly-

PAW: Grizzly Population AssessmentyialloWhead' specificallyi Can gri zzIly bear
movements be related fine scale changes in forest structure, such as openings, gaps, and
veget at i olmppmackdtithe guesichy conductinga literature review, identified the
methodology | would usgrocessed thedar andGPS collar datgyerformedhe statistical

analysesand interpreted the ressilMy research was overseen by Dr. Nicholas C. Coops

(Principal Investigator, UBC), DA. Cole Burton (committee member, UBC), and Dr. Scott E.
Nielsen (committee meber, Lhiversity ofAlbertg, and Mr. Gordon Stenhouse, who provided

insight and editorial comments on my work.

This research was presented in 2018 at the International Society of Bear Researchers and
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Chapter 1: Introduction

1.1 Grizzly Bear Overview

Brown bearsrsus arcto}, known in North America as grizzly beasse the second largest

extant species in the familyrsidaeard are characterized by their circumpolar distribution and
formidable appearance. They first appear in the fossil record approximately 500,000 years before
present in China and appear to have spread to Europe and North Africa approximately 250,000
yearsaga Their arrival in North America is much more recent with records indic#tigig

presencén Alaska ca 100,000 years ago, dispersing into the rest of North America towards the
end of the Wisconsin Glation (McLellan & Reiner, 1994)Since the end of the Wisconsin
Glaciaton, the species has seen range contractions at the subcontinentatiseialeange

extended as far south as Mexico and east int&thatPlains in the 180Q%ut by 1970 had

been reduced by more than 50Bavid J. Mattson & Merrill, 2002)n the modern era, resource
extraction activities and associated road construction are widely considered t@leatbst

threats to grizzly bear conservation. Roads increase access for hunters, poachers, and recreational
users, increasing the threatooinflict and associated mortaliggoulanger & Stenhouse, 2014;
McLellan & Shackleton, 1988; McLellan, 1989; Northrup et al., 20A8yitionally, vehicle

collisions become a cause of mortality as roads commonly follaimalye bottoms (riparian

areas often used by bears) and create forest edge habitat, a known ecological(&nateioani

et al., 2018)Despite their relatively recent phylogenetic divergeboswn bearglisplay a great

deal of phenotypic diversifiyin 1918 there were 86 North American subspecies proposed and
describedMerriam, 1918) The 86 subspecies were classified basedifferences in craniadr

dental characteristicthe degree of sexual dimorphism displayed, and other mogibalo



criteria Since then, their taxonomy has been revised to acknowitedg&lorth American

subspeciegHall, 1984 as cited by PasitschniAkts, 1993)

Ferguson and McLoughlin (2000¥ed multivariate clustering to group populations by
population density, adult female weight, primary productivity, and seasonality. They faind th
coastal grizzly populations are most different from the rest of the North American populations,
but also that interior and barrgmound grizzy populations were distinctive enough to warrant
their own clusters. The first canonical variable of the elirsgy algorithm was most closely
related to density and female size at matuvityile thesecond canonical variable was correlated
with primary productivity and inversely correlated with seasonality. They characterized the
Pacific-coastal populations asving high densities, larger size, living in higher productivity
ecosystems with lower seasonality. Conversely, interior and barren ground populations are
characterized by their lower densities, smaller sizes at maturity, and lower ecosystem
productivity dominated by higher seasonali§imilarly, Waits et al. (2008andLeonard,

Wayne, and Cooper (20p0sed mitochondrial DNA of extant and iage bears revealed by
permafrost melt, respectively, to delineate the phylogeography of North American bears and
found genetically, the continent is represented by 4 clades, illustraftegline 1,takenfrom

Waits et al(2008.
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Figure 1 Taken from Waits et al. (1998 with permission,
displays the sampling locations of extant grizzly bears
(letters) grouped cladistically using mtDNA. Shaded

areasrepresent the current range of the grizzly bear.

McLellan (2011)examined the diet and body composition of grizzly bears in the Columbia and
Flathead Rivebasins in British Columbia (the same genetic clade as bears htevesdl

Alberta) where bears have no accessalmon andound terrestrial meat sources to be positively
correlated with female adult mass and negatively correlated with density. The size of an adult
bear has been shown to be related to the availability of animal pfdilerbrand et al., 1999;
McLellan, 2011) Mowat and Heard (200&jsed stable isotope analysisgrizzly bear guard

hairs from 81 locations throughout North America to determine the relative proportions of major
diet components (terrestrial meat, fish, and plants). Concordant with patterns nRizasloi

(1963)and Hilderbranct al.(1999) they found that salmon dominates the diets of coastal bears.
3



Barrenground grizzlies had the highest proportion of terrestrial meat in their diets. They noted
interior grizzly bears on the western sidels Rocky Mountains in British Columbia had the

lowest percent of terrestrial meat consumption. In westral Albertaspecifically in the
Yellowheadregion,the density of bears is relatively low .74 male bears/1000 Knand 4.53
females/1000 kA) (Stenhouse et al., 201%)sbears have no access to salmonids and are much
more dependent on vegetation and vegetation phgyn@dunro et al.,2006) Bears in this

region have diets that are highly variable, both temporally and spatially. Figure 2 displdgs the
matter content of grizzly bear scats collected in the study area between 2001 and 2003, grouped
by food category as a function of seaddnnro et al.(2006)found that after den emergence,

before general bulreak, bears relied heavily on roots, especially alpine sweet vetch

(Hedysarum alpinuin During June, ungulate feeding peaked, though the percent dry matter
contrasted starklgepending on habitat. ImvestcentralAlberta, bears occupy both sub
alpine/montane and boreal habitats in the foothills to the east. Percent dry matter varied between
20% (mountain) and 49% (foothilldnsect, grass, and forb feeding was most significanmglur
summer, and frugivory of species like hucklebekfggcinium membranacegrand buffaloberry
(Sherpherdia canadengibegirs during late summer. Bearstine foothillsregion of west

central Albertaconsumed less root matter than the bears in the mountains.
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Figure 2 Taken from Munro et al. (2006) with
permission seasonal breakdown of percent dry matter b

food group (a, meat; b, forbs; c, fruits)

1.2 Threats and Pressures on Interior North American Grizzly Bear Populations
Grizzly bears are a highly resilient, generalist species who adapt their behaviors to suit their
environment. However, they are vulnerable to anthropogenic pressures, as evidenced by the

extremerange contraction described above. They face varying degrees of encroachment by



humans, often in the context of natural resource extraffiggeon et aJ 2016a)uch as forestry
operations, mining, recreation, oil and gas exploradiwaroad construction associated with

those activitiegBoulanger & Stenhouse, 2014o0ads have a variety of effects on bears
specifically, bears typicallyavoid highly trafficked road@Northrup et al., 2012)ut are known

to use low and medium traffic roads which typig@hcrease their movement rat@dunro et al.,
2006) As a resultconstruction of roads igkely a critical threat to bears, as they improve

access for recreation and incredlse chances of conflicts with humaBsulanger & Stenhouse
(2014)found that road density was anportant predictor of grizzly bear mortality, concordant
with the findings of Nielsen et g2004) who reported that in some areas of their study, 100%

of known grizzly beamortalities occurred within 506 of roads or 20én of high use trails.

