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ABSTRACT 

·Co:n111ict111g forest management with the cor,servati,m uf frm::-l't.,a.isoc!ated a:;i!mal:, cr:quire~ an un,lc:rstaudihg Qf 

habitat qµ?lity, m: wel~_as !dlmti(ying long-rerm sih-!cul/;Uf_a] strntcg!e,; that align Ir.IC l!!gh quJHty tu;hitat Jt.b', 
therefore, es,;eothl) ~ characterize the ({fil.tfo<emporal d.ime1rnk-ns of habirnr qrrniitY, Hen\ we le>"erai:~d 
mH]tiple d.\~sers ro ~ high quallty hali.:ar for fi:,-,-..a'.e Cana'.da.jynx (l1= ,:w.adern;fii, a fedt:u:!y threatened 
furc,t (arnivor~ \ll the l'.UlltigHous U.S. OUt datilliets lnduded a tplltia!ly Clfrnm(ve sampkl _of ,;:m::wdtne hari::s 
(U!pu;; mner_frw.usJ-collert"ed i11 202'3 (ft"' 1246 ;,!Otsl, (W. expansive tlmNerles tLc, 1972-2.013) of f<;;.m;:t 
,true rum! das.;"£S derived from ruc:itM 11mS!ng, and a lon;,'ltudiflal_data.et where W\! ,;wnito:-=d httbitat-we and 
the 1~;,r;1Jw:-t.ve·-,;,i-=cess (l.e., !i;t<Jr M kttrem; present or abst4'1tl of female Oi.wda lj."M during 199(,-Z013 
(n "' :t¼female lynx {)Ver 92 l_ynxy<wri). Our mclts indkaood th:u the prob.ibi!lty lf afemale prcduciog kltt.im, 
,,.-as most Ml-Oeiated _ with" L,2 CTT~tivay (U mature, m;,ItMor!ed rcry:s (co~ Or mo1l1y $pn..,;;e.fit}. 
H~ variation l.ltr,,:mg fe<cNhdym( a,:_e;:;uetecl for ""6-Z% of the mtal v--,,r"-ation w:plainetl Jn title- pm­
,;h.1ction, :rugg")ltin_g $Hh:;tauthJ indiviclm::.1-levcl -vadation. T~, mar.ag= ell.ll cont.itmlc ttl i~d re-­
pw<luctive suei;,:s:a tiffernde Canada lyn:<. h_y.fii,!illll.111lng tl1e developmmtofmature fores'.!:, but-measu.r!ng that_ 
suu:e;s wJll he difficuit given the ir::clh!;du;,l vancit!on. In cwe·areas of i:!j_(h quality fcmaJe.5 (i.e., produ0$C 
kitten~ freqm:utly), mature forei:t·w:u: 17% more abund.mt (i.e.,_ ~59%: of the" ttlj"Yi «:re ;m:m\ more cor..'.l..•i;ted, 
less dumµy, ;md W<hiliited 2,25-llmes !;;rgcr patch sizes th;ia l.fw ewe"areiis .. of!vWq1.n:,il')' females. At th~ h,m,e. 
rar.geext1mt, pe'.Wms ;vere 1;,;p~,;~Ollt'""'.c"'oo wMk tile ID.,mdax.ce of mature fore.sis n=auwd high ( .-,,SQ%) "!or 
high ,;unhly females. Adcitiorm!ly, w<J dl?J!IOllSWJted c.~ th,: mlat!ve den~iy' rif snowilic<: hares Wiitl Jec.i.8 times 
t~gher b .E:i:'.':1£!.<:td. ~ti£!1eratipZ ~<1r9£ts . .£.'U!!Efill ro ,.11 cthgr ~wxt:ural d~ i,:,dHding mturt- ftn:~. 
Ak<an<:b:l regoo,;,r11tlng ioretts m:coqnted fa;:- "'18-1 ()% ct t.he cori, oaraa ;md ~ r~nge ofMgh quality female 
!ym;, Combined, our resu!y ruggest that o higfl. qut1J:1y mosaie for iemn!e C,mada 1,-:m: cc11t!ihls .-JS(}--60% 
mal.W'e forest aru:l 18-19%.fl4':[j!r.cyd teztDW)tjnrr f1,!!1St. ?urbu-more, we u~ed "Fore,;t lnvmtmy and Analysts 
ca:11 to t:haraeter:ize the approximate ..gc &nibotion of advan~ed ~enemrion and mature furest. whfoh was 
relevant (-or xclatfor :ichedules -of fo:-ei:t ;;ilvlt".:iittire. Result\ J.ndk;t\<td frrat advanced regrnemnon was ... 20 tc 
80 yea.TS <.>Id wtiile me.rote fo~est. "-an$ .,,50 :11 ;;,:;20:Jy,eaN .oJ<l, Our i\15\llt~ prov'..de m;v\ti insiiil:t into irnw fm-e:Jt 
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Fig. 6. Example CTlre use arnas (gray areas), within home ranges (solid black 
outline), demonstrating the similarity in number and arrangement of core areas 
)letween high and low quality female Canada lynx (Lyru;-canadensfs), Core areas 
indicated the 50% isopleth of a female's home range while a home range.was 
the 90% isopleth. Quality of females was determined based on their probability 
of producing a litter of kittens, which ,esulted in the following: Jow 
quality= probability of litter 0.30-0.Sl (n = 10), medium quality= prob• 
ability of litter 0.60-0.80 (n = 11), and high quality= probability of litter 
0.81-0.92 (n = 11). All females presented had e!: 500 GPS locations to char­
acterize the home range and core use area. 
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4.1. Habitat-fitness relmton.ships of Canada lynx 

