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ABSTRACT R!%!ertt mounmn- pine beetle .(Dm,lrodo;w p,md(tt'i)~·a,; pi.Ile beetle) oui;br~ in (:he wesrem 
United Sta~ Mve affected rn,adylS millioi1 ha of pine {Pinu.r spp.) fote.-:i"i:,~d ate unpreced~:m spatial 
extc..'lt, ,,evericy, and dumtion, y':et llit1e is known a.½out wildlifo-:respc;nses m l:u:ge--sc:ale in:sect outbreaks. Elk 
( C,?'f'U!t1 canader.si.i) a.re: iurpo1tant-wildlife whose domitmnt m.anagement parnrugrn or, public lands hzs: focused 
{'.III providing :iecm:ity- h:-ihitat to increase iH.tP,ival dmirig huriiing seasons Rnd to nµmtaih: elk eence. op 
p~tic lands to gromorehuni:er opp~- To assess the effect ofpine beedet and g$Soi:::iare<l cltmges• fo 
farost strn.ctu.--e: l?O clk. -,.ecurlty, we used s--func serie'> -fu ~terlze .::mopy wvfr pte-, md p.ost-:Plne b_eetle 
outbreak. charac:t:;rized relative canopy· cover •-among the dominant fu.-e.,c;t types in the study an .. i post-pine 
b~tle •~u"tbreak, and µ~rl glop)il positioning syste:n kx:ation data :from mliie and fun1ak clk to define habitat 
relation:$1'.t!ps am SCCl,lT:tly duri1-ig me archery and rule hqntiog scast,ns. Oitr study· am '.Va£ v.,trun the Elk11om 
?'..·fountuI)S of i>Ollrhwest Mont-:na. lTSA~ 201$-2017, ,vhl~ experienced SO% mortality-of !tt.1gep6le pine 
(Piiim contm-li)t~ts during a pine beetle ou(break-th.v peaked _in,2008, \Ve ol:mcrved an 'BS~-;, r«!:uctlon in 
cano ·• coven ... itN,n ,ine bee:fte,i¢esred __ lodg~9le p~':leforests, et c--anooy rover remained. nitffivii.v hl 'h 
among. othei;- fu:cesqypes pos.Hm re~ e to _ ran, ' i:mt sepu:ih~ modm- contained . • ' e :re.la~ 
p.,riibi~m 1¥1,th ci!..'lbpf £~ dlst;ince to ·motori-it • tqu.teS, tem.in_.ruggedties~, an .. · _ >pc. wi .. ~. nuta,t;,le 
d.i:tfcre!1\:.u n.tru:ing sexes and :;;:-aso,ns. Across se:x-esand· sca;;o~ 75% and 50% ofclk.usc was within :tteanvith 
-aveillgt' canopy covet values c31 ± 6;65 (SD)% and Z:53 ± 5.7%,. that wete an aver~ ,;,f ~2,072 ± 187:91.m 
and G:3.496±157,32 m. .tram .a rno6;>p.:r,e:d J\)\!,te, rcspcctiydy. Ti'.lett_fr1-.re,. we rec:omroer,d ·•F.tn dl:. se,eur1tr he 
d.e£.ncii as .iieru; that tri1;et thr;;c criteria fqtmil:t,mtlm cmopy· cover -a;ml "dis(»,Iice frpn,_ tnct:o:med rout<:s in the 
Elkhorn MoiJ.mruris and in 0tl1<!dar;dm.:apes with similiu fu,rest cbar;ui:,tei:istics :and hu,.1.ting pr..,ssure..,;. Al-
thr.mgb we obs~ expected teducfiomi u:-. ctmopy cl:W<;:r within µlne,beetl.¢>-ln:fusmd forests, defoliation ru.one. 
<lid n6t appear- to :negativ:clj• affeet· elk !!e(:u:rity 01 reduce: canopy c,;;ver i:iclow ~ nµnagemem req:,m, 
mt.'ildations~ No:netheless, becal)Se of the :e.~ce. of.standing-d,e-a.d ne¢-SL'1.,.01.U'study _area,·?{(:: recommend 
future work that h:westig .. t:.:s the rcla.'tion.irups witl. pine bedie-it,rest,:d at~ F-9t-"t-hlowdnwn bt,:ausc d':anges 
m ground ,nru,;ttrre :i.f!d cost$ oflot.omotfon may a."l'et.'t elkhabit:af aoo sectirity,. (Q 2019 Tl'.ie Authnrs.JouiiJ.tJ/ 
of PliUlifo Mr-mageme:r.t publm~'!d- by Wtl~ 'Periodicals; Inc. on behalf of The Wrldlif;e Si:,cl2,ty: 

KEY \'l!OR,DS -Cer-vtiJ- emr«dmii; D&.rboctonm j,t(friilitr)Nt1¢, dk, ha¼~ m~tain pine i:)e~, resource se\trnon 
fu1ictlon, =mty, 

R=i:rt mountain pine beetle, (.f)nidror:ttinus j't;1tidtr1J_h1t,; pi'lc 
beetle) <lt.'tbreaks in the ,vestern United ,States: have :m"ec,.ed 
nearly 18 • ~ ha: of pine forest ·iuid·. a.""C unpiecedenttd iri 
spat.bl ~t..,lt, _sevcrit}; ,md durJtiou (Chah--Md . ..-.od 2{)06, 
Meddens etll120U, 1vsn·etil, 2018). Darnagecausedbypfue 
beetles . teSU!ts i.,- widespread tree momlity, defolfatlon, ana 
eventual b!,)Wdo:-,m of dead trees, and om strongly influence 

forM ooinmunity compcsition and .structure. timber p~ 
dt1ction, ,11,ildfue dymumcs; and v.>ilillife habim (Jenki:rf:l et -aL 
20081 Kienner·a11d··At-seit?.ult 2009; Pfeifer et .at 2011'i · Simard 
er aL '2011, Saah cr·ru. 2.0-14), WtldlJfe:re,;punsc.; 1(, pine:-beetle 
outhreitks · are- dymunic and complex,. and vruy by 1::rim;,. sex, 
:it.aSOt\ aricl the oothreak Sllc:tessicnal stage {Sa.ab et al 2{114, 

• h:an et al. 20.18). UndetStar,ding_ tb_e ef.ect- of pi.ti: beetle 
?1J.'tbr~.~ is:_ critlcd to land ;m,d wildlife managen. tasked viltb 
_promoting and oo~ ,,,,1.:a:Life popumtloru where· 'Wlcie., 
spread tree momility run; ruterad wiklllfo-l,abin1t ""~lationships 
it>.rotigh dunges t,r forest stJ:QctUre, lA'lgct:..tion comnmr:i.ities, 
and nutrient flow (Cha.<i"'McLeod 2-006}. Afthough such 
cfuu1ges ca.1 have piofimn<l dfeets on wildlife and arc -well 
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studied when associated with other naturil or managed dis,. 
turbances (e.g., wildfire, prescribed fire, and timber manage~ 
ment), little is known 'about wildlife responses to large--scitle 
insect outbreaks (Martin et al, 2006; Saab etaL2014), 