They demonstrated that increased access increases the frequency ebbamamcounters and
associated mortality?roctor et al(2020)summarized the threats introduced by roads concisely
through identification of 4 mechanisms of action. First, increased access is highly correlated to
human caused mortality, especially of females (which is most directly related to population size)
(Boulanger & Stenhouse, 2014§econd, through avoidanceermed habitat displacemeént

bears lose access to certain habitats near roads. Third, bears are threatened by habitat
fragmentation and associated impactslimpersal and movement. The fourth mechanism is

habitat losghrough land cover/land use conversion

In addition to anthropogec pressures, natural disturbances have the potential to alter landscape
configuration. Mountaimpine beetle[@endroctonus pondesag exists at endemic levels in
lodgepole pin€P. contorta ssp. latifolipstands, but in mature stands it is known to form

epidemiesize (or phasepopulations, driving mortality in association with blue stain fungus

6



(Ophiostoma spp(Safranyik & Wilson, 2007)Alberta isin the midst of a mountain pine beetle
outbreakand thegovernment has coordinated with Forest Management Aasahelders to
adjust forest management plans to reduce the area of mature(stifedts Mountain Pine

Beetle Management Strategccessed 10 August 201%his accelerated harvest schedule may
be associated witimcreased vegetation biomass suitable for grizzly bear, tietgever the
amount of additional biomaskeclines with time, and pekiarvestfood resources may decline
towards the end of 6@ear harest planning period®ostharvest, early seral species such as
horsetail Equisetum spp, cow-parsnip Heracleum lanatui or red raspberryRubus idaeus
increase in abundance while ericaceous shiasdinium spp.take longer (up to 20 years) to
estdlish in cut blocks due to their propagation by rhizomes. Overall, food availability is
increased due to treeceleratetharvest schedule, howevarecies abundanceexpected to
decrease as stands mature, dropfielpw or even with prbarvest levelgLarsen, 2012)This
suggests that at the landscape level, vegetative food resources may dddivested stands
mature in close succession towards the end of the current planning pdircate change will
also shift the fire regime: firemre expected timcrease in intensitgFlannigan & Wagner, 1991)
and the fire season is expected to get lo(g&atton & Flannigan, 1993)This may shift

selection patterns deas have been shown to be attracted to burned areas, possibly due to lower
levels of canopy closure and associated availability of food resources compared with post
harvest managed forest starigarney et al., 2019%uperficially this may be a positive
outcome for bear habitdtowever the spatial arrangement of future fires may serve as attractive
sinks(Delibes et al., 200Wherehumanbear conflict leads to increased mortalltjtimately,
grizzly bears are facingumerous pressuréisat maydramatically alter landscape dauration

and the habitats upon whitlears depend



1.3 Change in Forest Structurethrough Time

The community composition of a forest stand changes through time and is generally predictable.
Site historycharacteristicsincluding details of pedogenesis and disturbance, site conditions, and
life-history traits all interact to dictate the development of a forest standgisttrbance.

Collectively termedoreststand dynamicQliver and Larson (199&)escribed a framewotk

which the development of forest structure can be describathwiite contgt of available light

where development of woody vegetation occuf®ur stagesin the simplest case, a
disturbancesuch as an intense wildfiremoves the vegetative community, possiblipdoe

mineral soil, and thérst phase oktand initiation kBgins.Theocclusion of lightoy treecanopes

is delayed while they establish as seedlings, and during this time competition between
regenerating trees and herbaceous forbs and goaisiis the fiercest. As trees grow into the
available space, they beginmpeting for light as a resource; shaded foliage begins to die and
microsite conditions and genetic variation begin to interact in the stem exclusion phase.
Competition for light and resources characterizes this phase of stand deve|opsudiimg in
suppression of growth and the death of individuals. Note that death occurs in the competition for
growing space so canopy gaps do not fofire third phasé understory reinitiatioi begins as
isolated trees in the aging cohort are lost to disease, pestsdthrow andgaps in the canopy

allow light to reach the forest floorhis begins the establishment of a new cohort of woody
vegetation. The final stagethe old growth stageis characterized by a complesertical

arrangement of tree crowns that varies substantialiyeen and within biomes.

Stand dynamics differ by species composition, disturbance regime, and climatic conditions, and

consequently produce different mosaics of habitat conditions artdedape level according to

8



those paramete(§ricker et al., 2006)Along the eastern slopes of the Rocky Mountains in
western Alberta,ddgepole pine is the dominant forest tagelis a fireadapted species known

for Iits serotinous cones aMMma&aipoOowpeermemtsy t o de
densities in young stands readd0800 stms per hectare (spliMitchell & Goudie, 1980and
mayremain at or welhbove5000sph evenafter 100 years of natural regeneration post
disturbancgJohnstone, 1971; Koch, 199&)grows best on scarifeesites in full sunlightAs

crowns close, light is occluded and between 40% of solar irradiance reaches the forest floor
compared to the top of canoffgoch, 1996) This tendencgan resulin stands without diverse
herbaceous understorigdtone & Wolfe, 1996)In the early 2000s, many standsnastcentral
Albertawere congleredovermature in seral stagasot providingappropriate food resources
(Nielsenet al, 2004)for bears These characteristics suggest that in terms of food resources,
closedcanopy forests may be considered matrix habitat linking patches producing greater
biomass of suitable foods such as meadows, forest clearpatsmi areas, and patches of
lodgepole pine mortalit{Fricker et al., 2006; Nielsen et al., 2004; Stewart et al., 280&)gh

they provide ther resources such as coyunro et al., 2006)Quantifying grizzly bear use of

the ecotones between these habitats at the fine scale may reveal actionable insights supporting

conservation of this threatened spe®nhouse et al., 2015)

