The Joussal of Wildlife Maoageraent §a(1%138-148; 2020, DOT: 10,1002Fwwg 21781

Research Article

Hiding Without Cover? Defining Flk
Security in a Beetle-Killed Forest

BLAKE LOWREYS? Montava Deparrment of Fish, Wikdlife und Parks, 1400 Suth 19* Sereer, Ruzosan, MT 50715, USA
JESSE DEVORE, Muisana Thpartvuny of Fisb, Wil and Parks, 1900 Sk 29 Spreet, Boweman, KT 52718, Us
KELLY M. PROTFITTE, Monians Departmint of Fich, WAl and Parks, 1900 South 19% Styeer, Bozsomon, MT 59718, US4

ROBERT A. GARROTYX, 7 and Willlife Erology and:Mariagenent Prograw, Departmint of Bealegy. Meontona State Universizy,
310 Lowste. Fiafl, Rogmar, M 5$9727, USA ‘

ABSTRACT Recent mountain pine beetle (Dindradtonus ponderisae, pioe beetle) outbresis in the western
Uriited States have affected neatly 18 million ha of gint (Pinus spp.} forestand ase unprécedented in spaial
exteat, veverity, and durition, yet latle is known about wildlife responses vo farge-seale Ingect uthreaks. Rk
{Cerems canadingis) are important-wildife whose domivant management padign o public Tands hias foonsed
ou providing seousity Babitat to increase survival during buriting scasons and w _maintaly ¢k presenge.an
public lands to promete unier oppw T'o assess the effect of pine beethes 2nd associared changes in
farest strocture o ol secarity, we used & time series to charicterizg cenopy cover pre- and post-pine beede
outhreak; characterized relative canopy cover-among the domiinant forest types i tie study s post-pine
Yeetle outhrezk, and useti g&}ﬁ}:z{ positioning system location data fom male and female elic to define babitat
relationiships and security during the archery and rifle. hunting seasons. Oue study aréd was within the Eliiom
Mountains of sourhwest Montans, USA, 20152017, which experienced 0% mortality of lodgepole pine
(Pirins coitoriu} foreats éunng a ping beetle outbwaiﬂiz.%' -pealed in 2008. We dbserved an 8.5% reduction in
<aniopy Cover within n pine besfle-infested Iodgepole pisie forests, yer canopy cover remained relanverr thgb
Among, m:hex famst typcs post«t:“iﬁrea%. The topsranked habitet security miodels contained positive rela-
o - pevey (Lamncc o motortzell 1ouLes, ferran taggedness, mz:é siope-with few notalde
iffererces nmong sexes and seasons. Across sexes and scasors, 75% and 5006 of el use wes within areas with
‘avetage canopycover values 2314 6.65 (SD)% and 253 £5.7% thar were an average of 22,072 % 187 5%
and 23456 4157 32 m From 2 riotonzed vote, msycctm:ly Thexefors, we recommend i%til elk. s:ecunty he
defiried a5 sxeas that mieet thsst edteris forminiidin cariopy cover and distance from motorized routes in the
Elkhorn Moitaiss and 18 other imdsmpes with similar forest characteristics and hm&w:g pressures, Al
‘é}zmgh vig obsecved expected reducfions in canopy caver-within ping, beete-indested forests, :_iﬁiéha?:{uﬂ alorie
did not-appear © mgatm;ly affest elic serurity or reduge canopy cover below our managemest resom-
yendations, Nonctheless, because of £ the gmlmce of &tazsdgg_dvd irees in ous study ares, we recoramiend
future work that investigatss the relationships with pine beete-infested aveas p;;st»biawdm becduse changes
in growid struichire nd costs of losomotion may affect ellc habitat asd security. © 2039 The Authose. fousna!
of Wildiife Management published by Wiley Periodicals, Inc. o hehalf of The Wikdlifs Soclety!
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Recemt wountdl pine bettle (Dendrotonis pandzvosas, pinic
beetls) avtbresks in the western Undted States have affecied

nearly 18 million ha of pine forest and are unprecedented i

spatial extent, severity, mnd dusation (Chan-Mcleod 208,

Meddens et al. 2012, Tvan-etal. 2018). Danvage caused by pine

beetles tesults in videspread wee mortality, defoliation, and
eventl Rowdown of dead trees; and ¢an swongly influence
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forest coniowinity compodition and stfecrure, timber pro-
duction, wildére dynurrics, xod wildlife habirar (Jonking v al
2008, Klenner'and Arsenaule 2009, Pifer et ol 2011, Sirmard
et al. 2011, Sagb. eval. 2004), Wildlife respinses 1o ping beetle
outreaks- are dynamic and complex, and vy by i, sex,
seasow; and the cuthreak successional siage (Saaby ef 21 2034,

Femn er dl 2018) Understanding the effect of pine beede

ontbreaks is crificdl o land and wiidife mamgery tasked with
promoting and conserving witdlife populations where wide-
spread tree movtality has altered wildlife-habisss mlatxonshxps
duotgh. changes to forest structare, vegeration cormmunities,
and. nufrient ‘How (Chwﬁiséc}'md 2006). Akhough such
changes can bave profound f:ffm‘ts on wildlife and wre well
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studied when associaied with other nararal or managed dis-
turbances (e.g.; wildfire, prescribed fire, and timber manage-

ment), litde is known about wildlife' responses to large-scale.

insect outbreaks (Martin et al. 2006; Saab et-al. 2014).
Elk (Cervus canademu) have a broad distribution across

western. North Amesica and' can influence vegetation and-

plant communities: (Frank and Ewvans 1997, Hobbs. 2003)
and provide economic benefits' to' regional communities
through toutism and- bunting (Duffield and Holliman
1988). Elk mmanagement on publi¢ linds has traditionally
focused on providing. adequate ‘cover and forage while
mminimizing totorized joutes as the dominate attributes of
habitat quality (Hillis et-al. 1991, Lyori and Canfield 1991).