We confirmed the conclusion of Kostennan et aL (2018) that the 
probability of Canada lynx producing a litter of kittens increased with 
both the connectivity of mature forest and the abundance of stand in­
itiation in core areas. However, we expanded this understanding by 
highlighting that variation in litter production was more sensitive to the 
connectivity of mature forest, rather than the abundance of stand in­
itiation (Fig. 5); although, at some point increasing stand initiation will 
by definition decrease the connectivity of mature forest. A pattern si­
milar to ours was discovered in cheetahs, where cub recruitment was 
1.79 times higher when females occupied dense habitat relative to open 
habitats (Broekhuls, 2018). We also highlighted that the probability of 
producing a litter varies substantially among female Canada lynx in­
dependent of forest structure, which indicated innate or unmeasured 
variation associated with females or habitat were also imponant drivers 
of their ability to produce litters. 

Many studies have highlighted the important role of maternal ex~ 
perience, reproductive bistoiy, and condition on female reproductive 
success (e.g., Monteith et a!., 2013: Gaillard et al., 2014; Rauser et al., 
2015). Fm: example, Gall!ard et al. (2014) demonstrated that maternal 
experience in female Eurasian lynx was important for both producing a 
litter of kittens as well as the number of kittens recruited. However, in a 
previous study on the same population of Canada lynx in the Nonhem 
Rockies, Kosterman et al. (2018) documented that habitat attributes 
were more important drivers of kitten production than maternal age, 
reproductive status (i.e., litter present/absent) in the previous year, or 
physical condition (as indexed via body mass and length). Thus, the 
residual variation we observed in reproductive success for adult female 
lynx might' be a5_sociated with (1) stochastic variation in prey avail­
ability d~g the breeding season, causing females to forgo reproduc­
tion (e.g., ]3rand' ami Keith, 1979; Parker et al.. 1983), or (2) other 
unmeasured faci:'i:irs SUch as individual variation in dominance, stress, 
or rearing beh_avior (f!.g., Champagne et al., 2003; Munay et al., 2007; 
Sherfff et al., 2009). Nevertheless, our results suggest that forest man­
~bave an-opportunity to.improve the reproductive performance of 
feil!-ale Canada lynx by ~tering forest structure, but with the under-