1.4 Detecting and Describing Landscape Configuration

Forest siccession ipredictable at the stand ley#he scale at which forests are managed),
however within stands, it stochastic, dynamic, and varies at a fine sddie.spatial and
temporal variability of forest succession generates mosaics of habitadimpgalifferent

resources related to their physiognomy (structure). The specific plant community composition
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(floristics) of a specific habitat patch is importambwever habitat physiognomy may provide
cues driving habitat selection at the patch andpaibh scaléKennedy et al., 2018 he
dynamic nature of forest successioakes current, accuratnd reliablenformation about the
physiognomy of forest/méaw mosaicglifficult to maintain Additionally, due tocost (time,
money, and efforfextensive sampling of vegetation structure is frequently limited to data
derived from multispectral remote sensing datasets such as landcover class or gspectrass
measurefike the NormalizedDifferenceVegetationndex (NDVI) (Ciarniello et al., 2007; Kite
et al., 2016; Nielsen et al., 2003; Nielsen, 200B)esepassivandices or classifications from
remote sensing limit interpretation of vegetation structure dagaoge of factorsncluding
spectral saturation at high levelsleff area andanopy cover (low signaloise ratio), issues
with spectral reflectances different tree species, illumination angle effects, and shading
(Koukoulas & Blackburn, 2004As a result, these twdimensional datetsultimately provide
limited perspective of the habitat needs and requirememgszzly bearswith the physiognomy

or structure of vegetatidoeinglargely ignoredBergen et al., 2009; Guo et al., 2018)

The growth in development and application of Airborne Laser Scanning (ALSgHdr
Detection and Ranging (lidasystems, which measure the thoimensional distribution of
vegetdion within forest canopiedias seen its use in forest management rapidly ad¢lpsézky
et al., 1999)Lidar data can provide highly detailed, thaienensional point clouds through a
combinationaserrangefinder and a highly accurate, G&#bled inertial measurement unit
(IMU). The IMUtracks the specific orientation of the laser instrument, enshiggspatial
fidelity of recorded ranggdim et al., 2003). In the case of airborne lidar, moraft typically

flies betweeraltitudes 05007 3000 m anddepending on the beam divergence parameters of
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the lidar system, the laser footprint at the ground typically ranges be@x&e®9 m.

Vegetation that intersects the beam scatters energytd#oi sensor and the relative location of
returns is recorded in a point clo(idilker et al., 2012; Lim et al., 2003)he distribution of

pointsin the point cloud has been shown to be related to the distribution of vegetation in the
stand, allowing for estimation of forest structure metrics (Thomas et al., 2006). Coops et al.
(2007) used discretesturn lidar to fit a Weibull probability densityriiction to lidar returns in
several pure and mixed Dougttis (Pseudotsuga menzigsitands and found that Weibull
parameters were significantly correlated with measures of stand density and mean DBH. Their
methods were used by Hilker et al. (2011) imesal lodgepole pine stands of mixed density and
species distribution in west Alberta, where they found that airborne lidar data was significantly
correlated with basal area and stand density across a range of stand deisitibased

estimation of campy height and cover is often more accurate, with less bias than traditional

field-based measurements (Naesset and @kland 2002; Coops et al. 2007).

Beyond height and cover, the distribution of points relative to their position within the canopy

can be usto infer additional information about structure, such as crown shape or presence of
understory vegetation. Liddrased assessments of height, cover, and other metrics such as
volume have demonstrated accuracy in the litergtietsky et al., 1999; Lim et al., 2003;

Neaesset & Gobakken, 2008; Nelson et al., 200#ar also provides fineesolution eleation

models that may be used to generate topographic morphological variables, such as slope, aspect,
andtopographiavetnesgNijland et al.,2015; White et al., 2012Vierling et al.(2008)providel

a review of the status of lidar remote sensing for wildlife habitat characterization and cdnclude

that, although a growing number of studieslhighlightedlidar advances, fe studieshad
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actually used the data to quantitatively address relationships betadeitat selectioand
vegetatiorstructure. Table 1 summarises habitat related studies that have utilized lidar, as well as
the commonly extracted metrics from lidar paitdguds that have shown a significant response in

habitat models

Table 1 Examples of studies that have utilized ALS data for habitat assessment, the forest attribute predicted
and the ALS metrics used to derive the selected attribute.

Author (s) Dependent Variable Estimators
Martinuzzi et al., 2009 Shub distribution Proportion of ground returns
Proportion of returns betweer215m
Percent slope * cos(aspect)
Snag distribution Median absolute deviation of height
Guo et al., 2017 Structure class of stand Canopy cover
Stratified canopy height density
Standard deviation of height

Loarieet al.,2013 Viewshed Average LOS at 5° increments

Zhaoet al, 2012 Fisher Denning Sites 10m: Maximum height, slope
20m: Standard deviation of height,
slope

30m: Standardleviation of height,
kurtosis of heights, slope

40m: Standard deviation of height,
slope

50m: Mean height, transmittance at
10" percentile heights, canopy cover

Coopset al.,2010 Winter mule deer habitat:

Overall stand struare DEM, 25th Percentile height, low

model cover,solarradiation, height

Forest Cover Model Overstory cover, DEMgoefficient of
variation (CV) of heights, midtory
cover, slope

Species number model DEM, understory cover, solar
radiation, slope, CV

Slope model Slope, solar radiation

Aspect model Solar radiation, slope

After structurally defining a foresising lidar information on the forest edge cren beused to

better characterise this important landscape feature for bears. Edge effects in particular are
12



known in ecology to influence community composition and corresponding ecosystem function
(Andren & Angelstam, 1988; Matlack, 1994) the Yellowheadl.arsenet al. (2019kxamined

the effects of forest type, environmental conditions, relative abundance of competing vegetation,
and the distance from forest edge on abundance of grizzly bear foods, anth&ileubes
significantly influenced the abundance of food resoutbesigh the effect varieaiccording to

food species and landscape configuratiielsen et al(2004)examined the use of clearcuts by
grizzly bears and found thdistance to edge and the edge tompeter ratio of clearcuts both
affected selectiorStewart et al(2013)found that the type of edge was also importdatales
preferred anthropogenic edges while males preferred natural edges, italeghused edges less
overall. Though there was no proposexplanation for the reason, their results were consistent
with other researcheoposed explanatiorfiemales awiding males to reduce infanticide
(McLellan & Shackleton, 1988fompetitive exclusiolbhy maks(Mattson et al., 198@s cited in
Stewart et al., 2013pr simply selecting for differeribod resource§Graham et al., 2010;

Munro et al., 2006as cited in Stewart et al., 2Q13able 2 highlights North American studies

that examined the effects of different types of edges on grizzly bear ecology
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Table 2 Summary of North American studies that have examined the effects of edges on grizzly bear,

ungulate prey, or plant food ecology.