The rmanagement goals under this paradigm are to provide
security areas to increase elk survival dusing the - hunting
seasons’ and: to maintiin. elk presence ‘on public lands to
promote hunter” opportunity (Hillis et ak 1991). However,
the waditional Thanagement paradigm has been complicated
by changes in.}and usé practices and the inérease in non-
traditional ‘private landowners that aré more interested in
natural amenities than livestock production and may have
restricted public hunting opportunities on parcels that are
privately ewned (Haggerty and Travis 2006). This results in
non-hunted parcels that function as security areas but do not
follow the traditional management paradigm on public land
and challenge management. strategies in areas that strive to
maintain or reduce elk population sizes through regulated
harvest of adult females (Proﬁitt et-al. 2010, 2013).

Providing additional secusity areas on public lands

through policy changes (i.e., road closures) or habitatim-

provement projects, has’ been highlighted as an important .
manggement objective to retain-elk on public lands and.

reduce the redistribution of elk to private lands with reduced
or eliminated -hunting “opportunity (Proﬁtt et all 2013,

Ranglack et dl. 2017, DeVoe et-al 2019). Although man-

agemént patadigms have shifted to accommodate changes
in land use pracuces and attitudes towards <k on private
lTands, managing for security areas on public lands has-re-
mained an important management objective (Ranglack et al.
2017). chevcr, thie. avaﬁabjl:ty of elk security areas with
ample canopy cover miy be at odds with the incfeasing
prevalence of pine beetle-kitled forests across westérn Nozth
America. The loss of canopy _cover is one of the first

rieasurcs on. public linds o maintain desired levels of sur-
vival and rerairi elk on ~public_ lands during the bunting
seasons. Within the context of unprecedented pine heetle
outbreaks throughout western North America forests, un-

derstanding how insect outbreaks and other disturbances
thiat reduce canopy cover with. respect to wildlife secufity is

an important: management objective.

We used 2 multipronged observational approach. to char
acterize the reductions in canopy cover associated with pine
beetle outbreaks -and the effect on elk security in the
Elkhorn Mount:uns of ‘southwest Montana. We expected 1o

.observe a decline in canopy cover in infested areas pre- and

post-pine beetle outbreak and 2. general reduction in canopy
cover in infested forests relative to uninfested forests. With
respect to. elk secudity, g;ven the anticipated loss of canopy
cover associated with the pine beetle outbreak, we expected
elk to se security areas characterized by large roadless areas
{i.e., Secuiity patches) and rugged terrain, and we expected to
obscrvc an increase in selection for covariates associated with
the traditional security paradigm for both sexes across the
gradient of relative fisk associated with the, archery and rifle
hu.ntmg seasons (Rznglack eral. 2017, DeVoe eral 2019)

STUDY AREA
Ouir study area was broadly defined by: the Elkhorn Moun-
tains (2, 500 k% 1,141-2,866.m élevation), a relatively iso-

_ lated mountain chain in southwest Montana (Fig, 1). The

climare was characterized by short, cool summers (17.4°C
mean Jul temperature} and long, cold winters (—4.8°C mean:
Jan temperature) with mean agnual precipittion ranging
from 263 mm to 959mm (PRISM Climate. Group 2016).
The core of the study area consisted of public lands (46%)
predominantly :managed by Uniited States Forest Service- -
(USFS} and Bureau of Land Management, which were sur-
rounded by low elevation private lands (54%). We conducted
our study between 3015 and 2017, 7-10; years after the peak
of the pine ‘beete infestation in 2008. In total, the. pine beetle:
outhreak Xilled appm:amatciy 190km? (80%) of. lndgcpole
pine. forésts in the study area.

Lower elevations were dominated by a mixtare of open sdge-
grassland (eig.; big sagebrash [dreentisia tridentata), bluebunch
wheatgrass [Pseudoroegnaria spicatal; Idaho fescue [Pestuca

1 hwﬂﬁﬂmmm]“mughﬁsmwmmﬂuj"ﬂmgrmwwnwm

and is a.rguably the b1ggest change affecting wildlife
(Chan-McLeod 2006). ‘Although specific _management
recommendations ‘for security habitar have been sef for
patch size and distance to roads (Hﬂhs et al. 1991), man-

agement Tecommendations fOI C:!.IIOPY cover. have been more:

varied across the western Unired States; often: relymg on
general descriptive measures {i.e., heavy cover; Christensen
gt al. 1993). Although recent work has provided quantitative

recommendations for canopy cover based on 4 mieta-znalysis.
across:southwest Montana, USA (Ranglack et al. 2017); the

work did not include analyses of f forest systems affected by
pine beetles. The loss of cover after a pine beetle infestation
‘may increase elk’ vu]ncrabﬂlty and require updates to forest
management - guidelines rcgas:chng traditional  security

spp.])- and patches of timber (primarily Rocky Mountain
juniper [famiperus scopulorum] or Douglas fir [Pseudotmga
menziesii]). Additionally, cultivated: crops {pasture grasses and
leguminous forbs) bordered the: northern and southwestern
portions of the study area. Upper elevations were dominated

by diy -coniferous. forests (c.g., lodgepole pine, Douglas fir;
‘ponderosa pine [Pinus  ponderosal): with. small interspersed:

meadows (USFS et al. 1993). Sympatric. ungulates included
mule déet {Odociiles Beimioriusy; white-tailed. déer (O, virgin-
tanus), moose {Alces: alees), 20d a small population of bighorn
'shcep (Okis canadensis). Carnivores included mountain lion
(Puma concalor); bobeat {Lynx rufus), coyote (Canis laz'mm},
and. American black hear (Ursus americanus). Grey wolves

.(C .’upm) were transient in the'study area.