;'. standing -ifiat:·Otlier factoi:s: also drive demography given the among-, . -,- . 
, , female ~ai:iaticin ,Ve qbsa:ved (e.g., Fig. 5). 
• Applying ourtinsights;' we were able to characterize the manage­
,: menti,relevaJlt"-c'oin.pik~fs- of high quality habitat for Canada lynx in 
• '-: the"N'ru;them ·ifotjdesj (e.g., Fig. 7, Table 3). Core use areas are an im­
ri ·porta,~treiifure-wi.thm tl:i.e greater home range for female lynx. How-

ever,, .iathet' thaj CD!ll"act:eristics of the core area itself, such as the 
nmnber ofspa"tial unj:ts representing the core or the distance between 
those units :0-itbll! 2/Fig. 6), it is the composition and arrangement of 

.. forest structural:_classes that distinguishes the core. This is similar in 
: :· concept to griztlf bear (Urms arctos) core areas in that they are define 

baset'l-cnrt'lra~ruttm'; Wfiich"'7ie"jf.i6vely 1riflue~Tt ·surviyal, 
" j1tveajle recntit:ui.ent, and population growth (e.g., Boulanger and 

2016). The advanced regeneration structural class supported ;the !I Stenliouse, 2014)1 In our case, mature forest was more abundant within 
highest rel,ative density of snowshoe hares compared to other structure :' ; J cOle 'areas of hlgh quality female lynx, and patches of mature forest 
classes (Fig. 2), butthis class only occurs for =80 years (Fig. 3r ilnd '.: '· were larger and more connected than the non-core portion of lynx home 
lyn.x may .have difficulty capturing hares in advanced regeneration ranges (Figs. 7, 8, Table 3, Appendix B). Therefore, both core use a"reas 
because of dense vegetation (e.g., Fuller ei: al., 2007; [van and Shenk, and the greater home range are important constructs when im-
2016). Thus, a high quality home range for female Canada lynx is best plementing management actions aimed at Canada lynx coruervation. 
characterized as a landscape mosaic with abundant (e.g., -50-60%) The core use areas of high quality females exhibited the folio g 
and connected mature, multistoried forest with intermediate amounts sttuctur compositions (i.e., medians and IQR from Table 3): ma-
(e.g., = 18---19%) of advanced regeneration (e.g., Table 3, Figs. 7, 8). ture = 58% (!QR= 55-65%), advanced regeneration= fa% 
Mangers ciln use our assessments of snowshoe hare deruity, forest ages {IQR - 12-24%), -'!E;arse = 2~ (IQR - 17-24%), and stand initia-
and transition times, and habitat quality of Canada lynx to guide spatio- tion - 4% (IQR = 2-6%). At th~me range level, the composition of 
temporal decisions that aid in the conservation oflynx in the Northern forest structural classes included: mature 49% @R 43=59¾:,), ;,d-
Rocldes through increased kitten production. Collectively, our work vanced regeneration 19% (IQR 14-24%), s.12.arse 26o/2,. 
represents an imponant step in narrowing the gap between forest {!QR - lS-30%). and stand initiation - 5"/il (IQR = 3-6%). While 
management and the conservation of threatened and eridangered spe- these numbers improve the understanding of Canada lynx habitat 

_ _,;,,_ __________________________ 7naltty1wtlwr,.rort.1rem~Rm:~~ogm.:e ffiat ffieSe"" ___ _ 
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1. Introduction 

Conservation of forest-associated animals requires an understanding 
of habitat quality, along with the development of spatio-temporal 
management strategies that are consistent with high quality habitat. 
Habitat quality has been characterized in many ways, but now it is 

( 
generally acce ted that quality is most appropriately defined based on 
measures or' individual or population performance (e.g., in ividual 
survival or reproduction, population growth; sensu V<!n Honie, 1983). 
Numerous studies have devoted substantial resources into character­
izing habitat quality for sensitive species, including African lions 
(Panthera leo; Mosser et al, 2009), cheetahs (Acinonyx jubatus; 
Broekhuis, 20 i 8), northern spotted owls (Stro( occidentalis caurina; 
Franklin et aL, 2000; Dugger et al., 2005), wild dogs (Lycaon pictus; 

Da-d,•s er al.. 2016), and gray wolves (Canis lupus; UboDi et al., 2017). 
Furthermore, the designation of"critica! habitat" is required by the U.S. 
Endangered Species Act (ESA), which further emphasizes the im­
portance of identifying habitat qt1ality. While habitat quality is an im­
portant idea in species conservation, managers of wildlife and forests 
might find i~ difficult to apply the concept. Providing detailed in­
formation regarding the spatio-temporal aspects of habitat quality is 
valuable to managers for informing strategies aimed at producing and 
sustaining high quality habitat (e.g., Grnham d a!., 1994). 