Author(s)

Mattson, 1997
Stewart et al., 2013
Nielsen et al., 2004
Ciarniello et al., 2015
Blanchard, 1983
Cristescu et al., 2014
Eckrich et al., 2020
Rowland et al., 2018
Guiden, 2017
Kremsater & Bunnell,
1992

Larsen et al., 2019

Roever et al., 2008

Species of Interest

Grizzly bear (. arctos
horribilis L.)
Grizzly bear (. arctosL.)

Grizzly bear
Grizzly bear
Grizzly bear
Grizzly bear

Mule deer Qdocoileus
hemionus hemionus.)
Elk (Cervus canadasis
E.)

White-tailed deer
(Odocoileus virginianus
Z)

Mule deer Q. h.
columbianuR.)

Grizzly bear

Grizzly bear

Years of
Study
19871992
20052009
19992002
19982003
19771979
20082010
20062012
19882009

2013

19821986
2013

2005

1.5 Analyzing Animal Location Data

Type of Edge

Unspecified

Both natural and anthropogenic
Anthropogenidforest harvest)
Anthropogenidforest harvest)
Unspecified

Unspecified

Unspecified

Unspecified

Anthropogenic

Anthropogeniqforest harvest)
Anthropogenidqforest harvest)

Anthropogenic

Subject of Study

Grizzly bear preference
for edge

Grizzly bear preference
for edge

Grizzly bear preference
for edge

Grizzly bear preference
for edge

Grizzly bear preference
for edge

Grizzly bear preference
for edge

Prey using forest edge
habitat

Prey using forest edge
habitat

Prey using forest edge
habitat

Prey using forest edge
habitat

Bear foods growing
along forest edge
Bear foods growing
alongforest edge

Habitat selection is the process by whicjanismselect among availabtesources to satisfy

energy, reproductive, or other life requiremgi@srchers et al., 1994For motile animals,

movement is a critical component of their ecolagys the intersection through time thie

organism and its environmefiins, 1995) In his discussion of the distribution of mammals,

Dice (1931)noted thathe reaction of an animal to its environment is equally important as the

characteristics of the environment in enabling the animal to survive. Further, he asserted that

habitat selection is an incredibly complex proogbgh science had only begun to weh

Since then, there have been many advances in the study of animal movement and habitat

14



selection(Northrup et al., 2021)0One major innovation is the recognition thae study of
individual animal movementan be organized using a scdlased approacResourcesre not
identically distributed across biomes and landscageswithin an animé home range

different habitats provide different critical resources such as cover, food, or reproductive
opportunities. Within @pecifichabitattype each respective resource is distributed differentially
and characteristics such as density, arrangement, andtcmioeéh other resources elicit
choices from an animal based on some set of critéfieenaresourcas seleced

disproportionately tdts availability, the behavior is considered selectiBerchers et al., 1994)

Habitat selection is recognized byimal ecologistasa hierarchical process defined by scale
andtheframework proposed bjohnsor(1980)has been widely adopted. This framework

defines théoroadest scale, or first order of selectiasthe combination of biotic and abiotic

factors that control the distribution of a species. A second order selection can be defined as the
homerangeof an animal, third order selections are classified by the variety of habitats within the
home range, and finallyhe fourth order selections are the finest scale decidgBynsomparing

used and unused, or used and available habisisarchers can answer ecological questions at a
variety of scaled-or exampleresearchers interested in home range sizes or population densities
may use coarse estimates of primary productigigyeralized for a region or study area

(Ferguson & McLoughlin, 2000yhile researchers interestedhabitat patch selection within a
home range may be interested in variables such as distance tortau$cover class of a

specific patch{Fortin et al., 2005)At the finest, withirpatch scale, researchers may be

interested in characteristics suchdassity of foodesources or accessibility of food resources

(Eads et al., 2011Yherefore, it is possible to quantify selection by identifying a function that
15



produces an output proportionate to the probability ofi Ltbés is known as a resource selection
function (RSF)YManly et al., 2002)RSFs typically model available habitat from an

independent, random sample of locations drawn from across the home range of an animal and
compare those control locations to a movement trajectory thaeleasrarified to statistical

independenc@anly et al., 2002)

1.6 Objectives and roadmap
Given the high spatial resolution and detailed 3D structural information afforded by lidar, which
allows for improvectharacterizatioof canopy coveandheight, as well as refined measures of

forest edge and the buffers around those edigisgpaperexamines two key questions:

1) Canl uselidar-derivedheight and covemetricscombined with edge information to
effectivelymodel habitaselection by grizzly beaps
2) Does perceived utility of forest stands vary according to their structurkuastan of

the distance to forest edgje

| expect to shovthat, as others have shown, forest edgesigidy utilized by bearssince they
offer access to both cover and openings containing food res¢@ieesiello et al., 2015;
Nielsen et al., 2004 As a resultstatisticalmodelsof bear movemerthat includenformation on
forestedge willhave highepredictive capacity compared to models with no adfggrmation
More importantly | expect thaby adding an interaction term to forest edge distance that
describes some facet of stand structure sutieight or canopy covdrwill be able to discern

higher value habitats both within and outside forest stands.
16



This thesis is arranged in 4 chapters. Chapter 1 contains a brief literature review, chapter 2
contains a description of the study aaeal datasourceschapter 3 includes methods and results,

and the final chapter includes implications, limitations, and directions for future work.
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Chapter 2: Study Area and Data

2.1 Conservation Framework

To address the threats facing Alberta grizzly pegulationsNielsenet al.,(2006)laid out a
framework for assessing and managing grizzly bear populations in Alimenthich they

compared spatial occupancy models to records of hwoaased mortality events, creating a
sourcesink habitat index to prioritize conservation action. Subsequenthgeceation areas

were designate(Nielsenet al.,2009) and Boulanger and Stenhouse (2014) continued within

this framework, assessittige effect of road densities on survival and recruitm@mtrent

conservation management has been informed by that work. The Alberta Grizzly Bear Recovery
Plan identifiesseverbear management asdzased on distinct genetic groupings of grizzly bear
populationsFigure 3 displays the broader context of habitat conservation areas relative to road
developmen{Transport Networks in Canad CanVec Series Transport Feature2017) Core
conservation areas have been identified as having high value habitat with open road densities of
less than Bkm/kn?, while secondary conservation areas have an open road density threshold of
0.75km/knt andwereestablished to buffer and increase connectivity between management areas

and allow for population expansion and recovery.
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Figure 3 Displays road densities for development context across the entirety of Alberta, with Be

Management Areas delineated. Road data from CanVec topographic data series, Natural Resources Canada.
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Yellowhead Bear Management Area
Alberta, Canada

Hinton, AB

Yellowhead Study Area
m Banff National Park
Jasper National Park
m Lidar Coverage (ca. 2007)
Elevation

Meters
High : 3707

- Low : 765

Kilometers

UTM NAD 83 Zone 11N
September 2017

Figure 4 The Yellowhead Study Area in westentral Alberta, Canada. Note that the lidar coverage does not

extend intothe mountains, where Jasper and Banff national parks are located.