Lowrey et al. Elk Seeurity in a Bcct']l:»l{iiled. Farest
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The Elkhom Mountains are. within Montana. TFish, VVild]er
and Parks huntmg district {I{D) 380 one of Montana’s miost
popular ‘hunting areas: since ‘the-early: 1960s (DeSimone ‘and
Vore 1992, Montanz Fish Wildlifé and Parks 2018). Esti-
tnated hunter effort has continiied to increase dince the 19605
with record highs of 3,936 hinters and 31,786 humiter days in
2015. Male elk hanting iri this region is. particilarly popular

because of a unique spike regulation that generates a. relatively
high male:female ratio and'a. mature male age structure. When.

this " study occurred {20]5—2017), anyone with a. general
hunting license could harvest 2 spike or andeiless elk during

the archery season. Dusing the rifle season anyone with 2.

general hunting license could harvest a spike, and youth

hunters could harvest an antlerless elk. For éach year of the

study, the number ‘of limited either-sex permits. was. 120.
The miwmber of Timited B licenses. (a.nﬂc:lem elk) valid: for

either the éntife hunting district or-a portion of the huntmg
‘district was 700 in 2015, 800 in 2016, and 800-in 2017.

METHODS

Canopy Cover Characterizations

We used aircraft suivey data collected by the United Statés
Department of Agriculture Forest Flealth' Protection Avi-
ation Program 1o delineate pine beetle-affected areas ¢
observed by teee canopy d1scoloranon.md.tcatzqg.mortahty
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(UISFS 2017, 2018). However, the pine bectle délinéations
generated from aerial flights did not stri¢dy mirror the
patchy mosaic on the landscape and oceasionally included
grassland -meadows ‘or other landcover classifications not
affected by pine beetles. To reduce the contamination of
non-héetle-killed areas, we chpped the: polygons dellneanng
pine beetle infestations to include only the areas that over-
lapped with. lodgepole - pine or lodgepole pine shade-
intolerant mixed forest classifications as defined by the
Vegetanon Mappmg Program (Vl\’lap, TUSFS 2014).

We characterized capopy cover :in pine beetle-infested
forests using a time sedes from the Rangeland Analysis
Platform (RAP; Jories et al. 2018) spanmng 19902017,
inclusive of the pine beetle outbreak in the Elkhorn
Mountains. The RAP uses a combination of temotely
sensed and ground-based data to predict pez-pixel (B0mx.
30m) pefcent canopy cover across. the westem United
States. Although developed for rangelands, the RAP model
is an effective tool for describing changes in canopy cover
through time with a fine-séale (atnualy time series not
available in othier canopy cover layérs {i.e, LANDFIRE,
National Land Cover Databuse). To assess. changes in
canopy cover within pine bectle-irifésted forests over tme,
wee charactérized the percent change from historical canopy
cover Jevéls prior to the pine beetle outbreak (1990-2000)
within the 3 largest psne beetle polygons in the study area,
which totaled 111 km? and accounted for nearly 60% of the
'1odgepole pine forests mfes‘l:cd by pine beetle..

“To -assess changes in- canopy: cover hetween pine beetle-
infested forests and uninfested forests, we surnmarized the
percent canopy cover in infested and uninfested: lodgepole

pine forests. and ponderosa pine and- Douglae fir forest

dlassifications. In aggregate, these forest types contatned.

99%.of the forested fandscape within the. study area. We:

characterized the mean {+-SD) percent canopy cover in each.
forest type using'VMap canopy cover estimates fiom 2013,
! SFS 2014). These estimates répresented 3 mean response

of canopy- cover defoliation. associated with pine beetle

outbreaks approximately 5 years ‘after peak-infestation and
‘were the most recent estimates for the Elkhom Mountains
after the pine beetle infestation. “Moreaver, the VMap
nethods used to estimate canopy. cover were ‘specifically

(Johnson and Gillinigham 2008}, Collars on adult females
rémained on the animal for fife and on adult males
were programmed to automatically release after 4 years.

We censored all locations with posmonal dilution of
precision. >10 to reduce spatial imprecision {D'eon and
Dclpam: 2005).

Qur primary objective: was to characterize elk selection: fo
define elkc security habitat and inform’ land management
practices “on public lands. We focused -our security habitat
modeling on individuals that remained onands open to public
hunting and retained in our dataset only individuals that had
>50% of their GPS locations on Janids apen to°public hunting
{t.e., public Iands or private lands énrolled in Montina Fish,
Wildlife, and Parks hunter access program). To ficther targst
the periods when *hunting: pressure: most strongly influenced
elk behavior, we. zestricted our analyses t6-legal hinting hours
defined as 0.5 hotirs before and after sinset, '

We developed separdte séx-season résource selection fune-
tions using a used:available design (Manly et al. 2002) and
generalized linear miked-éffect models withi a random inter-
cept for each individual to account for autocorrelation within
an individual and unequal sample sizes among individuals
(Gillies et al. 2006). We fit mixed-cffeet models. using: the
Ime4 R package (Bates et al. 2015) and the ‘inverse link
fancdon, Qur used dataset was defined by the locations
collected from ‘GPS collars, whereas we sampled Waﬁabﬂlty
at-a 1:15 used 1o available ratio within each: individual’s an-
nudl 100% minimum convex polygon The 1:15 ratio ensured
a.sufficient sample-to avoid numerical integration error and
convergence issues given' the single focation. per.day: fix rates
of the. deploved GPS collars (Norﬂ)rup et al. 2013), We
characterized resoutce selection separately for the atchery and
rifle hunting seasons, which reflected varying degrees of
perceived fisk from low to high. Following the. legal defi-
nitions, the archery séason was the 6-week petiod starting on;
the first. Sararday in September, and the 5-week 1ifle: season
started 5 weeks prior to the Saturday after Thanksgivirig.