Elk (CITTJus canadensis) have a broad distribution across 
western N~rth America and can influence vegetation and 
plant communities (Ftru:ik and Evans 1997, Hobbs 2003) 
and provide economic henetitS to regional communities 
through to1liism and huntitig (Duffield and Jiplliman 
1988), Elk management on public lands has traditioniilly 
focused on providing adequate cover • and forage while: 
inioimizing motorizedToutes as the dominate attributes of 
habitat quality (Hillis et al 1991, Lyon and Canfield 1991), 
The mariagement goals under this paradigm are to provide 
security areas to increase elk survival during the hun:ting 
seasons and to maintain elk presence on public lands to 
promote hunter opportti.riity .(Hillis et al 1991). However, 
the traditional management paradigm has been· complicated 
by changes in. land use pra1.tices • and the increase· iri non­
traditional ·private landowners that are more interested .in 
natural amenities than livestockproduction and may have 
restricted public hunting opportunities on parcels that are 
privately owned (Haggerty andT ravis 2006). This results in 
non~hunted parcd:s 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 pe>pulation ·sizes through regulated 
harvest of adult females (Proffitt et aL 2010, 2013). • 

PrQviding: additional sectui.ty areas on public lands 
through policy changes (i,e., rCiad clpsures) cir habitat im~ 
provemerit projects; has been highlighte'd as an important . 
management objective to· retain:elk on public· lands and. 
reduce the redistribution of elk t9 private lands with reduced 
or • eliminatei:I . hunting opportunity (:!'roffitt et aL 2013; 
Rangfack .et al. 2017, DeVoe et al. 2019). Although :man-.., 
ag¢ment pa:tadigr:ris have shifted to .accommodate changes 
in Iarid use • practices and attitudes towards elk on private 
lands, managing for seturity areas on public lands has re'" 
rriairied an important management objective (Ranglack et al. 
2017). However; the a:vailability of e.lk security areas with 
ample di.nopy covet may be at odds with the increasing 
prevalence of pine beetle:-ki.lled forests across western North 
America. The. loss of canopy cover is one pf the first 
s • . . .. · . ..·. . ~t~~n 
and is arguably the biggest change affecting wildµfe 
(Chari~ McLeod 2006). • Although specific management 
reCo!fim.tridatioris for securizy habl~for 
patch size and distance to roads (ffillis et al. 1991), man­
agement recominendao.ons for canopy covet :have heeii more 
varied across the western United Si:ates; often relying ori 
general descriptive measures (i.e., heavy cover; Christensen 
et al. 1993). Although recent work has provided quantitative 
recommendationsJor canopy cover based on a meta-analysis 
. across<southwest Montana, USA (Ranglack et al. 2017); the· 
work did nofln<:lude ~alyses of forest· systems affcct.-ed by 
pine beetles. The loss of cover after a pine beetle infestation 
may increase elk vulnerability and reqwre updates to forest 
management· guidelines regarding tradifion:il . security 
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measures on public la.o,ds to maintain desired levels of sur­
vival and retain elk on public lands during the hunting: 
seasons. Within the context of unprecedented pine beetle 
outbreaks throughout we$terri. North America forests, un~ 
demanding how insect outbreaks and other disturbances 
that reduce tliriopy cover with respect to Wildlife security is 
an important management objective. • • 
We used a multlpronged observational approach to char­

acterize the reductions in. canopy cover associated with pine 
beetle outbreaks and the effect on elk security in the 
Elkhorn Mountains of-southwest Montana,. We expected to 
observe a decline iri canopy covet .in ipfcsted areas pre,-. and 
post-pine beetle outbreak and a.general reduction in canopy 
cover in infested forests relative to uninfested forests. With 
respect to elk security, given the antidpated loss of canqpy 
Cover assqciated with the pine beetle Ciutbreal; we e:tpected 
elk to. t1se security areas characterized by large roadless areas 
(i.e., :kcurity patches) arid rugged terrain, and we expected to 
observe an increase in selection for covariates associated with 
the traditional seturit}' paradigm f6r both sexes acro~s the 
gradierit of relative riskassciciated with the archery and rifle 
huriting seasons (Ranglack et aL 2017, De Voe tr al 2019). 

STUDY AREA 
Our study area was broadly defined by the Elkhorn Moun­
tains (2,600 kni2; 1,1.41-2,866 ril elevation), a relatively iso­
lated m(mntain chnin in southwest Montana {Fig, 1). The• 
climate was characterized by shon; ccicil slirrimers (17.4-C 
mean Jul temperat\J.re) and Jong, cold winters {-4.8°C inean 
Jan temperature) with mean annual precipitation ranging 
from 263 mm to 959 mrn '(PR1SM Climate Group 2016}. 
The core qfthe study area consisted of public lands ( 46%} 
predominantly managed by United States Forest Service • 
(USFS) and Bureau ofLancl Management, which were sur­
rounded byfowelevation private lands (54%). We conducted 
our study between 2015 and 2017; 7-10 years after the peak 
of the pine beetleinfe.station in 2008. Iutotal, the pine beetle• 
outbreak killed approximately 190km2 (80%) ofJodgepole 
pine forests in the study area. 
• Lower elevations :wete don:iinated by a mixture of open sage~ 
grassland (e'.g.; big sagebrush [Artemisialridentata]; bluebunch 
wbeatgrass • [Pseutloroegnizria .puaia]; Idaho fescue [Festuca 
.idlf!Jtremtf];-roriglrfusroe-fhiitirn--ii'.ibrtOii]M,l~t Po: . 
spp.J) and patches oftimber (primarilyRocky Mountain 
juniper Uuniperus rcopuloru,n] or Douglas fa [Aeudotmga 
menzicrii]). Additionally, cultivated crops (pasture grasses and 
leguminollS forbs) bordered. the< northern and southwestern 
partions of the· study area. Dpper e1t:V?tions were dominated: 
by dry toruferous forests (e.g., lodgepole pine, Douglas fir, 
ponderosa pine [Pinm ponderosa]) with small interspe~ed· 
meado'w"s (USFS et al. 1993). Sympatric ungulates included 
mule deer (Odocinlrns bemirmus); white~ta.iled. cleer co. virgi.n­
ianus), moose (Alces a/CPS), and a small pcipi.tlatiori of bighorn 
sheep (Ovis canadensis). Carnivores included mountain lion 
.(Puma wncolar), b.ohcat (Lynx nefus}, coyote (Canis latrans), 
and American black bear (Unus ameriamus). Grey wolves 

. (C. lupus) were transient in the study area. • 
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figure 1. Elkhorn Mourifuiii. Study area defined by the popiiJati,m4evd elk annu:il range 6£ collared individuals, southwest 1'/Iontana, USA, 2015~iOl7. 
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The Elkhorn.MoJlhtait)s ~ wii±iin Montana.Fish, Wildlife 
and Parlcs liuntlilg districr.{HD:) 380, one ofMontatµ1!~ most 
popular hun:t:ing ·areas;. since. the • eariy 1960~ (DeSiinone and 
Vore 1992, Montana. Fish; Wtld.lifei and Parks 2018). Esti~ 
rpateyi hunter effort h.as CQntim.ied to increase since the 1960s 
with record highs of 3;936 hunters and 3Jl86 hunter .days io 
2015. Male elk hunting in this region :is particiilatly popular 
because of a unique spike :regwatiori that generates .a.rclatiycl.y 
high male:fein?le .ratjci and a rnatur.e male age Sll').lcture. When 
this • study 9ccµrred (2015:.,;.2i}tn anYQne with a ~neral 
hunting license coµlq ~¢i a spike Of antletll!SS ell<. d\lllng 
the archery sea.~on,. Dunng th,;: rifle season anyone' w:ith a' 
general hunting )ke9~e could. harvest a spike, and yoµth 

i4{) 