In the contiguous U,S., Canada lynx (lynx canadensis) are a threa­
tened forest carnivore under the ESA (USI'WS, 2000) and consequently 
have been associated with numerous challenges concerning forest 
management on public lands (e.g., 1--foward, 2016). Much of the con­
troversy surrounding forest management and Canada lynx. conservation 
is concerning habitat requirements, which in tum implicates questions 
associated with the relationships among forest management, forest 
structure and arrangement, and lynx habitat quality. Ho(bniok e( fTL 

(2013) recently described spatio-temporal patterns of habitat use by 
Canada lynx as a function of differing silvicultural treatments, but they 
did not address how landscape mosaics from forest management in­
fluenced habitat quality for Canada lynx. Thus, there remains a sub­
stantial need to provide management-relevant information that helps 
identify and conserve high quality habitat for Canada lynx over the 
long-term. 

Previous work evaluating habitat relationships of Canada lynx in­
dicated that forest structure is an important factor driving space use 
(e.g., Ko<?hkr el al.. 2008: Squires et aL '.WlO: Simons-Legaard et aL, 
2013; Mr;nt.gomery e, :ii., 20'.4; Holbrook el ,1L, 2017a). Forest struc­
ture is a strong determinant of the di'ltribution and accessibility of 
snowshoe hares (Lepus wnericanu.s), which fs the primary prey of Ca­
nada lynx (e.g., ifam, and Nicl10lsu11, 1942; O'D0nog:h1_w ~r aL, !998; 
Squirc:s <1ml Ruggkrn, 2007; ban and Slicni,, 2016). In general, mosaics 
of forest structural classes arc present in lynx home ranges (Koehler 
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the Northern Rocky Mountains (hereafter, Northern Rockies), U.S. We 
incorporated multiple datasets and implemented a multi-step analytical 
process. First, we evaluated the relationship between forest stntctural 
classes and the prevalence of snowshoe hares, This assessment provided 
an important foundation for the remainder of our work in that Canada 
lynx depend heavily on snowshoe bares for food (e.g., Elton and 
"-iicholson, 1942; O'Donoghue et aL 1998), Second, we diaracterized 
the age distribution and transition time between forest structural 
classes because the temporal dimensions of forest structure is es.sential 
for developing rotation schedules in forest management. Third, we 
extended the analysis ofKoste[man et al. f20J 8) to assess the sensitivity 
of female litter production to changes in forest structure, which allowed 
us to identify the attribute that impacts productivity most. Lastly, we 
identified the number and arrangement of core use units (within core 
a[eas) as well as amount and configuration (e.g., patch size; arrange­
ment, shape) of forest structural classes within home ranges of high 
quality female lynx. This final step was essential to provide the in­
formation necessary to integrate our results into forest management. 
We d~fined high quality habitat as the forest attributes used by femal: \ 
lynx that consistently produced a litter of kittens. We leveraged man✓ 
datasets in our analyses, which included a spatially extensive sample of 
snowshoe hares collected in 2013 (Holbrook et al., 2017b), an ex­
pansive time-series (e.g., 1972-2013) of mapped forest structural 
classes (Savage et al., 2018), and a longitudinal dataset where we 
monitored habitat use and the reproductive success of female Canada 
lyn_x during 1999-2013 (K0stennan et aL, 20l8) . 