20



Thefocusof this research is théellowheadBMA (Figure 4), whichincludes portions athe

alpine, subalpine, and montane natural subregions of Alberta to the west and the upper and lower
foothills subregions in the central and eastern parts of the study area.

In westcentral Alberta, the front range of the Canadian Rocky Mountains and the upper foothills
to the east are dominated by forests in pure stands of lodgepol®pine ¢ontord) or mixed

coniferous stands with associated bldeicéa mariana or white f. glaucg spruce. At higher
elevations Engelmann sprucd®( engelmannjiand subalpine firK. lasiocarpa are also found.

On lower, mesic sitesnixed stands of aspeRd@pulustemuloide}, balsam poplarR.

balsamifera, white spruce, and lodgepole pine are fautahging wetlands and muskegs exist

at all elevations due to the geomorphology of the area (Natural Regions Committee, 2006;

Tande, 1979). The dominant tree in thestlands is black sprug®umanksi et al., 1972)

The westermportionof the study area is composed of the protected areas of Jasper and Banff
national parks (860 km?). Immediately east of thogeotected areas, the Coal Branch Public
Land Use Zone occupies B72,700 km?, which, combined with the protected aresspresents
more than 57% of the recovery zone for bears in the Yellowhead @Wb&rta Environment

and Parks, 2016) o the east of the protecteaas of Jasper National Park and provincial
wildland areas, coal mining, energy developmant forestry operations dominate the
disturbance regime for approximately 10RO km, transitioning to agriculture at the eastern

edge of the study area.

Historically, the disturbance regime is dominated by fire (Tande, 1979), though two distinct

patterns can be resolved with available data. In the mountains where drought is more infrequent,
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mean fire return interval was negatively correlated with elevasind fires tended to be more

severe standeplacing events (Tande, 1979). Lower, in the foothills-iosnoderate severity

fires were more common and maintained a mosaic of complex, uageestructured stands

(Amoroso et al., 2011 However, effective fire suppression began in 1918l the dominant

drivers of secondary successionvesshiftedto forestharvestand associated road construction,

mining operations and energy sector develepirand exploration, recreation and tourism

(Hood & Parker2001; Pigeon et al., 201Roever et al., 2008; Nielsen et al., 2004). These

altered disturbance patterns change vegetation structure and dramatically increase the proportion

of forest edge, an attractive habitat typebeargNielsen, Boyce, & Stenhouse, 2004)

2.2 Deriving the Habitat Domain from Remotely Sensed Data

Broadly, | quantified habitat with two data types: topographic and-éd18/ed vegetation

structure metricd. declined to include information about community composition such as land
cover classes because my objective wadetermine whether Al-8erived poducts could

effectively model habitat selection. From an ecological perspective | assumed that when
combined in a multiple regression, information such as terrain wetness, aspect, elevation, canopy
cover, or height provided sufficient information to dése a habitat unit in a way analogous to

land cover classe$hat is | assumed thdhe information provided bghose metrics would

reliably describe the fundamental conditions thetermine a landcover clagsor examplethe
information contained inrealpine landcover class would be describethieyariables elevation

(> 2000 m ASD, low TWI values, and canopy coveear 0%.
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2.2.1 Elevation Products

Topographic metrics were derived from the Shuttle Radar Topography Mission (SRTM) Global
Digital ElevationModel (GDEM), and vegetation structural metrics were Atl&ived.The

SRTM producedmaccurate (mean absolute height error in North America < 10aajglobal
elevation model a 1 aresecond resolution (30 m pixeldjarr et al., 2007From the ®EM, |
guantified finescale topography using th@pographiavetness index (TWI, also known as
compound topographic ind€¢&<TI)), a measurement of topography that is highly correlated with
soil moisture content, depth to soil horizons, and presence of vegéReicet al., 2010)

defined as:
Yo OO §6— Q)

where Qs the area of the upstream catchment and the slope is measured in tiustesm
catchment area was calculated ugmgfill sinks, flow direction, and flow accumulation tools in
ArcGIS (ArcGIS [GIS Software]2010) To account foeffects ofaspectnd slopel calculated
slope aspect index (SAI) as dabed byNielsen et al(2004) defined as:

YO OOEdbi N Qg v — (2)
where aspect and slope are calculated from the GDEM and measured in dajfteskpe, and
aspect have been shown to be important variables for habitat selection in grizzly bears
(Chetkiewicz & Boyce, 2009; S. E. Nielsen, Boyce, et al., 2004; Pigeon et al., 2014; Pollock et

al., 2019) Both metrics wereepresented as 30 m resolution raster images
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2.2.2 Lidar/ALS Products

The Government of Alberta has acquired near-teallall coverage of ALS data over

provincially managed forested lands covering > 33 milliothladareavailablefreeto

biodiversity reseahers.Other Canadiaprovinces have since begun laigmale acquisition

efforts to aid forest inventory projects, however Alberta was the fiestdaire such a large

datasetOver the eastern 21,000 kwof our study area, ALS data were acquired betwéarch

and December across a range of years (2005, 2006, 2007, 2008, & 2012) with an average pulse
densityof 1.2returns/m The fAgroundo class was derived wi:

(Axelsson, 1999and used to normalize the point elevations to height above ground level.