.hunters could hanrest an antlerless clk. Foi each year Of th~ 
$tudy, the number of liriiited either-sex perm.its wi!s 120. 
The .number oflinuted B licenses (l!lltlerless elk) valid.for 
either the entire hinting district qr a p~rt:ion of the hµnlfug 
• district was '700 iri 2015, 800 in 201,15; and 800 in 29it 

METHODS 

Canopy Cover Characterizations ' 
We u.sed a.iicratt survey. data q:,ll:ected by the United. States 
;Department .of Agriciilture Forest S:!!alth Prote.ction Avi~ 
_ation Progn;un to d_elio:eate pine beetle-affected areas as 
observed by tree . canopy discoloration. indicating. mortality 

• • • • $'I • ,,;:,; i,ii ,.;;; .,.- .. ,. :c~v., :n,i.irv RW 
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(USFS 2017,.·2018}. However:, the •pine.beetle delineations 
generated from aetial 'flights did -.not. strictly mirror the 
patchy ·mosaic on the landscape· and:. occasionally included 
gnssland ·meadows or othei; fand"cover classi:fit:ations not 
affected by .pirie beetles, To reduce the contaminatfon of 
non-beetle-killed areas; we clipped the polygons delineating 
pine beetle infestations to include only the areas that over­
lapped with. lodgepole pine or Iodgepol~ pine sl:iad~ 
intolerant mixed forest cl.as~ifications a~ denned by the 
Vegetati.on Mappiog Progp,m (V1vlap; U:SFS: ~0J4)c • 

We; ~cterized ca~lOPY _co~ :_in ·pin~---bl,'etl¢-infested 
fo,re_s_ts. ~sing·_ a tjme series from the :Rang~lan<l Analysts 
Platt,;ir):Q :(RAP.; }9,ries et al 2018) sp_anilltjg_ 199()....2017~ 
in9-usiv.e -o( the pine beetle oQ.tfo:~ak in the Elkh.6.rn 
M_ountains. The .RAP uses a ·_;:oi;nbin:ati_Cln Qf remotely 
sensed and ground~l:,ased data to prt:dict pey-pixd (30 m x 
30 m) petcerit canopy cover acros~ the. western: United 
States. Although developed fot rangelands-, the RAP model 
is ap. effective tool for describing changes in canopy cover 
through time: with a :fine~scale: (anntial) time series not 
avaftaple in: other· canopy cover .layers.{i.e'., LANDF1RE1 

National Land Cover Database). To. assess. chaQ.ges in 
canopy .cover "within pine beetle~irifested forests over time, 
we· ·cli.aiatteriied the percent change· from ·-hisrorii:alcanopy 
cover levels pnor to the pine beetle outbreak (1990-WOO) 
within .the 3 la:igesfpi~e beetle polygons in the srudy area, 
whi<:h to:taled 1i 1 krn2 and account~d for nearly 60% of the 
lodgepole· pine forests infested hy pine beetle .. 

_To assess chatl-ges in canopy cover betweeI1 pine beetle,­
inrested-forests ;md uninfcsted forei;l:S; we ~µ-i.marized the 
p.erq:_nt caq.9.py covei: in infe;;red ~nd 1,m,infestt:d lodgepole 
p~n~ :forests. imd pop.dero~a pi_ne. !ln:d- Do_uglas fir fo:rest 
das_sµication_s. ·in, aggregate, thes_~-- forest. typ~s contained 
99% .. of-the forested iand~Cllpe witbuJ th:e. study a.tea. We 
cha.racte~zed:tlie me_ar1._ (±SO) percent .¢~◊PY cover in each 
fi;>re~:type µsi:ti:gVMap ca.n<1py covet :es~mp.t~s-:fi:om 2013 
(USES 2014). These estimates r¢pres~t~d .a .m:~im tespoiise 
o( caQ.6py cover defoliation as_sodated v,,ith_ pine beetle 
oµtbreaks, approximately 5 years after peak infestation and 
we,re the most recent estimates for th¢ ElkhomMoutrtains 
after the pine beetle irifcstatiort. Moreover, the VMap 
methods. ·used • to estim:ate canopy cover -were specifically 
developed -to .note cruiilges in. canopy cover issodated 

with-pf~~R:':'"B-~tI~lrt 
coIIlm.unication),_ 

Security l-Iabitat: Mod~Jing . 
During the wfuters of20i5 and 2017, we captured adult 
(>L5yt) elk by helii;:optet. net~gurining and darting in. 
accordance with. an approved animal welfare protocol 
"(lristitutionai Animal Cate and u~e- Committee Project 
Number: FWP09~2014, J.WPl0-2017). We d~pfoyed 
-remote"'upfoad collars (L_otek .• Wireless model ·_LifeCydc._ 
·New Marker, Ontario, C~ada) prqgramll)ed to·trans~it 
1 l,;>ClltiOn every .23 h_o~ thr\_)ugh the Glob;tlstar· satellite 
network, the exact_ ·i;i.IPing (jf which varied across ci;i]J.ats. 
Average fix ·success excluding- .data. transmissjo·n gap:s was 
96 ± '.3%, indicating negligible lartdcover~induce.d. fu: bias 
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(Johnson and Gillingham 2008). Collars on adult females 
i'emained on the animal for tfe and on adult mitl~ 
were programmed to automatically- ,:elease after 4 years. 
We censored ail locations. ~th- positional di1µtio11 of 
precision >-10 to reduce spati:al • .iniprecisiqn (D'eon and 
Delp art~ 1005). 

Oµ.r primary objective was to ~cteri2e elk selection. to 
di;fi.ne _clk security h:abitat and inform land tnartagemertt 
p(actkes on public J~ds. We focused our security habitat 
mo:d:e.llng 9_n individuals that rem(l.ined on l)iµ.ds op¢1 to public 
hunting a,nd ~ed in oi.lr datlise_t ◊nly individuals that had 
>50% of their GPS locations on Jarid$ qp~n to public hunting 
(i.e,, pµQ1k larids or private lands enrQJled .iii Montana Fish~ 
Wildlife, and Parks hunter access jfrogram). To further ti;iit 
the- peii,ods· -when 'hunting p.ressµre mosf.'strongly influenced 
elk behavior, we restricted our analyses to. legal hunting how-s 
defuied as OS hours before and ~.sunset. • 