.Based on previous work from the same lynx population (e.g., 
':l½uires et oL 2008, 2010, Holbrook et al.. 2017a; Kosterma.n ec ~1., 
21)18), we developed three expectations. We predicted (1) the re­
productive success of female Canada lynx would be most sensitive to 
changes in mature, multistoried forests, (2) core use areas of high 
quality females (i.e., those that produce kittens most frequently) would 
be spatially centralized, and (3) high quality females would inhabit 
h9me ranges composed of larger and more connected patches of older 
forest structures. Snowshoe hares are generally more abundant and 
accessible (i.e., higher lynx kill rates) in older forest structures in the 
Rocky Mountains (e.g., Griffin and Mills, 2009; Sqt.1ires et al., 2010; 
Berg et al., 2012: !van aud Shenk, 20l6), which was the primary basis 
of our predictions. Indeed, multiple studies have demonstrated that 
Canada lynx exhibit higher reproductive success when snowshoe hares 
are abundant and accessible, as compared to when hares are scarce 
(e,g., Mowat ct al., 1996; Slough ~ml \fowat. l:996). Colleclively, our 
work advances the understanding of Canada lynx habitat quality, but 
more broadly serves as an example of relating habitat-fitness relation­
ships to on-the-ground management for the shared vision of managing 
forests and conserving forest carnivores. 

et al . 2008; Squires ,or. aL 20"i.O; '.YkCann und Moen, 20 l l; tuner el ;:;.J._ 2. Materials and methods 

2.c-c: pg1i.1tgom ir, or aL '.;Ql -1: Hlliflf:2fili..:lto,i.b •• Z~ic&az,~s· eliJ··..,· •· ,,,.,·""============================= 
et "lL 2017), but to our !mowledge only one study has related such 2,1. Study area 
structures to Canada lynx habitat quality. Kostennan et al. (JOU{, 
suggested that female Canada lynx. in the Rocky Mountains exhibit an Our study occurred in the Northern Rockies of northwestern 
income breeding strategy and that successful Jitter production was as- Montana, U.S., within the distribution of Canada lynx (Fig. 1; see 
sociated with intermediate amounts of regenerating forest as well as Squires 1( id., 2!JiJ for additional details). This area covers approxi-
abundant, well-connected mature forest (within female's core use mately 3.6 million ha and is mostly composed of public lands (about 
areas). However, Ko$!.2nnan '!l ill. !,201.8) did not characterize (1) the 80%), but with commercial and private forest lands included as we!L 
sensitivity of litter production with respect to differing habitat attri- Across ownerships, there are differing amounts and kinds of human use 
butes, (2) the number and spatial arrangement of core use areas (i.e., and timber harvest. However, the majority of the area occupied by 
core areas often contain multiple, spatially distinct units), (3) the age Canada lynx and snowshoe hares is within federally managed lands 
distribution and transition time between forest structural classes, or ( 4) {l-foilJrGok <'t ,i/., 'W l 7.J. 2017b), which includes multiple-uses such as 
the forest metrics amenable to forest management (e.g., patch size and timber harvest. 
arrangement, along with vegetation descriptions). The development of Our study area supports a. diversity of forest structural classes and 
long-term strategies aimed at forest management and Canada lynx species compositions across an elevational gradient from =550 to 
conservation requires addressing these knowledge gaps. =3360m. TI1ese cool mixed-conifer forests contain Douglas-fir 

Our goal wo5 to characterize the spatio-temporal aspects of forest (Pseudotsuga menziesii), lodgepole pine (Pinu.s contorta), western larch 
mosaics tl1at are associated ~~Q.U;;~m;i.LQ.q;j_d_gi~J!h1JI pj Pf fit Le.bfe,..las_io.ca.tjJaJ....and..Eugci.mann, ____ _ 
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Fig. l. Study area in northwestern Montnna, U.S. 
"'here we sampled fem.ale Canada lynx (Lynx ca­
midensis) and snowshoe hares (Lepus amerfoanus) 
during 1999-2013. We sampled 1340 plot., and 
cnunted snowshoe hare pellets during 2013 and 
monitored the reproductive success {i.e., produ­
cing a litter of kittens) of32 females from 1999 to 
2013. 