| calculated twaanopy metricérom the ALS datdo represent the height and cover of stand
Point cloud distributions were summarized as a 20 m rdsissessedegetative coveas the
percent of all returns > 2 treight | characterized height using the™gercentile of return
height(P75) Forest edge was defined first by classifying A& point clouds into either
fiforest or finon-forest; cells witha 95" percentile of return heigtfP99 > 3m and cover >
20% were classified as foreand othercells were classified as ndarest.A 3x3 majority filter
was applied sing this binanforest/nonforest maskandsimple Euclidean distancastes were
generatedavith aminimum mapping unit of 20 nT.he distance rasters were generatephrately
to calculate distance from forested pixels and distance frorfianested pixelsThe raster
denoting distance from forested pixels was multiplied hyand the two distance rasters were
combined. Thereforepfested pixels hagositivevalues of distance to forest edge and-non
forest pixels hadiegativevalues with the minimum distancigom edge being eithe20 or 20

meterg(the resolution of the rasder
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2.3 BearLocation Data

For this researchusedglobal positioning system (GPS) teletrylocations of grizzly bears
collected through the fRI Research Grizzly Bear Program from 20724 to coincide with
broader time periodf thestructural conditions assessed by the ALS,dataugh individual
yearswere often mismatchedhis introduces a potential source of disturbamekated bias,
where forest harvest may have occurred after the ALS acquisitionfdduwe mismatch between
acquisition dates is severe and bias is introduced, | would expeeased selection for interior
stands ad decreased selection forest edges. Additionally, | would expect the model to
validate poorly duetothe noi seo of harvested stdaawvwss being r
statesA Landsatderived disturbance layer or a record of logging activiteegddcbe used to clip
the lidar dataset, howeveassumed that therocess of generating sample relocations would

account for this potential bias.

Theoriginal, completeGPS dataset included location data for 123 bears spanniggarse

19992017 .Bearcapture and handling procedures followed ethiaadardsutlinedby the
American Society of Mammal ogi st s &ialACounaian Car e
Animal Care, the Animal Behavior Sociegndthe criteria identified by Powell and Proulx

(6CCAC guidelines on: the care and use of wil

(@)

animals in behaviour al resear ch aanrn, Sikea c hi ng
and Mammalogists, 200@s cited inCattetet al, 2008) the procedurewere authorized by

provincial permitting authorities (Alberta Department of Environment and Sustainable Resource
Development, Alberta Tourism and Parksy well as fderal permitting authorities (Parks

Canada)Boulanger & Stenhows 2014) Bears were captured using {egaring(up to 2009)
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aerial darting from helicoptersr culvert traps They wereanesthetizednd fitted witheither
Followit AB (formerly Televilt, Lindesberg, Sweden) or an Advanced Telemetry Systems

(AdvancedTelemetry Systems, Inc., Isanti, Minnesota) GPS radioo@lattet et al., 2008)

Location datavere collected at a variety of sampling rates: froamiiButes tcevery 4 hours

with the m@t common sampling rate being hou®yevious analysis of these GPS data
demonstrated positional accuracy ofBO m (Stenhouseunpublished data)Because | was
interested in the fingcale effects of habitat structure on movement, | opted to use a 1

sampling interval as a compromise between temporal resolution and sample size. The process of
filtering GPS collar data collected at intervals gretttan thr andrarifying GPStrajectories
collected at a finer temporal resolution ultimatelyninated -98% of GPS locationffom the
datase(501,341 tdl2,177points) This includes eliminating GPS data collected outside the
interval of years 2002014, whichwas done to help ensure the ALS data represented conditions
on the ground during the analysfdthough grizzly bears in the region are predominantly a
crepuscular foraging speci@dunro et al., 2006)l did not filter out diurnal and nocturnal
movements due to tteample size restrictions that would have impoBeda cleaning and
structuring was done using thetiyversepackages in association walmt(Signer et al., 2019;
Wickham, 2017)Because bears are knownutilize food resources differentially according to
their availability throughout the yeéXielsen et al., 2003; Nielsen et al., 2004pecifieda

priori thatl would stratify locations andnalyses to seasonal periodfigpophagia (den
emergencé 15 June), early hyperphagia (16 Jub® August), and late hyperphagia (16 August

T den entry)Nielsen, 2005)Hypophagia, the postenning periodis characterized by scarcer

food resources and caloric intake comparable temlbernating mammals. Hyperphagiaais
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period of increasing caloric intake preparation for hibernation awdrrespondto greater food
availability (Nelson et al., 1983As bears are known to display different patterns of selection
according to their sex, age, and reproductive statlsp strafied individual models according

to sexclass male(including subadult and adult)female(including subadult and adult)and
females \ith cubs older than 1 ye@ifWC). | excluded females with cubs of the year (CQOY)
because of the altered movementgrais displayed by females with COY (Stenhouse, personal
communication)In the final filtering step, temoved alkollar-seasons with fewer than 50
observationsThis partitioning of the data created 9 independent datasets for Wdstimated
separate resource selection functidreble 3presents the final GPS location totals for each data
partition.Finally, reliability of GPS collars is known to vary according to habitat tgpe, that
locations within dense canopy forests or ctampsteep terrain are less likely to be sampled.
This introduces a potential source of type Il piekich may be adjusted for givarsample of
collar fix probabilityacross a range of habitat types for a given area, however given the age of
the datasetwas unable t@account for this, and acknowledge it as a caveat for future research

(Frair et al., 2004)
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Table 3 GPS location totals by individual, year, and season. For a given individugiear, 3 values are

displayed corresponding to hypophagia, early hyperphagia, and late hyperphagigespectively

2008 2009 2010 2011 2012 2013

Males

G110 0]259|51

G112 0|84|0

G114 121|0]0

G115 0]141|0 0]251|354 63|54|0

G120 0]0]116 238|169|0
G127 124/0]0
G128 0]0]138
G129 0]0]199
G150 0]161|223
G151 0]229|288
G152 0169|362
Females

G016 0]235]0 0]253]0
G023 0]217|0

G037 0]172]0

G111 0]0]325 275|230|0 212|131)203

G113 197|251]445 245]109|0

G117 94|88|0

G118 0106|116 0162|188

G119 0]236]406 335|253|359
G126 96|67]0
G153 0]0|263
FWC

G016 0]263|0

G023 135|218|333

G037 0]241|0

G111 148|264|0 213|0]299
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Chapter 3: Methods and Results

3.1 Lidar Processing

Alberta Environment and Parks provided a 925 GB lidar dataset comprised of 22,200 .las files
covering 23,937.49 kfand containing 38.24 billion points (1.6 pointé/nData were quality
checked and then processedisteps using LAStools softwafesenburg, 2016)First,the

function lasvalidate was used to ensure files conformed to inditatrglards for accuracy