We developed separate sex~season resource selection func­
tions usi!)g a used~irvailable design. (Manly et al. 2002) and 
generalized linear mixed-effect models with a random inteF 
cept for each mdiv.idual fo account-for. autotorrclatiort within 
an individual and tinequaF sampl~ s~s- among individuals 
(Gillies et al 2006). We :fit m~ed-effect modds usmg the 
kae4 E ·package {Bates et al. 2015) ~d the 'inv~~ link 
function. Our 1.1scd d;1taset .was .de&ned QY die Jqc::atio!1$ 
cc,llected ·from GPS coI1.ars, whei:ewwe sampled availability 
at a 1:15 used to available ratio within each. individual's art­
~ual 100% _rriinirnum convex polygon. Tut 1:15 ratio ensured 
a sufficient sample to avoid nutn~tal integration error and 
CQnvergeri.ce is~ues:-given·the single iotati.on.perdayfut rates 
of' the: . dtployeo GPS col.la.r~ (North mp et aL 2013). We 
charact~_d.resouite stil~tion. se;par,i.tt;l.y for. the archery a:nd 
rifle huntjrtg- season~. :which t~e~c;l-- \f;!iyii1g degtci:s of 
percciv~d risk from low to bJgh; :FoUowlng: the legal den;, 
.niti,ons, the a,rchefy sea!;oQ. ~ t.he _6 .. ~ek: period starting on 
th¢ fir$t .. Satutck.y in,S¢ptemb,:;r, -and. ·-rhe.5~we¢k ritle season 
started .5 week; prior to the Saturday after 'thanksgiving. 
W ~ evii.l.uated rimltiple landsqi.pe attributes .associa.ted with 

elk v:ufue.rability including 3 definitions of security- patches; 
percent. canopy cover, and distance to motorized routes 
(fable 1). Although commonly used in elk security models, 
we c:lid not _include a covariate 1;h.at des.cribed public. or 
·pr1vate land o.wµmhip because our·an~yse_s were restiicteci 
to'in'.cJ,fflatml~~ipdnli;irallow¢d . 
_ pub Uc hunti.ng0 W ~ clerivi;:(l our· criteria ·for ddining.sf:lciiriry; 
patches from: .Hil)i.11· .e~·,al .(1991), which hJ¢ been•·widd.y 
i:ntoiporate& mto. USFS se&ricy habitat management 
.standards, and defined sb::riri.4c patches as contiguous areas 
of ;:::.100 ha located. >0;8 km from an open m6tonze_g,.D)hte. 
To evalllilte the importance of canopy cover i:n de:finiti.6ns of 
elk seturiiy, the 2. a:dditionQ.1 security patch covanat~, in~ 
eluded c9ntiguous ar~as tha~ contained ~50%. ~ov~i:agt!;·(;f 
~J.596 and ?:}0% !;anopy cover. In ad.d1ti9n to-.the q:,v~~te$ 
associateil with. the traditi~1,1al management ·pani;digm,. ·we· 
evaluated the itripqrta:p._c_e_ -of ten;rin covariates ~soc.iate.d 
with security: siope and·-•dn~ss .. Fw ruggedness w~ u~ed 
the vector ruggedness measure (VRM), a -i.mitles·s measure­
of landscape ruggedness integrating varfation in slope and 

$'I F-V nfi'A,,1- IS,l,i,), 0),X:,::.;..,.-,...--;,,,. __ q::,Jr_R __ _ 
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Table L Covmaw_s used in male a,,1d female elk security habitat modeling, Elkhorn Mountains, sout.bwe.~t Montana, DSA, 2015--2017. 

Security patr.h 

Security patch with 
canopy cover 

Canopy rover 
Distance i:o motorized 

rout,' 

Ruggednesii 

Slope 

J)escriptinn 

Contiguous areas of,::iOOha 
fociied. ,::0.8 km from :,,n open 
motorized route, 

Contiguous artil5 or ;,;too ha 
.located ;;:.0.8 km from. iip open 
motorized route and with iit 
l~ast .· half 6fthc security patch 
conrainingl5% and 30% canopy 
cover as 2 different covariares: 

Percent cinopy coVl!t .. 
D:istanCI': (m) to motorized 2-'trnck; 

dirt, or paved foad designated as 
open to public use witliin each 
respective hunting season. 

V cctor ruggedness measure 
(VRM): a .unitless. measure of 
landw,,pe mggedness 
integmting V/IIJation in slope 
and aspect. 

Slope i:n degrees, 

Binary 

Ps 
Ps 

Ps 

Sq 

Rd'eiet,.,,, 

Hlllis et ,,1- (1991), Christensesetal. (1993),De:V{)C ct ii.I. (2019) 

Hillis ct al. (1991), Chrimrises er al. (1993), De Voe ct ii.I. (2019) 

USFS 20i4, Runglack ct al. (2017), DeVoe er iii. {2019) 
McC9rquod:tle er al (2003), Ranglack et al (201n • 

Hillis ct aL (1991), Sappington .~r ii.I.. (2007), DcVoe . 
etal (2015), Lamdirirctal. (2019) • •• • 

Flillis et al. (1991),R:inglack et a[ (2017); DeVoe et al. (2019) 

• Ps = pseudotlireshold, Sq ::= squared ·or quadrai:k; binary si:griifies categorical covaria re for which we did uot consider functic,n:tl fonns. 

aspect (Sappington eral., 2007). Following a large body of 
literature from regional. studies modeling· seasonal habitats 
and security areas fot i;:lk and other ungulates, we used a 
pseuclotl:ueshold (naturalfog) fi.mttioml form for canopy 
cover, distance to motorized routes, and ruggedness, artd a 
quadratic :functibnal form for slope {Sa:'wyer et al 2007; 
Proffitt et al. 2010; 2013; Ranglii.clc et.aL 2017; DeVoe 
etal, 2019).. • 

We used a tieted approach to progress from • univariate to 
niultivariate models evaluating the traditional security metrics 
and landscape attributes. In each tier, we identified the toir 
ranked model for each sex arid season using corrected 
Akaike's lriformatiori Criterion. (AlC~ Buniham and Afr 

derson 2002). In the first tier we fit univariate models for 
each of the security patch covariates (with and without 
canopy tover} to· evaluate the importance ofi:anopy cover in 
defuiing security patches. In the second ti~ we :fit 5 candidate 
models containing multiple combinations of coyariates asso­
ciated vrith the traditional management paradigm Ori public 
lands. Lastly; in the third tiey, we a:dded slope and terr:airi 

ruggedriess as a paired tombin,ati.on to evaluate the addition 
of lanm;ca e covariates. With the final model we •. • 'crated 
~ · ve p ots or eac contliluous covariate w • e o1 • 

all other • covariates at their mean value; To provide man­
agement recomirieridations for covariates with a pseudo­
threshold form, we calculated cumulative elk· use as the 
cumulative area under the C\l!V.e starting with the largest 
probability value to target the covariate range with the. 
highest relative probability ofose for each sex and seasoI1. We 
then identified • the range of covariate values.·. that com:­
sponded to 75% and 500/4 of the area under the ci.Irve and 
used the ·minimum values w:ithiri the range to define 
thresholds for security and Er;ferred s~ci.lriSf areas, re­
spectively. 'fhese values served as the ba:sis for our manage­
men:r retommenditlons and reflect the narrowest covariate 
range a.i;s6ciated 'with 75% . (security) and 50% (preferrerl 
securify) of elk use. To rriinirrii:ie the influence of extreme 