We eviluated multiple landscape attributes sssociated with
elk vuhlerabﬂ.tv including 3 definitions of security patches,
percent. canopy cover, and distnice to motorized routes
(Table ). Although commonly used in elk security models,
we did not include a covariate that described public or
private land owners}np because our analyses were resmcted,

developed -to note changes in’ canopy cover: assocxated.
[ISE

commumcatlon)

Security Habltat Modecling.

Dusing the winters of 2015 and 2017, we éaptured adult
15 elk by helicopter net-ghuining and dating in-
accordance. with an approved animal ‘welfare protocol

(Institutional Animal Caré and Use Committee Project

Number: FWP09-2014, FWP10-2017). We deployed
remote-upload collars (Lotek. Wireless model LifeCycle,
‘New Market, Ontario, Canada) programmed to" transmit

1 location every 23 hours through the Globalstar satellite
network, the exact timing of which varied ‘across collars.
Average fix success excluding data transmission gaps was
96 + 3%, indicating negligible laridcoverinduced fix bias

pubhc hunttng We dérﬁfed our r critetia for deﬁmng sec:tmty-:

'patches from' Hﬁhs et-al 991, which. has been mdely

mcorpma"'ﬁ"‘i_nto USES security habitat management
standards, and defined sécurity patches. as contiguous aress
of =100 located 0.8 km from an open momxlzg_ci_mute .
To evaluizte the impoxtance of canopy cover in definificns. of
elk security, the 2 additional security patch covariates. in-
cluded contiguous areas that contained >50%. coverage of
>15% and >30% canopy cover. In addition to the covariates
associated with the traditional managemient paradigm, we'
evaluated the umiportance of tefrain covariates associated
'with security: slope and mggcdncss For mggedness we used:
the vector ruggcclncss mieasure (VRM), 2 unitless mieasure
of landscape ruggédness integrating varigdon in siopt and

Lavrey et il, = Eff Secusity in a Beetle Killed Forest
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Table 1. Covariates -u_ss:d in male and femiale el security habitat modeling, Eikhors Mountains, sovthwest Montana, USA, 20152017,

Covarinte- Description. Functional forms* Reference ] N
Séctrity patch Contignons arezs of 2100 ha. Binary Fillis ex a, (1991), Christenses et al. (1993), DeVor et al. (2019)
located. >0.8 km from 2n open '
Security parch with ‘Contiguous areas. of 100 b Rinary Hiltis et 21 (1991); Christenges eral, (1993), DeVae eral. {2019)
canopy cover Joeated >0.8%km from ap open ’
‘motorized route and with-at
Yeast half 6f the sccurity patch
containing 15% and 30% canopy:
cover as 2 dufférenr covariates.
Cagiopy cover Percent cariopy cover. Ps USFS 2014, Ranglack et al, (2017), DeVoe eval, (2019)
Distance to rotorized  Distance {m}to motorized 2-track; Ps McCorquodale er al {2003}, Ranglack et il (2017)
routg dirt, o paved foad designited s
open to public use within each
respective hunting season.
Ruggednésy Vector ruggedness: méasure Ps Hillis et ab: (1991), Sappington et af, {2007), DeVoe.
(VEM): 2 unitless, measure of &t ab (20153, Lamont et al. (2019
landscapt’ ruggcdncss
integrating vaniation in slope
and aspect.
Slope Slope in degrees. Sq ‘Hillis: ct al. (1991), Ranglack etal’ (2017), DeVm: et al. (2019

* Ps = pseudatlireshold, Sq=squarcd or yuadratic; binary. signifies categoridal covariate for which we did not constder fuiictional forms.

aspect (Sappington et al. 2007). Follomng a large body of

literature from regional studies raodeling seasonal habitats
and security areas for elk and other ungulates, we used o
pseudothreshold (matural log) funétional form for canopy
cover, 'distance to motorized routes, and ruggedness, asd 2
quadratic farctional fori for slope (Sawyer et al. 2007;
Proffitt et al. 2010, 2013; R.zmglack et “al. 2017; DeVoe
et al. 2019)..

We wsed 4 tiered approach: to progress. from uitivariate 1o

multivariate models evalnating the traditional security metrics
‘and landscape attributes. In cachter, we identified the top-
ranked model for each sex and season using corrected

Akaike’s Information Criteron. (A1C; Bummham and An-

‘derson 2002). In. the first tier we fit univariate models for.

cich of the: security patch covariates (with and without
canopy cover) to-evaluate the importance of canopy cover in
defining sécurity patches. In the second tier we fit § candidate
models containing multiple combinations of covariates asso-
ciated with the traditional management pa.ra.d.tgm ‘on public
lands. Lastly, in the third tier, we added slope and: tertain
ruggedness as a. pmred combination to evaluate the #ddition

of landscape covariates. With the final model we w analysis.and the tidyverse snite (Wickham 2017} for-

outliers on the area under the curve and corresponding

management thiesholds; we removed from the avatlable da-

taset covariate valués that were well beyond the distribution
of values observed in the used dataser. For quadrauc go=

-variates {i.e;, slope), we noted the covariate value. that mad-

mized the relative probability of use for each sex and season.