(ASPRS, 2015)Secondtiles were buffered 25 m to facilitate a ppsbcessing mosaic using the
function lastile.Third, a 2 m resolution DEM was created for each tile using classified ground
points and théunction blast2demnf-ourth point heights were normalized relative to ground
elevation using the function lasheighitth, the .las files were converted to a raster format
canopy height model (CHM) representing the height of vegetation using |e&igthd.the

function gridmetrics was used in the FUSION software package to summarize the configuration
of points in an arebased approach, calculating descriptive metrics at a 20 m resolution

(McGaughey, 2016)
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Figure 5 Map of lidar tiles processed to describe habitat.
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3.2 Step Selection Functions

For theanalysis| used integratedtep selection functi@ianalyse$iSSHISSA) to model bear
resource selection as descrilimdAvgar et al.(2016) An extension of the RSF framework

(Manly et al, 2002) theiSSFis a discrete choice modilat compares used locations to a

spatially explicit sample of available habitatdiffers from a step selection function (SSF) in

that itaccounts for the movement process in estimating regression coeffi€iergster et al.
(2009)found that failure to account for the movement pssdeads to biased estimates of

habitat selection. The iISSRakes several assumptions to account for this. Rirstassumed

that movement is the product of two independent kernels: a haduggiendenimovement

kernel (representing the movement ofaaaimal across a homogenous landscapé)a habitat
selection kernel (essentially an RS&&cond, it assumes the movement kernel is generated via a
distribution of step lengths from the exponential family and a normal distribution of turn angles
(von Mises). The iSSF acknowledges that the domain of habitat available to an animal changes
through time andit can beassumd we can model the changing availability beld@hnsots

(1980)second order of selectignthe home range

To model changing availability, the iISSF paissecutivé y u s e bbcatiomsa soerdo fus ed
steps 0ith some number aandomly generated c o nt r o | ooriginatingat thetsame n s
starting | ocstepsdFgureb6 illustratesithergeersl @rdcess for using an iISSF.

Habitat domain characteristics can be summarized along the full length of the step, or only at the
step endpoint. Heréuseal the step endpoint to characterfritat componentsecause thpath

between the step start astgp end were not observéithese paired steps are assigned a unique
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step ID and can then be compared using matched case:control conditional logistic regression,
which estimates an independent intercept variabler each step IFortin et al., 2005;
Thurfjell et al., 2014)Thus, the iISSF relaxes the independence assumption for paired steps, at
the cost of an estimate p§pFor this work,] assume that animals select habitat with the greatest
utility to themi that utility is proportional to an exponential function of a linear combination of
our habitat descriptor variables such that our RSF value is:

0 H A £ €)
wherex are ourk habitat descriptors that describe the end point oftsfpe data structure used
in the conditional logistic regression is summarized in table 4, with a cluster indicating an
individual, strata totals indicatinge number of case locations, and total observations indicating

the range of summed case:control clusters for a given data partition.
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Movement Data

'

Define Used Step (case data)

* Consecutive locations 1 hour apart
* Minimum 5 hours between steps

* Generate unique step ID

!

Define Available 5tep (control data)

* Check fit of theoretical distributions

of step lengths and turn angles with used

steps

* Generate random steps from distributions,
with origin at step starts

|

Sample Habitat Descriptors
* Characterize habitat by sampling
descriptor attributes at step ends

I

Statistical Analysis: Conditional Logistic Regression
* Response: 1/0, case/control

* Predictors: habitat attributes and In{step length)
* Strata: unigue step ID

* Random effect: Individual bear ID year

Figure 6 illustrates the general process | used for using integrated step selection analy3ike figure is

modified from figures presented in Avgar et al. (2015) and Thurfjell et al. (2014).
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Table 4 GPS location data sample breakdown. Observations were clustered by individual; the range of strata
totals indicatesthe range of observations for each individual. A cluster would be the set of locations for an
individual for a given collar-season @bservations for one year), and the stratum is the combination of used

and unused locations for that cluster. Some individua do not have clusters across all seasons.

Sex Season # Clusters Range of Strata Totals  Total Observations (1:10 Matching)
Male
Hypophagia 4 50-190 4796
Early Hyperphagia 9 43-207 13343
Late Hyperphagia 8 41-290 15224
Female
Hypophagia 7 75268 12804
Early Hyperphagia 14 54-202 22099
Late Hyperphagia 8 93-356 20273
Female W/ Cubs
(FWC)
Hypophagia 3 108170 4356
Early Hyperphagia 4 174211 8668
Late Hyperphagia 2 239266 5555

The iISSHs a type Il resource selection study design that allows analysis of each individual in a
population and requires that animals be randomly sampled from the population. Additibnally,

is assumd that the distributions of the variables that charactdrat®tat do not change over the

study periodManlyetal.,2002) lal so assume that dani mals have
avail abl éMahlyetah, 2002y p. $49vhich may be violated if the influence of spatial

memory and navigational capacity on movemesmbnsideredThis assumptiosupported my

decision to eliminate females with cubsthe-year, as they are known wilize habitats with the

objective of reducing infanticide by male grizzly bears.
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To model the availability domaihgenerated unused steps asugbiased random walk, where
step lengths were drawn from an empirically fit gamma distribution, and turrsamgte drawn
from an empirically fit von Mises distributioBoth distributions were fifrom collar data

aggregated at the seeason level.

By using a gamma distributido generate control stephe properties of the estimatarffsep

length) IN the conditional logistic regression allow estimation of the scale parameter governing the
unobserved, selectieinee distribution of step lengths, reducing bias of other estimators and
allowing for hypahesis testing within a pseudeechanistic movement model framew@fvgar

et al., 2016)/ Lfstep lengthyWas not included iequation3 as it is not relevant to the underlying
habitatselection kernelncluding thecosine of the angular deviatiorom the previoustep
regression would allow estimation of the concentration pararaetee underlying von Mises
distribution However | declined to includéhe estimateof this parametem the iISSFue to a

general lackof-fit of the distributionto the observed turn angles.