• "l'I ."l'I • "l'I 1"~ 

i42 

outliers oD the area under the curve and corresponding 
maiui.gemeiit thresholds; we removed from the available da­
taset covariate values that were well beyond the distribution 
of values cib~rved in the used dataset. For quadratic .c◊"' 
variates (i~e., slope), we noted the covariate value that maxi­
mized the relative probability of use for e_ach sex and, season. 
We preformed model validation using a k~fold cross~ 

validation within an iterative process where we withheld the 
locations for e;teh 5 folds, fit an exponential resource seleciiori 
.function {RSF) with the data that were retained, and then 
predicted the, fitted values for the observations that were 
withheld (Boyce et aL 2002). We theri sumni.ed the•occut~ 
re11ce of used· 1ocations. ·within 10 equal-area RSF bins and 
evaluated the correlation between the frequency ofoccurretice 
and the relative RSF score using the Spean:nari's ra:ri:k cor­
relation (Boyce et al. 2002), The adjusted frequencies sh&uld • 
be highly correlated with the relative RSF if the model per­
forms well (Boyce et al 2002). We conducted all analyses and 
data proi::essing iri: the R erivi.ronrrient · for statistical corri~ 
puring. (R Core Team 2018} in combination with the . sf 
(Pebesma 2018) and raster (Hijmans 2017) packages for 

• •• • •• • • • ' Z) f9t~. 

.RESULTS 

Canopy Cover 
T1. h~ rbeductiothris in pen,etlnt canopyak .. cov9er bel9w hjstorita:ld". b6 4 
evos efore e: pine bee e outbre {l 9Q:.c2000) rnirrore 
the pine beetle· outbreak timeline with a 2..;:3-yearJag after $.~•., ~ 
the initial infestation (Fig, 2): Between thepeakpfoe:beetle fV" 
outbreak in 2008and the_ thll~wing 2 years, ther:~as ari lr 
average 8.5 ± 2.5% redµct:ton 1n canopy covey withip: the ~1 

pine beetle~infoste~ areas we ev.tluated .. ~er the pine beetle . . · fl 
outbreak ~ assC>Cl~ted canopy cover declines, canopy co~r . 1 i 
began to mcrease m 2010 and 2011; ~atly approaching\ ; ,vr\. 
lustori;~: ;Y;:;$;S }?y 20g, 2 y~g.is. after ~al£. ~pfesta~~ 
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Year 

Figure- 2. Twenty-seven-year (1991)...2017) rime series of di<: mean (±SD) percent change iii canopy cover froni the historical aliriage (1990--c2000) fo~ the 
3 largest.patches of forest infested by mollllt:,.iri pine beetles wit.bin the Elkhorn Molllltain study:1rea., southwest Montana, USA, 2015-2017. The year of 
peak beetle tnfosration (2008) is shaded. • 

Within forested portions of the ·study area, forests ·classi­
fied •as uninfosted lodgepole pine had the highest values for 
canopy cover post-pine beetle infestation • mean of 

• (J • . 77 ± 14,6% (Fig, 3). Similar to the trends . escribe . in the 

'117/0 canopy cover time series, there was 8% I duction 
'in canopy cover in infested lodgepole crests. x ""'69 ± 

\ 15%). Canow: cover in pine beetle~infeste • ·. gepole for~ 
~ est~ remained higher than canopy covex in llninfested 

of Deuglas fir and ponderosa pine forests. (including both in-
\g P fested and uninfested stands), which had54 ± 18,9% and 
V 27 ± 8.7% canopy cover,.respectiv~ly, 

~. . . 

\',) Security Habitat Modeling 

,D\);~':::~.~·1:r~i:~d::t :i~:,::i !;r:~~c~'d:~~ :; 
,._&, .,1 . ~ wmters of 2015 and 2017. To evaluate secunty on lands '0' ~ open to public hunting; We certsored4males md 12 females 

-).~.,/ that .h.ad >50% .of therrpPs locations on priva~e lmds that 
~ • restncted huntmg dunrtg the archery and rifle seasons. 

• Among censored. elk, a mean of 7 4 ± 15% of male and 
fern.ii.le GPSlocations were in areas with restricted hunting 
access, Lastly, we censored 3 individuals (males = 2, 
females = 1) without any daytime locations within a hunting 

I 
2U 

season. Among the remaining 40 (rp.ale = rn, female = 22) 
individuals, there were 72 animal-years with an average of 
30± 20.5 GPS locations for each individual-season and an 
average of 572 ± 235 GPS locations for each sex-season 
grouping. 

fo the first tier of model seleciion, where we evaluated the 
addition of 15% and 30% as canopy cover thresholds to 
define security patches, setuiity patches de.fined withotifa 
canopy cover threshold were top-tanked for males in both 
seaSOris and for females during 1:he aicheryseas6n (Table 2). 
The exceptirin was females during the rifle season where 
security patches with 30% canopy cover were top-tanked. 
Nonetheless, there was a latge degree of uncertainty in th!:l 
top-ranked model and a difference of only 0.68 Al¢ •. units 
among the 3 uni.variate models. Because there was not a 
clear top-ranked model for females during the rifle season, 
and to have continuity among the ·second tier sex.,season 
models with respect fo security patch defini1ions, we se­
lected security patches defined w:ithout canopy cover as the 
top model forall sex-seasons (Table 2). 
In the- second tier .we evalua,ted 5 univariate and multi­

variate combinations of the tr.tditional .security metrics (i.e,, 
distance. to motorized routes, canopy cover, and security 

I 
Forest classification 

Figure 3. Averog:e c:uwpy ccv~r percen~, (±;SD) wit\J.fo.. uninfut¢d and pine bcctl~,,:. irlfe,<itcd lodgepole pine, Douglas fu, .and ponderosa pine forest 
classifications, Elk)iom Mou:a tainli, so1i1A'Wtjt Mnntana, USA, 2015-,-2017~ 

, ,,.., ........ 
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Table 2. Habi~t'se~iy model sd<i<:ti.ori r~sults for tiei'lr_l-3comperi.rig used and availiible focatiom for male and f.,male·elk in the·archcry and rifi.e-huntiilg 
~easons, Elkhom Mountains, southwestMont:ma, USA, ·2015-2017. 10odels are- a.i:t:rilged by ~orrecred Al.aike's Infotmatiori Criterion ·(.A.lC,) rankin.l!;: We 
al.so p~esent th~ number of paljJ:neteis (K} an<i modcl weight ('in;). • • • • • • -

Model tiet Sm::-seas'.on 

• Tier l: Securi;ty ·patch Fcmale.-1trdiery 

Fem!!it:-rif.le 

Malc-a.i:chcry 

Mak-rille 

Tier 2; Tr.iditional-security Female-archei:y-

Fe,nale•dfi.e 

Male-archery 

_M;Ie-,lfle 

Tier 3: T mdi)iomil andJandscape securi cy F c!llale,arcliery 

·Fc:male-rlfie· 

l\-1ale-arcli.e,y 

Male-nfle 

Modd~ I< 
·securlcy.oo • 3 
s ~curi ty30 .3 
~eci.irity;15 3 
S~ty.30 ~ 
-~_cairity.00- 3. 
Security.15 3. 
S~curity.00 3 
.Security.15 3 
S~tj,a30, .3 
Security:OO 3 
Se~urii:y.30 • ,1. 
Sei:uri.iyJ5 _ . . 3. 