We preformed model validation using a kfold cross:
validation within an jferative process where we withheld the
locations for. each 5 folds, fitan exponential rescurce sefection
function (RSF) with the data that were retained, and. then
predicred the. fitted ‘values for the observations- that were
withheld (Boyce &t al 2002). We then summed the: occur-

rence of used locations within 10 ‘equal-aréa RSF bins and

evaluated the correlation between the frequency of sccurrerice
and the selarive RSF score using the Spearman’s rank cor-

relation (Boyce et al. 2002); The adjusted. frequencies should

be highly correlated with: the relative: RSF if the model per-
forms well (Boycc et dl. 2002), We conducted all analyses and
data processing in the R environment for statistical com-

puting (R Core- Teamn 2018) in combination wuh the . sf
(Pebésma -2018) and raster (Hijmans 2017) packages for

PTEAICHive Plots TOf cach contnuous covarate while holding.

all other covariates ‘at their ‘mean valire. To provide man-
agement recommenddtions for covariates ‘with a pseudo-

threshold form, we. calculated cumulatwe elk use as the

cumulative area under the curve starting with the largest

probability value to ‘target the covarate range ‘with the.

highest refative probability of use. for cach sex and season. We

then identified the range of covariate values that corre-
sponded to 75% and 50% of the area urider the curve and

used the ‘minimum ‘vilues within the rarige to define
thresholds for security. ‘and - preferred security areas, re-
spectively. These values served as’ the ‘basis for our manage-
ment recommendations dnd reflect the narrowest covatiate
range assocated with 75% (security) and 50% (preferred
security) of elk use. To minimize the influence of extreme

RESULTS

data. manipulation and visualization.
o= P

Canopy Cover

The' reductions in percent canopy cover below historical

levels before the pine beetle outbreak (1990-2000) mirrored
the pine beede outbreak timeline with a 2-3-year lag after
the initial infestation (Fig. 2). Between the peak pine-beede

outbreak in 2008 and the following 2 years, there Was. an.

average 8.5+ 2.5% reduction in canopy cover within -the
pine beetle-infested areas we evaluated. After the pine béetle
outhreak and associated canopy cover decliries, canopy cover

'began to increase in 2010 and 2011, nearly ap_}zroac}ung |

historical, averages by 2015, 7 vears afrer peak infestanion.
w—_w“mm
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Figure 2. Twenty-seven-year (1990—2017) time series:of the-mean (£5D) pereent change i Eanépy caver from the histarical ‘average (1990-2000) for the
3 larpest parches of forest infested by mountain pipe beetles within the Elkhom Mountain study-area, southwest Montana, USA, 2015-2017. The yearof

-peak beetle infesration {2008) is shaded.

Within forésted portions of the study drea, forests classi-
fied 4s uninfested ]odgcpole: pine had the thhest values for
Jmean of

1596). Cano_gy cover 1 ___Pme beede~1nfeste Lerdg
ests_remained higher than canopy cover in . uninfested
Douglas fir and ponderosa pine Torests (including both in-
fested and uniinfested stands), which had 54 +18.9% and
27 % 8.7% canopy cover,’ Tespectively,

Secusity Habitst Modeling
We captired 59 adult (male=24, fémales 35, toral ex-
ludcs 3 individuals that died durmg capture} elk dunng the
winters of 2015 and 2017. To evaluate security on lands
open to public hunting; we'cerisoréd 4 males ind 12 femnales
that had >50% of their GPS locations on private lands that
festricted hunting durinig the archery and rifle seasons,
Among censored elk, 2 mean 6f 74+ 15% of male and
female GPS locations were in aréas with restricted hunting
access: Lastly, we censored 3 individuals (males=2,
females = 1ywithout any daytime locations within-a hunting

season. Among-the remaining 40 (male=18, fenale:= 22}
individuals, there were 72 animal-years with an average of

304205 GPS locations for each individual-seasart and an--
average of 572 +235 GPS locations for each sex-séason:

grouping. _ .

In the first tier of model selection, where we evaluated the
addition of 15% and 30% as canopy -cover thresholds 16
define security patches, security patwches definéd without a-
cariépy tover threshold were top-ranked for malés'in hoth
seasonis.and for fémales durinig the archery'season (Table 2).
The exception was. females- clurmg the rifle season where
security patches withi :30% canopy cover werk ‘top-tanked.
Nonettieless, there was 2 large degree of uncerrainty in the
top-ranked model and z difference of only 0.68 ATIC, units.
among the 3 usdivariate models, Because there was-not a
clear top-ranked model for females dunng the zifle season,
and to have. continuity among the ‘second” fier ‘sex-season
models with respect to security patch definitions, we. se--
lected security patches defined without canopy cover as the
top model for all sex-seasons (Table 2.

In the second tier we evaluated 5 univariate and multi-
variate combmatmns of the traditionial security metrics (i.e,,
distance_to motorized routes, canopy cover, and sécurity’

8§13

" canopy cover
b=
s

e
=

2 A

I

Ludgepéle pine

Beitle-infestedt Todgupole pine

' Dopplass fir ‘Pooderosa pine

Forest classification

Figure 3. Average canopy cover percentages {+5D) within. uninfésted and pine beetlitinfésted lodgepold pine; Douplis fir, and ponderasa pine forest

classifications, Flkhiom Mountains, sonthiwedt Montang, USA, 20152017
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Table Z. Habirat security model seléction reswts for tieis I-3-comparing used and avaifable locations for miale and ferale-elk in the archety and difle hunting,
seasons, Elkhom Moummm, southwest Montana, USA, 2015-2017, Models dre arranged by corrected Akaxkcs Informatgon Crirerion: (AJ.C,.) ranking. ‘We
also present the numher of p:uametc:s (K} and rodel weight ('w,)

Model tiex Sex-season Model” K AIC, AAIC, .  w.
“Tier 1% Security patch Female-archery.  Secuxity.00° 3 6,39.9,0_2- 000 o 67
© Sceurity:30: 3 640172 270 017