spruce (Picea enge/mannii) trees along with a variety of shrubs, forbs, 2.2. Forest s/TUcture and snowshoe hares 
and grasses. Multiple forest structural classes (e.g., young to old) were 
well distributed across our study area, to which Canada lynx exhibited The distribution and abundance of snowshoe hares were central to 
strong behavioral responses in terms of habitat use and selection our predictions characterizing how forest structural classes influence 
(Holbrnol<. d ,il., 2017a. 20l8). The relatively distinct (albeit i:oarse) the reproductive success of female Canada lynx. Previous studies in-
stn1ctural classes included; (1) stand initiation (e.g., very few large dicatcd that forest structure influences snowshoe hare occupancy, 
trees remaining with open canopy), (2) sparse forests (e.g., sparse density, and population dynamics (e.g., Gnffin and Mi!b, 20(;9; Jean 
overstory with low canopy cover, which could be naturally present or el ;iL 20l4: Ho!brook ec ul .. 2017h). Therefore, we assessed the re-
mechanically created}, (3) advanced regenerating forests (e.g., re- lationship between snowshoe hares and forest strnctural class. We ex.-
vegetated stands from past forest harvest virith mid-sized trees that pected both occupancy and relative density-of snowshoe hares to be 
provide dense horizontal and canopy cover), and ( 4) mature forests highest in the advanced regeneration and mature,structural classes and 
(e.g., multi.storied stands with dense horizontal and vertical cover from lowest in the sparse and stand initiation classes. We expected this be-
older trees that are more complex than advanced regeneration). cause horizontal cover is presumably higher ln advanced regeneration 

Th-e:::-distcih111 i, 11. .unLabwniam:e..of..J.hese...suuaurai;;;classm;;;.w1m:i.~fld;.ma.RJr~,.iti:u!ltur~Besr,arnr-fio!'lzontal-eoveMs-posrt1'Vely,-related 
spatially predicted on an annuaJ basis by S;i.vc-ge ~t JL (;W l:3} across the to snowshoe hare abundance (e.g., Gnfii11 illld MiUs . .'W09; B.:rg et aJ .. 
extent of our study area (Fig. l) over a time-series from 1972 to 2013. 2◊-\2; lvm1 ~r a!., 2014; Holbrnok sot ,JL 20171,; Gigliotti n <lL, 2018j. 
Savage ,;r al. rzorn) accomplished this by pairing the entire archive of We sampled snowshoe hares U5ing pellet counts at 1340 plots 
Landsat imagery with field data, and implementing supervised dassi- (20 x 20 m, collected in }folbr;1ok ~l ,ll.. 20'171:,) randomly distributed 
ficatlon t~chniques along with B series of for<;>.st successional rules en- across our study area dl_\dng 2013 (fi':I" l). At each plot, we sampled 
suring a natural progression among structural classes. Mapped struc- snowshoe hare presence and relative density by counting (uncleared) 
tural classes (reso!utionof30 x 30m pixels) were then validated using pellets within five 5 . .1 x 305cm subplots (K:ebo d at, 1987, 2001) 
confusion matrices ("'80% accuracy) and tree metrics from plot data placed at plot center and the four edges of a 20 x 20m plot. We 
collected by the USDA Forest Service's Forest fnvenrory and Analysis averaged our counts across the five subplots to develop our metric of 
(FIA) prog~am, such as tree size and tree density (see Holbrook et ill,, snowshoe hare presence { 21 pellec) and relative density (average 
20 i 7a: Savilge d ,,L 2018, Appendix A). Additionally, the composition number of pellets/subplot). Many studies have demonstrated a strong 
of tree species within each st:ructw-aJ class was also evaluated, which relationship between pellet counts and snowshoe hare densities (e.g., 
suggested a mixed composition, although Engelmann sprnce and sub- Krd,:; '!t di, i987; :\Jur-'<.y ter ~! .. 2()02: :'viills e[ ai .. 2005), suggesting 
alpine fir were consistently more abundant than any other tree species pellet counts are an adequa[e index o[ relative density. We then inter• 
across classes (see t<n'!;,m,Ji\ .-J' <li . 2{) i 7 ;;). sected each plot with a forest structural class for the year 2013 (Su1.-,1g,, 