Canopy caver+DMO:T_ 4-
Ciinopy cover • . 1 
Canopy cover+ sccunty·.oo 4 
DMQT 3 
~ecurity.OO 3-
Canopy cov~r+DMOT .-4· 
.Canopycov,;r + sfrurity.00 4 
Canopy cover 3 
DMOT 3 
$er.'µrity.OO 3 
Canopy .CQVCJ: + DJ\101' 4 
DMOT • .3 
Canopy cover+ security;OO 4 
Sci':iir:ity,00 3: 
Canopy cover 3 
Canopy ewer+ DMOT 4 
Canopy cover + security,00 4 
~nopy • cover ··3 
DMOT 3 
Securlty.00 . j. 

C;mopy cover+ DMOT+ Slope2 + ruggedness 7 
9.anopy cover.+DMOT . .4. 
C~opy covc;c_+ DMOT-+ m!)p1:? +ruggedness 7· 
Cli1iopy cov~+.DMQT •• • 4 
Canopy cover+ DMO'T'+ ~lopc2 + ruggedness 7 
Canopy ~ve.t:+DMOT ••• 4 
Canopr covet+ Dll40T -i-:slope?•-ruggedness :1 
Cam:!py cp\fllr+ DMOT 4 

AIC, MIC,-. 
""'"'--

6,399:02 0.00 Q.67 
6,401.72 2)0 OJ7 
6;401.86 2;85 Q:16 

4,570.29 o:ilo OA-1 
.4;570".86 0.56 0.31 
4,570.~7 0.68 0.29• 
3;916.05 0.00 too 
3;984.58 68.$3 ·.o.oo 
3,984;6~- 68.62 ··0.00 
2,132.~4 o.oo 0.96 
2,140.85 in 0,02 
i.;140Ji5. 7jl 0.02 
6)67 .. 63. O,OQ 1.00 
6}293,88 26.iS' <ioti 
6,294:21 26.59 o:oo 
6,361:i.89 9.9.26 o:oo 
6,399.02. ill.39 0.00 
4,328;85". MO 1.00 
4363:95 35:10 0.00 , ... •' 

4;382;79 53.94 (J;O{i 

4,!,27:33. 198.49- .Q.00 
4,570,86· 242.01 0,00 
3,902,77 0.00 0.78 
3,905:31 2.55 0.22 
3,913.24 10-47 0.00 
3;916,05_ 13.29. 0.00 
3,974;72" 7t9is .Q.00 
2,096A6 0.00 0.99 
2,105,41. 8.96 0,01 
2.11~.71_ 14;!5. 0,00 
2;121.6.6 i5.:;!0- "ti.00 
2,132.94 36.48 0.00 
6;233:22 OJiO LOO 
6;267.63 34-41 0.00 
t:::i!)r:w 0.()0 i.oo 
4;328,85 2354 0.00 
3,808,99 O.OQ 1.00 
3,902:77 93.77 6.00 
2,029,19.· 0.0.0 HiO 
t096.'16 67,27 -0.0Cl. 

• Si:cunty,00 = security patch with.no canopy cover requirement; ~ecurhy.15 and flf:curity.30 = security pau:h with ;:::50% coverage of 15% and 30%'6.nnpy 
_cover, D M_OT :::; distanc;e. t-o. mor'{rir.c;d rQµi:e. • • • • • 

pitches defined without ~ canopy cover threshold from the relative RSF for all sexes and seasons (fcmale-µche:ry: 
iirst ti.er). fa aU sex"-sea~ons the multivariate model ·cori- r,=0.93, P<0,001, .femal!'.!-:rifle: r.=0"99~ P<O.Odi,._male-. . . • . .. · .·· .. • -· 

rainmgdlst:anc;e. tornototlzed routes and tanopy cover was archery:,;-. =0.97, P.<.0._00:lc, m_i!le'-rifle: rs ="Q,91, P:< Q.QOD~ 
top"'ra:nkeifbfiririiiiiim.im-~1if.ff¥fi~i\iltli~'"W1y . a few ~ceplions file fop~rariked 
units (Table 2). In general, t;here was relatively mor~ ~pport models prQduced similar resi.ilts acrqss sexes . an:d seasons 
for mul_tivariate 1'.!lOd~ls than {or univari_ate m9dels and the (Fig7 4). • There was a p,sit;ive pseudothieshold- relationship 
least support for security patches as a 'sh1gle predictor of elk with:ca,nopy c6vet1 "indicating increased .sclecti.on for'ateas that 
security, _ h_ad .relatively more canopy • ctivcr'1 and the :relationship ~s 

In :tlle _ third ti.Cf, the wclu!\ion of-.slope and- ·ruggednei;;t; stronger for females than.for- .males: "M_ales during: "the archery 

~mproved A,.IC, r~kmg .in ._all. :sex-s~as<ins by ::;i. 11.J.Wmum season had the weak~ relationship· with canopy covet and. a 
reductio~ of23S (x = 57,74 ± 3J. 97) AI Cc units (Table 2)1 coefficient estimate that was nearly zero (Appendix A\ 
reswt:4ig in the sam~ model $_tr.u:cture m _the final model for resulting iTI: a .flat prediction line across the o)Jserv~d values 9f 
all sex-seasons,. which contained canopy covet, ·distailce. canopy cover (Fig. 4). Althoughbetw~n'.".season·differenU!S:in 
.to motorized routes, ruggedness, and slope ·covariates selection for canopy cover were mode~~ both sexes selectedfq:r 
(Appendh:A). Across all sex and season combinations, the higher canopy cover values in the .nB.e season th,an in the 
Peai:son's correlation coefficients were.-;5.0A. arch.ery SeaJiOil. "The stronge.r-.r¢1.atipll.llhip for £~males re:sul_ted 

The top:-tank.ed habitat seciuity models performed wdl with in high!:r canopy-CQver,thresholds associated v.iith security-·-illld 
a strong correlation between area-adjusted .frequencies and the preferred security areas in bo_th sea.1,ons. Females during the 

~.....,...,. ,,11MM "l'I :C-IF RW 
IIIS""l'I :I"~~~ R~-J"llll_,, __ _ 
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Bgnre 4. Prcdicnon plots showing the relationship with. the relative .probability of use .C±95% Cl) for each covafiare (columns), se:< (rows); and season 
(archery-a. solid line, rifl.c = dashed liil.e)With all others hcld at their mean value, for elk ln the Elkhorn Mounmins, southwest Montana, USA; 2015 ... 2017. 
The upper rug represents the ava.ilabie 1 oo lions, whereas the lower rupepresents the used locations; Thresholds v,,.lues lor the archery ( solid vertical lines) 
and rifle (dai;hed verticil lines) seasons represent th,e rrifoiunim covariate valilci for security and preferred iecurity are,,s iis defined by the 75% and 50% 
cumtilative elk use thresholds, respet:tively. DMOT"' distance .to motorized roure. 

C~:~'k~''.::~':,~::i":,::'tvc;:,""::,=,:i;:; 
cover values >60%. 

- - The ;~lationship with 'distanc:e to rnotorfaed routes was 
posii:ive3n all top-ranked season-sex mod.els, indicating in-
creasing selection for areas farth,;r from roads, This n:htion­
sbip was st¢epet for-females than for males and ,similar across 
the rifle and archery hllllting seasons (Fig, 4). There was 
strong qvetlap in covariare values delineating security and 
preferred security among both sexes aiid seasons. The mqst 
consel.Vli.nve -values were for males during the archery season 

where security ate.as were defined as being ;;::2,303 rn from a 
road and preferred security areas were \2:,3;679 m froin a road. 