- Security:15 3 640186 285 016

Female-rific Security 30 3 437029 000 04L

-Scmmty 00 3 457086 056  0.31

Security.15 3 457097 068 029

Male-archery Security.00 3 3916.05 p.o0 100

Security.15 3 398458 6853 0.00

Security.30. 3 398468  68.62 -0.00

Male-rifie Security:00 3 213284 000 09

Security.30° 3 214085 791 0.02

_ Security.15 3 214085 791 602
Tier 2: Traditional security Female-archery:  Canopy cover + DMOT 4 6,267.63 000 1.00
' © Canépy cover ‘3 6293.88 2625 000

Canopy .cover + st.cunty 00 4 6,294.21 26.59  0.00

DMOT 3 636689 9926  0:00

_ Security.00 3. 6399.02 13139 000

Female-riffie Canopy cover + DMOT 4 24328.85 o0 100

Canopyicover + security.00 4 436395 3510 000

Canopy cover 3 4 382,79 53,94 000

DMOT 3 452733 19849 0.00

_ Security.00 3 457086 24201 000

Male-archery Canopy cover + DMOT 4 3,902.77 0006 Q78

o DMOT 3 390531 J2.55 0 622

Canopy cover -+ security.00 4 391324 1047  0.00

Setuirity.00 3 391605 1329  0.00

_ Canopy: cover 3 397472 7195 Q.00

Mile-rifle Canopy caver DMOT 4 2,096.46. .00 099

Canopy cover + security-Q0 4 2,105.41. 896  0.01

Canopy cover 32 110. 71 1425 000

DMOT 3 2301 &6 2520 0.00

Security.00 A 2,132.94 3648 0,00

Tier 3: Traditional and Jandscape secuity ~ Female-archery  Canopy cover+ DMOT -+ Slope? * rugizedness 7 623322 0000 100
‘ Canopy cover +DMOT 4 6267.63 3441 000

Female-rifle: Canopy cover + DMOT + slojie® “roggedness 7 430530 000 100

Casopy cover+DMOT 4 4328.85 2354 480

Male-archiery Caxnopy cover + DMOT + slope? * ruggedness 7 380899 0 00 100

Coropy cover+DMOT A 390277 9377 000

“Male-rifle Canopy cover + DMOT + slope? *ruggedness 7 202919 000 100

Canupy cover' DMOT & 2,096.46 6727 0.00

* Secutity:00 = secunty patch with no:canopy cover requirement; security. 15 and security. 30~ sectirity patch with-250% coverage’ of 15%.2nd 30%:canopy
cover; DMOT = distance to miotorized -route,

patches defined without a canopy cover ‘threshold froin the
first fier).. In all sex=seasons the multivariate model cori- =0.93, P<0.001, female-rifler 7,=0:99, P<0.001, male-
taining distance to-motorized routes and canopy cover wis a:chery: 7,=0.97, P<0.001, male-rifie; 7, =0:91, P< 0.001.

rclauve RSF for all sexcs and seasons (female-archery:

e e O P TATKEE Dy A T O 2255 (=18 2T = 1506 T AT Cr - Addin FeREEptions the  top-ranked
units {Table 2). Tn general, there was relatively more support  models produced smula: residlts dcross sexes -and seasons
for multivariate models than for univariate models and the  (Fig. 4). There was a positive ‘pseudothreshold relationship

least support for security patches as asingle predictor of el
secunty

In the third tier, the inclusion of slope and. ruggedness
1mpzowzd AIC, ranking in all sex-seasons by 4 minimum
reduction of 23,5 (& =57.74+-31.97) AIC, upits (Table 2),

resulting in the same model structure in the final model for
all sex-seasons, which contained canopy- cover, distance
to motorized routes, ruggedness, and slope covariates
(Appendix- A). Across all sex and sedson combinations, the
Pearson's correlation coefficients were. <0.4.

The top-ranked habitat security models performed well with
astrong correlation betwéen area-adjusted frequencies and the

with canopy cover, indicating increased séléction for ateas that
had relatively more canopy cover, and the relationship was
stronger for femalés than for males. Males during the archery
season had the weakest relationship with canopy cover and a
coefficient estimate that was neady zero (Appendix A),
resulting in a flat prediction line across the observed values of
canopy cover (Fig, 4). Although- between-season differences in
selection for canopy cover were modesr, both sexes selected for
higher canopy cover values in the rifle season than in the
archery season. The stronger relationship for females resulted
in higher canopy.cover thresholds associated with sécurity and
preferred security areas in both seasons, Ferrales during the
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The upper rug represents the available locations; whereas the lower Tug Tepresents the used locations) Thresholds yalues for.the archery (solid vertical lines)
and rifle {dashed vertical lines) seasons represent thié miidigoum. covaridte valied for secunty and preferred séeurity arezs ds:defined by the 75% and 50%
curmilative el use thresholds,. rr.sl::ec:uvely DMOT = disrance to motorized route.

- rifle season: selected sccu.uty areds contammg: canog cover
values 239% and prefert
cover values >6006.

"Fhe r_lationshxp with ‘distance to motorized routes was
posifive: in all top-ranked season-sex models, indicating in-
creasing selection for areas farther from. roads. This: relation-
shiip was steeper for females than for males and simifer across
“the rifle and a.rchcry hunting seasons (Fig 4). There was
strong overlap in covariate values delinéating security and
preferred secunty among both sexes anid, seasons. The mgst
conservative values were for males dunng the a.rchcry seasort
where security areas were defined as béing 22,303 m from a
road and preferred ‘security areas were 23,679:m: from 2 road.