Normally, residuals of conditional logistic regressimre assumed independent and follow an
extreme value distributiofHosmer & Lemeshow, 2005 owever, as individuals are known to
display partialar patterns of selection and spatial memitrg, known thatmovements of an
individual are correlated.o handle this correlation structusemixed effects conditional logistic
regressiorwas usedavith a random effect added per individypar yeatto account fomont
independence within individuals, and fixed effects of habitdteastep level, as demonstrated by
Duchesneet al.,(2010) Thetwo-step estimation procedure developeddgiu, Duchesne,

Fortin, & Baillargeon (2011and implemented in thBwoStepCLogiR packagéCraiu et al.,
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2016)was used to applgonditional restricted maximum likelihood (CREMig the dataln this
approach the authodescribe the derivation of the likelihood for a utility functiemilar to
equdion 1aboveto create a mixed effects conditional logistic regressiodelling habitat
utility for & p 10 in@viduals for the location®  p I Th8idhcy, 8 fgm are the values
defining thed -dimensionahabitat domain of locatioi®

Therefore, the final RSF valug ) is:

0 Q - (4)

wherg is a vector of fixed effectspis an i.i.d. vector of random effects for individéafrom

the multivariate normal distributiadh 1} ,and K i s a di betyweenchustedry str uc
variancecovariance matrixzrom here on, | will be referring to RSF sco(é$ as utility, as it

represents the potential utility a habitat unit mayrepresent to an animal. Because the

conditional logistic regression does not produce a probability of selection for a given habitat unit
(there are no intercept estimates in the equationgendered predictions of habitat utilifigr

plotting purposes.

3.3 Model Selectionand Validation

A suite of 6 candidate modédls eachseason peindividual beatyearwere developedill of
which were buil t thatmduded dnlyaopofrapbic variablasmographic
wetness indeXTWI), slopeaspect indexSAl), and elevatiodDEM). The models represented
hypothesized relationships between bear habitat selection and the vegetation structure metrics

(with the core model representing the null hypothesis of no effect of vegetation structure)
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declined to usaforward selectiomprocedure for modedelection to avoié datamining
approach that may have resultecgimodel that was difficult to interpresbm a pragmatic,
implicationsdriven point of viewThecorrelation between variablegss evaluatetb minimize

risk of collinearity between predictor variablésble 5)

Table 5 Pearson correlation between candidate predictor variables.

% Cover
TWI SAlI DEM P75 Canopy Height >2m Forest Edge Distance

TWI 1.00 0.06 -0.29 -0.04 -0.04 0.02

SAl 1.00 -0.06 0.04 0.05 0.01

DEM 1.00 -0.34 -0.26 -0.36

P75 Canopy Height 1.00 0.87 0.65
% Cover >2m 1.00 0.69
Forest Edge Distance 1.00

The first alternative mod@ssumedn independent, linear relationship between selection and
height anccover. Despitethe correlation between height and cover, | included both in several
candidate models due to their interpretability esletionship with forest succession. | expected
thatshould the model be unable to determine the relative effects oErplamatory variable, the
validation procedure would identify the problem and the model could be revisegecond
assumd intermediate values of height and cover may be prefearetit assumd independent,
guadratic relationships between selectiod height and cover. The third alternative assumed a
guadratic relationship between height and selection, and an effect of cover that varied with
distance from the forest edge. The fourth assumed a relationship between height and selection
that varied withdistance from the forest edge. The fifth assumed a relationship between cover
and selection that varied with distance with forest edge. The final alternative assumed a linear

relationship between height and selection and independent relationships betwerethe
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distance to the forest edge, and selectiomddition, a seventh model was developedthoc

using a reduced set of variables from the core and the forest variables, focused on parsimony
with a terrain variable, edge distance and covevascrossvalidated the same walyorthe

posthoc model TWI was used as therrain variable, as wasnot only correlated with riparian
areas but contains information about local (or-Boale) relative elevation. Edge distance and
cover were selected as variables based on the strengtidence indicatingreference for

forest edge¢Table?) and addednhterpretability of cover aan independent variable mediating
selection over P75 canopy hei@h®P75 height and cover are correlateddthe relationship

between cover and sudanopy vegetation is well established.

For model selectiorgnalternativemodelwas fitfor every collarseason and tallied the model

with the lowest AIQ(Akaike, 1973) Following the procedure d?rokopenkeet al.(2017) The

model with the hiagrbssalimodelsak $electedifto indisidualgpined t o
effects only) split by season, for a total of 59 talliElsis method is analogous to AIC weights
randomly selected without replacement 80% of steps for each individual bear in each season and
held the other 20% in reserve for validatidhis procesaas repeated0 times. The sample size

for each of the 9 data partitionssismmarizedn Table4.

To evaluate model fitL0-fold crossvalidationwas use@ccording tadhe procedure described by
Boyce et al. 2002) Utility was calculated foeach populatioraveraged segeason class and
thenpixel-basedecile breaksvere estimatetb divide RSF score@itility) into 10 equalarea
bins The frequency of observationseachRSF bin from thevalidation dataset (described

above)for each of the 10 replicategms evaluatetb estimate robust arealjusted frequencies
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and used Spearman rank correlation to determine the sti@hfththe relationship between

RSF bins and areadjusted frequencyA model that performed as well as a random guess would

be expected to have approximately 10% of obse
calculation of near 0, indicating morrelation.For ease of comparison in figurdssentered and

scaled all independent variables prior to model fitting to allow for comparispig&tiveen

variables.

3.4 Results

The final tally indicatedhat overallthe model including core variables, tlei, edge distance,

and the interaction between height and edge distance had the greatest Bofipotasses of
female had higher tallies féihe model including cover instead of heigidwever there wee
enough tallies indicating support (6 adaersus 8 and 4 for females and FWC, respectively) that
thesame model for all sexeason classegs usedThe results of the AIC tally procedure are

displayed inTable6 below.
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Table 6 AIC tally results summarized by sex classEach sex class includes all tally results for each season.

Bold numbers indicate the highest tally for that sex class.

Model k Male Female FWC  Total Tally
Core 4 1 2 1 4

Core + Height + Cover 6 5 3 0 8

Core + Height"2 + Cover~2 8 3 3 0 6

Core +Height*2 + Cover + Edge Distance + Cover * Edge Distance 9 2 0 0 2

Core + Height + Edge Distance + Height * Edge Distance 7 7 6 3 16

Core + Cover + Edge Distance + Cover * Edge Distance 7 3 8 4 15

Core + Height + Cover + Edge Distance + Cover * EDggance 8 0 7 1 8

Sum of Individuals 21 29 9 59
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3.4.1 Fully Specified Model

Figure 7 Crossvalidation results. Purple lines indicate population averaged frequencies and green lines
indicate subjectspecificfrequencies. Error bars denote minimum and maximum frequency values across all
10 folds. The dashed line marks 10% of observatiorisif model predictions were random a uniform

distribution across all RSF bins would be expected.
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