The ruggedness covariate had the most varied results among 
sexes and seasons; Females had, a posltivi:: association with 
ruggedness during tlle archery season and a negative rcl:t~ 
tionsnip dunng tiien1le seas9n (F1g. 4J. Iii conffi.st; tlie-re­
latio~hip was positivefo.r malt$ with little difference between, 
th!'! tiiie and .archery season, boJ:h of whJth h~d .a stronger 
relationship refati.ve to. ~rue$. The ~cmge.t ielatloriship for 
m.$.les res\ilted in .relatively high ruggedness thresholds asso­
ciate.d with. security and preft;irred sectitity areas, whkh oc­
t.'Urted in areas with ruggedness values. ~0.03 and i0.05; 
i:especti1;.e1y. Lastly, the quadratic functional fo(Dl for slope 
indicated -~- average. optimal slope value of 18± L6~ with 
little variation am orig s~¢S or se:asons (Fig;, 4). • 

DISCUSSION 
Our study "ombined canopy cover. charact~rizatiqps :with 
wildlife habirat IIlOdelirig idter w pine: be~tle infestation tQ 

assess the. effect of pine be:etle pn dk .sec\,lrl:ty tl)l'o.ugh 

L~wi:ey entl. • ~lie Seciuity in a. Bee1:le•Killed Fore$!: 

reductions in canopy cover. We observed an 8.5% t ucri.011 
:in canopy cover within mebeetle-infest Jqd • -- 6le ine: 
forests compare, to historical levels before _. pine beetle 
outbreak. Nonetheless, canopy covet in pine heetle;infested 
for'<sts remained relatively high (x: = 69 ± 15%) :md had 
higher cover values than uniilfested Douglas fu- aridpa'n:~ 
derosa pine forests. by 1$%: and 42%, respectively. The 
presence ofcan()py·i:()ver.was•an important c9mpcment in 
definii::tg elk sect:irity and was ai:i iinpoi:rint predictor of male 
and female dk distributions in the lirthecya.nd rifle hunting 
seasons. However, gi:ven the relatively high_ degree of cover 
o~by lodgepole pine forests, including those affetfodby 
pine beetlesi the changes in cover associated with defoliation 
after the pine beetle infestation were relatively minor and 
did ,not result in a meaning§ reduction in canopy cover 
below· thg thres:holds us¢d tq _ define security and preferred 
secuntyareas. Across~sexcs and fiuntirig seasons,.elksecunty 
areas cdntained. aver. ae canopy ctiv.ei: values ~30_ ± ~ .. 7% 
.arid contained 75% • of elk use DO the laoastape~ · .. re erred 
secuncy area~, which contained 50% of dk use on the 
limdscii e coptairied c_a.ho y cOvef values i::!:53 ±.5,7%. In 
general; alilioug we observed expected re uctio11s . in 
canopy cover within pine be~tle~infested fores~; tl:ie lev~l of 
reducrloi:is,.\hat we· observed in our·study·did notappear to 
negativd.y affect elk secunty after the pine beetleinfestatlqn. 

In 0sdditlon ro the selection for aree.s with higher canopy 
c~; · seGUri.ty habitat in i:he Elkho,n:i. Mountains was 
charactenzed by positive asso~fo;ms wi.th increasing dis~ 
tam:;es fro[Il motorizec:l .r:outes; reiativeiy rugged ,s1opesi. arid 
mqd~111.te slope angles of 18~. In. . generoli these .. findings 
COi:'Ioborate vii,th tither sruclles chiu:acti:iizing dk se_curhy 
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and habitat (Lyon and Canfield 1991, McCorquodale et al. p1'ivate lands when defining elk security. In contrast, our 
2003, Ranglack et al. 2017, DeVoe e-i: al. 2019). Although recommendations were developed for male and female elk~ 
the traditional definition ofan dk security patch that has that predominately occupied • lands o~n to unrestricted 
been broadly incorporated into •forest management ·(Le'.,; public hunting and censored elk on.·private lands witlLre--
contiguous areas of;?:100 ha located ;?:U,8 km from an open stricted hunter access where elk may be less reliant on areas 
motorized route; Hillis et al. 1991) dici not receive strong of dense canopy cover far :from motorized wutes because 
support among our• candidate model set, our work len,ds hunting pressure is relatively lov.r.er, Second, ~though we 
credence to the lm ortance of cano . • cover and distan • to were u'nable to estimate hunter densities specifically for 
mQ._ton:te: routes in defining elk sectirity.. lands open to unrestricted public hun:ting within oilr study 

The importance of canopy cover ii1 defining andmanaging area or across Montana, the Elkhorn Mounruns huntingp 
elk s.ecm:ity on public lands is varied across the western district (HD 380) is subject to relatively high hunting ·. · 
United States. In areas with. ~a:nsive forest cover1 elk se- pressure with record highs of 3,936 hunters and 31;78 • 
cu.city can be i.niluenced by road management alone, yet huriter days in 2015. Moreover, on average the Elkhorn 
where forest covet is liroifod or patchy, incorporating Moimtiiris received 5.4 times Cringe= 1,4-35) more 
canopy cover into definitions of elk security is also \in:. hunters arid 5.7 times (range= l.4-28) more hunter days 
pQrtant (Christensen et al. 1993, Unsworth et al, 1993). In thimthe populatioris from Ranglack et.al. (2017)~ L8$tly, in .· .. 
w'lltrast' to the definitions for distances to motorized routes contrast to Hillis et al. (1991), which was conducted. in > 
an:d patch size, which have largely followed the Hillis ~ensely~orestedeystemsinwestemMorita~ ourstu~dy"";as 
paradigm (Hillis ei: al. 1991), the varied ilri.poftarke of located m soud1west Montana where cover 1s patchil dis• • 
canopy cover has resulted in a variety of arbitrary cover tributed. . .• iven our focus on public lan s in the most 
definitions used • to.· define elk security ( Christensen et al. heavily hunted district in Montana with patchily distributed 
1993). A recerit meta•analysis incorporating data from 325 .forest cover, one would ~ec-i: elk to have stronger selection 
fem.ale el.kin southwest Montana th.at occupied public lands for forest cover and secµrity areas than when pooling elk 
and private lands with restricted hunter access recom• across areas with restricted and unrestricted hunting access 
mended 1!!...anaging tor areas with ;?:l3% canopy cover that (Ranglack et -al. 2017) or when work.in.gin systems that are 
are :2:1;760 m from motorized routes when defuun . largely forested (Hillis et al 19.91). . 
security ( • an . a .er • .. . 17): Their· recommendations Although our results .indicated elk continued to use areas 
were based on the covariate value that correspondedto half affected by pine beetles post-infestation during the huntin~ 
of the change jn the ·rclative probability of use ovet the season, regiMally there have been mixed resaj.ts regarding 
observed covariate range (Ranglack et aL 2017), Although. elk· use . of pine beetle-infested forests. In south~centtal 
these. methods. may be well suited for. telarionshipli' between Wyoming, USA, Lamont et al (2019) reported that du:rihg 
use and cover characterized by psei.Idothreshold curves with stirrimer female elk avoided pine beetle•infested forests 
a sharp rollover, they are arbitraty in the selection of0.5 and dur~g. nearly . ~ part.s of th~ day and selec:t:ed for ~tact ~J. 
less appropriate for cutves with a broad rollover where half coniferous forests dun.ng daynmei The selection for intact • • • 