‘Fhe ruggedness covartate had the most varied results arhong

sexes and seasons. Females had ‘a posifive association with

reducrons in canopy cover. We obscwe&g 5% refiuction

in. canopy cover tithin pine ‘becte-infesthd, lodggfﬂe pine:
foms‘ts mmpar_d—to historieal levels before\li-n;/pmc beetle
outbreak., Nonctheless, cinopy cover in pine b nfested
forests remained rclatively hieh (2=694 15%) and had.
higher cover values than uninfested Douglas fir and_pore
derosa pine: forests by 15% and 42%, respectively. The
presenice of canopy cover was am important component in
defining eIk sectrity and was an important predictor of male
and female elk distributions in.the archery and fifle hunting
seasons. However, given the relatively high degree of cover
offered by lodgepole pine forests, including those affected by
pine beetles; the changes in cover associated with defoliation
after the pine beetle infestation were relatively -minor and
did .not zesult in a meaningful reduction in canopy cover
below the tlﬁres.holds use.d. to define security and preferred

ruggedness during the archery season and 2 negative rcla-
RS = e — e

lationship was positive for miales with htt]s dlfFerence between
the rifle and archery sedson, both. of which had'4 stronger
relationshiip relative to females, The swonger zelationship for
males resulted in- relatively high ruggedness thitesholds asso-
ciated with: secrity ‘and préferred security areas, which oc-
curred in areas with' ruggedness values >0.03 and >0.05,
respectively. Lastly, the quadratic functional. form for slopf:
indicated an average. optimal slope value of 18 1.6° with
Little variation among sexes or seasons (Fig. 4).

DISCUSSION
Our study’ combined canopy cover characterizatiops with

wildlife habirat modclmg after @ pine beetle infestation to
assess the effect of pine beetle on elk security through

“/ATFGES"SEXes dnid RUTITNg SeASONS, eIk SCCUTIty
aregs contamed avera.bc canopy cover va.lues 230 + 6.7%
and contairied 75% of elk use on_ e Preferred
security”dicas, which contained 50% of elk nse on: the
landscape containied canopy caver valies 253 +5:7%. In
general, slthough we observed expected reductions . in
canopy cover within pine beetle-infested forests; the level of
reductions.that we observed in gur: smd did not appear fo
negatively affect elk security after the pine beetle infestation.
In addition: to the selection for areas with_higher canopy'
cgver, - secugity habitat in the Elkhorn Mountiins. was
characterized by positive associations with. Ainereasing dis-
tances from motorized routes, rélatively mgged slopes, arid
raoderate slope angles of 18°. Tn general, these. ﬁndmgs
corroborate with. other studies chamctenzmg elk secunt}’
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and habitat (Lyon and Canfield 1991, McCorquodale et al.  private lands when defining elk security. In conwast, our
2003, Ranglack et al. 2017, DéVoe et al. 2019). Although. recommendations were developed for male and female elk >ﬁ,.
the traditional definition of an.elk security patch that has  that predominately occupied larids open. to unrcstncted
been broadly incorporated into forest management {ie.;  public hunting and censored elk on private :
contiguous areas of >100 ha located »0,8'km from-an open stricted hunter access where elk may be less reliant-on areas
motorized route; Fillis et al. 1991) did not receive strong  of dense canopy cover fir fiom motorized routes ‘Because
support among our - candidate model set, our work lends hummg pressure 3s relatively lower. Second, although we
credence to the importance of canopy cover and distanceto  were unable to estimate Hunter densities specifically for
moiotiaed routes in defining - elk securiry,. lands open to unréstricted public hunting within our study:
The mj impértance of canopy cover i defining dnd managing  ‘area or across Montana, the Elkhorn Mountains :huntiri(g:)

‘elk security on public-lands is* varied across the western  district (HD 380) is subject to relatively high huntng 4

United States. In areas with. cxpansive. forest cover, elk'se~  pressure with record highs of 3,936 hunters and 31,78
curity can be influenced by road managenient along, yet  hunter days in 2015. Moreover, on average the Elkhorn
where forest cover is limited or patchy, incoporsting  Mountiins received 5.4 times (range=1.4-35) more
cdnopy cover into definitions ‘of elk security is is-also ig:,  bunters and 5.7 times (range = 1.4-28) more hunter days
portant (Christensen. et al. 1993, Unsworth et al: 1993). In than the populations from Ranglack et al {2017). Lastiz, in
contrast to the definitions for distances to mototized rotites contrast to Hillis et al. (1991), which. was. conducted  in

and patch’ size, which have largely followed the Hillis .densely forested systems-in westérn Montana; our- stu_dywas

paradigrn (Flillis €t al. 1991), the varied umportance of  1ocated in southwest Montana where cover is patchily dis- -
canopy cover: has resultéd in a variety of arbitrary cover  ‘tributed. Given our focus on public lands in the most:
définitions used to’ define elk security (Christensenr et al.  -heavily hunted district in Montana with patchily distributed
1993). A recent metd-analysis incorporating data from 325" forest cover, one would expectelk to have stronger selection

female elkcin southwest Montana that occupied publiclands  for forest cover and security -areas than when pooling ¢k

and private lands with restricted hunter access recom-  across areas with restricted and unrestricted hunting access
mended ‘managing for areas with >13% canopy cover that  (Ranglack ct-al. 2017) or when ‘working in systems that are
are, 22,760 m from ‘motorized routes when definin: largely forested (Hillis-et al. 19913,

s ecurity. (Ranglack ex 412017}, Their recommcndauons Although our results indicated elk contimied to. use areas

wete based on the covariare value. that. corresPQnded to half  affected by pine beetles post-infestation during the’ hunting
of the change i in the relative probabﬂ.(ty of use over the  season, regionally there have been mixed results regarding’

-abserved covariate range (Ranglack et-al. 2017). Although. el use -of ‘pine beetle-infested. forests.. In ‘south-cential

these-methods. may be well suited for relationships between ~ Wyoming, USA, Lamont et al. (2019) reported thar during
use and cover characterized by pseudothrt.shold curves with ~ sumimer female ¢k avoided pine béetle-infested forests
a sharp rollover, they are a:bitm:,y in the selection of- 0.5 and during néarly all pacts: of the ‘day and selected for intact dmd
less appropriate for curves with a broad: rollover where hatf  coniferous forests dusing daytime. The’selection for intact
of the total gain across the x- and y-axes tdy not residlt in  -forests during daytime in summer highlights the .néed for ﬂ%@é
meaningful managemient recommendations. Rather than  thermal refuge, which may be compromised in pine sine beetle-
provide 2 single minimum value, our approdch provided a  infested forests (Lamont et al. 2019).In contrast, Ivan et-al
range for canopy cover and distince to motorized routes  (2018) documented an increase in the use of pine. beetle-
based on the cumulative elk use anid our definitions of se-  infested forests by elk, mule deer, and moose during
curity and prefem:d security areas (i.e., 75% and 50% area summer months -acress COIOmdu, USA, presumably influ-
under the curve, respectively). Our results. suggest that  enced by increases in understory forage-associated with. the

15L £ sminimium canopy cover values between 23% and 60% and  decrease in canopy cover post-aefoliation, Given the host of

i,o ' distances to motorized routes between 1,846 m and 3,679 m  dynarmic factors that-can influence wildlife response to pine’

\;i ; CHATTCIETIZE THOS, €K Uee Within Ou LIRGOrn MOUntan — DEeHe THICSTAtons, Taly Of Which atc spatially and fem-

12 study arez for both sexes in both the archery and rifle  porally variable and difficult to quantify over broad spatial

. hunting seasons. Rather- than provide 4. smgie minimum.  scalés (i.e., number of downed trees), regional and taxo-

. recommendation, the tange of ‘covariate values and their  nomic :_gener_alizaﬁdns may prove difficult given the limited

zo?o " relationship with eIk use provides an alteémative approach to  numiber of studies: examining wildlife responses to pine

", providing . management fécoramendations that betrer a¢-  beetle infestations thatr-have been completed currently (Saab
'.2'-.2 commodates the vatied shapes of our predictive curves and et al. 2014).

meaningfully transtates to eIk resource use: An additional consideration in interpretations and apphi-

In addition ‘to different methodologies for defining  cations of our work was the successional stage of: pine
threshold values, there were important differences between bectle—mfested forests in our study area. An increase in
the study areas and study designs that may have contributed  fallen trees is presumed to influence wildlife mobility n pine
to the mote conservative recommendations regarding  beetle-infested forests with a hypothcsmed reduction in use
canopy cover and security from this study compared  associated with increased costs in miobility {Saab eval. 2014,
o Rang]ack et al. (2017} and Hillis et al. (1991). Fisst, Lamont-et al. 2019). Ourstudy occurred between 2015 and

Ranglack et al. (2017} included female elk on publi¢ and 201'7,-‘:'_?:10 years after the peak of the pine beetle infeszation
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in 2008, yet most of the infested wees were standing dead.
Given the lack of downed trees during oux study period, our
resulfs are specific to the period 1 post-defoliation but hefore
tree. blowdown. Although Lamont et al. (2019) did docu-

ment an increase in déwned tees in pine beede-itifested

forests, their study also occumred when treés were just

begixning to fall, 3-7 years following the peak outbredk.
Althéugh downfall in infested areas was not widespread, the
avoidance of pine beetle-infested areas during all parts of the

.day in their study ares was suggestive of a- down-tree effect

and lends correlative suppost 10 elk avoiding pine beetle-
infested areas and the associated increase in locometion
costs. (La.mont et al. 2019). In, Colorado, Ivan ét al. (2018)
did not desc.nbc the dcg'rec of dowrfall across -their broad
study région but-did. see ingreases in ungulate us: of pine

_beei:lc:’:-lnfesTur forest zerogs 3 different severities (10%, S0%,;.
and. Wmortalﬁy) spanning 0-—11 years after ‘initial

outhreak:

As pine beetle-infested forests transition from standing
dead to blowdown, understanding the effect on elk habitat
and security isan important consideration. Given the large
degree of canopy cover. provided by lodgepole forests on
public lands @nd the large percentages that have been af-

fected ‘throughout the western. Uhnited States, :elat:vel}_r

‘minor avoidance of these areis could result in a notable net
10§ T habitat. that provides demographic berefits through
increased security and thermal cover, As pine beetle-infested

forests contnue to. mature with incredsing proportions of

fallen trées; assessing theé degree to which these forests:are
selected.or avoided by elk and the effect on defnography will
be a'management priority. Additionally, the management of

adjacent or nearby intact forests may ‘become- increasingly
'unpurtant in providing elk security as infested stands

mature and potentially become inadequate for providing €1k
security.

‘MANAGEMENT IMPLICATIONS

We recommend -that managers include measures of caropy
cover and distance to motorized routes in définitions of elk
secunty and ‘encourage managers: t¢ implement seasonal or.
perinanent road closures in areas with forest canopy cover 1o
provide elif secumty duning hunting seasons. 1o the Elkhorn
Mountains and. other landscapes: with simiilar forest char

reduce rhe redistribution of elk to private lands that restrict:
hunting during the archery and rifle seasons. In the presence:
of ping beetle inféstations, we also. recommend prioritizing:
initact forests with. hlgh.canopy cover 1o:help retain secusity
areas. as inféstations mature and blowdown, potentially
further affecting habitat conditions within infested forests.
Because of the relatively narrow temporal ‘window of our
study, approximately 710 years after the beede infestation,
we recommend futire work that investigatés the relation-
ships with pine beetle-infested areas post-blowdown s
changes in ground structure mdy provide the biggest effect
to habizat and security forelk and other ungulates.
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