:!e~n;I :::;::~er:a:!~da~o~s~r ~~re~~= :::al d=;e,d=em~/~::P:g=~~~ri~~~~~::: /Uffetts£ 
proyide a single tninirnu:m value, our approach provided a infested forests (Lamont et al, 2019). In conti:ast,Ivan et al. 
range for canopy covet and disr;mce • to motorized routes (2018) documerited an· increase in the use of pine beetle-
based on the cumulative elk use and our definitions of se- infested forests by eJk, mule deer, and moose during 
i.:urity arid preferred sedlrify areas (i.e., 75% and 50% area summer months across Colorado, UqA, p:resumably influ. 
under the curve, respectively). Our results. suggest that enced by increasesit1 unµerstory forage associated with the 
minimum. canopy· cover values between 23% and 60% a:nd decreasein canopy tover post-defoliation. Given the host of 
distances to motorized nmtes b!!tween 1,846 m and 3 6 79 d . • :unit factors that can influence wildlife res onse. to • ine 

file" ffi'ost elk'use witmn our" ~ountam beetle mfestiitions, many of wfodi are spanilly ana' tem· 
study area. for both sexes in both the archery a~d rifle porally variable and difficult to quantify over broad spatial 
hunting seasons. ~ther than provide a single minimum scales (ie:, number of downed trees), regional and taxo, 
rei,:orrimendarion, tli.e range of <covariate values and their n:oinic generalizations may prove difficult given the limited 
relationship with elkuse pro:vides an alternative approach t6 number of studies examining wildlife responses to pine 
pmvidin:g ·. management teconimeridatibns that betre.r at• beetle infestations that have been completed currently (Saab 
commodates the varied shapes of our predictive curves iuid et al. 2014). • • • • • 
:meaningfully translates to elk resource use, An additional consideration in interp.retations and appU 0 

In. addition fo differeht methodologies • for defining cations of our work was the successi9nal stage of pine 
threshold values, there were important differences between beetle·infosted forests in our study area. An i·ncrease in 
the study areas and study designs thatmayhavuontributed fallen trecsis presumed to jnflu:encc wildlife rriobilityii:l pine 
to the more conservative recommendations rtgan#ng beetle~infested forests with a hypothesized reduction in use 
can9py . cover and security from this study cornpart:d associated. with increased costs. in mobility (Saab et al. 2014, 
to Ranglack et al. (2017) and Hillis ct :aL (19.91). First, Larnoritet al. 2019). Our study occurred between20l5 and 
Ranglack et al. (2017) included female elk on public and 2017; 7-10 years after the peak of the pine beetle infestation 
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.in 2008, yet most of the infested trees were standing dead. 
Given the lack of downed tre:e:s during out study period, our 
results are specific to the period post~defoliati◊n but before 
tree bkiwdowri. Although Lamont et al. (2019) did docu­
ment an increase in downed trees in pine beetleA.n.fested 
. forests, their . study also occurred when trees were: just 
beginning to fall, :h--7 years following the peak outbreak 
Although downf.J.l in infested areas was not widespread, the 
avoidance ofpine be:etle--infe.~ted areas during all parts ofthe 
day in their study area was suggestive of a down-tree effect 
and lends correlative support th elk avoiding_pine beetle~ 
infested areas and the associated increase in locomotion 

( 

costs (Lamo~t.et· al. 2019). In C::~lorndo; Ivan et a1. {2018} 
did not describe the degree of downfiill • across their broad 
study region but ·.did see increases in ungulate us of pine 
beetle-infesiedtorest across 3 different severities {10%, 50%; 
and 90% mortality} spanning O-c-11 years after initi.tl 
outbreak • • • • 

N pine bee*-infestcd forests transition from standiog 
dead to bkiwdown, understanding the effect on elk habitat 
and security is 1tn important c6nsiderat:ion. Given the large 
degree of canopy cover pr6vided by lodgepole forests on 
public lands and the large percentages that have been af­
fected thi:6ughout the western United States; relatively 
minor avoidance ofthese areas could result in a. notable net 
l6Ss of habitat that provides demographic benefits throu h 
increase security an errn cover, pine eetle.;infested 
forests ton:tmue .to .. mature with increasing proportions of 
fallen trees, assessing the degree t6 which these forests •are 
selected or avoided by elk and the effect on demography will 
be a management priority. Additionally; the management of 
adjacent or nearby intact forests may become· increa:singly 
important iu pronding elk securlty as infested stands 
mature and potentially become inadequate for providing dk 
security. 

rvIANAGEMENT IMPLICATIONS 
We recommend that mana.:,ocrs include measure& of.canopy 
cover and distance t6 motorized mutes in definitions ofelk 
sectµi~ and encourage managers to implelllent Sea.son al or 
permanent road closures in areas' w),tb :forest tano . .cover t6 

. \ cii.wraee secun ' lll111ghuhtingseasons~ In the Elkhorn 
\ Mountains and other l.ihdstapes with similar forest char-

----actenstr.cM.nd-.fmntmgi,ressure~mmeni:hrianagmg 
for securlty "".ith cilri6py _t6vet values of 23--60% and dis..: 
tance from motorized routes-of 1,846.-3i679 m based oh our 
de£nitioI1s .at ~ecuiity -and preferre~ ·secutjty .areas, re-

[

•• ~pectivdy, Where possible, :the implemen~tion of more 
stripg~t ob"eGtj~ at the upper end pf the .::an.o coyer 
all ·. • st~c~. to . ~da .• . • es o .• s will more s.trongly reflect 
?I'.¢ferred seC'lil'ity ~reas.Jn ad.~tion; lp~ting setw;ity areas 
_111 relativtjy rugged terrain ruid)noderate slope angle~ (Le:, 
18\ can further enhance elksecuri:ty, Given the reiativd.y 
small difference in- seleaion patt¢trts between males arj.d 
females '!i,n,d the • archery anc:I ri:Be hunting seasons, the~e. 
rec.ommendations are appropriate . for both sexes a:nd both 
the archery and rifle hunting seasons, Managing for ·these 
habitat .. security attributes on public lands .inav hel~. fo 

reduce the redistribution of elk ·.to private lands that restrict 
huntiog during the archery and rifle seasons, Io the presence 
ofpinc: bc:etle infestations, we also recommend prioritizing 
intact forests :wlth high.canopy cover to help retain securi!}' 
areas 3$ infestations 'mature and bfowddWn, potentially 
further affecting habitat conditions wlthln infested forests.· 
Because: of the relatively narrow temporal window 6f .6.ur 

study, approximately 7-10 years after the beetle infestati6n, 
we recommend .future work that irivesfigatcs the relation­
ships with pirie beetle-infested areas p6st~bkrwdo:wn as 
changes i.ti • ground structure may pr6vide the biggest effect 
to habitat and security for-elk and other ungµlates. 
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