,113 



et al . 20 l 8) to identify how occupancy and relative density of hares 
related to remotely~senscd structural classes. The resulting sample sizes 
were as follows: 69 plots within the stand initiation class, 348 plots 
within the sparse c:lass, 206 plots within the advanced regeneration 
class, and 718 plots within the marure class. We then evaluated dif­
ferences in the proportion of sites with snowshoe hare pellets as well as 
average pellet densities ( ± 95% Cls) among these four structural 
classes. 
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amount, configuration, and shape of forest structural classes across the 
categories of ,female quality using metrics such as percentage of area, 
patch size, connectivity, dumpiness, and shape. This second step was 
essential from a management perspective because silviculturists need 
detailed information on forest metrics to effectively integrate habitat 
quality into management actions relevant for Canada lynx. 

2.4.1. Step one - models for understanding quality of femal.e lynx 
We determined space use and reproductive success (i.e., litter pro-

2.3. Age distribution und trunsi!ion times of forest structural classes duction) for 32 female Canada lynx during 1999-2013 (flig. 1), which 
were from the same population presented in 1\ostennan <ct al. (2018} 

To inform silvicultural methods and systems designed to conserve but with additional individuals. We captured and hand.led females using 
Canada lynx over the long-term (e.g.,> 50---lOOyears), we character- methods approved by the Institutional Animal Care and Use Committee 
ized temporal aspects of our forest structural classes (i.e., stand inltia- (IACUC permits 4-2008 and TE053737-1) as described in Squires et aL 
tion, sparse, advanced regeneration, and mature). For instance, we as- (2008). We collared females with Very High Frequency (VHF) radio-
sessed (1) the distribution of tree ages within our structural stages, and collars (Advanced Telemetry Solutions, Isanti, MN) during 1999-2004 
(2) the time required to transition from one structural class to another and with store-on-board GPS co1Iars (Lotek Wireless, Newmarket, On-
after a vegetation reset (e.g., after a clearcut). To satisfy our first ob- tario, Canada, and Sirtrack Ltd., Havelock North, New Zealand) during 
jective, we intersected our forest structural classes (i.e., mapped in 2005-2013. We located females with VHF collars every 1-2 weeks 
2013 by Sav<!.J;e et al., 2013) with 550 subplots ( = 170 m2

) collected by using aerial telemetry, and GPS collars collected a location every 
the USDA Forest Service's FIA program during 2005-2012. From these 30 min for 24 h every other day. We monitored females until they died, 
plot data, we then examined the distribution of tree ages (i.e., age ca- disappeared from the study area, or until the radio-collars failed. We 
tegor!es ranging from O to ;c, 200 years) for each of our forest structural used telemetry to locate and visit natal dens of females within 
classes, as well as calculated median values ( ± IQR) of tree metriC5 1-2weeks of parturition and recorded whether the female produ1:ed 
including basal area weighted DBH, canopy cover, and tree density. We kittens or not (see Kosti:nnJn et cJ.1., 2018 for additional details on data 
expected the distribution of stand initiation to be the youngest, fol- collection). 
lowed by advanced regeneration and mature forest as the oldest. Sparse Our analyses required that we estimate the boundary of a female's 
was a structural category that could be young or old, and thus we ex- home range to relate metrics of forest structure to reproductive success. 
pected a wide age distribution. Because of the differences in platforms (some females with VHF and 

To address our second objective, we used the time-series of forest GPS), female lynx received different sampling intensities 
structural classes from Savage e:. at. r20 lB) to evaluate how the pro- (range"" 20-7238 locations per female). Therefore, we used a non, 
portion of structural classes Within regeneration cuts (i.e., clearcuts - a parametric "adaptive sphere-of-influence" approach to estimate female 
complete removal of all conifer trees) changed as a function of ti.me home ranges; specifically, a-LoCoH, which is a variant of the local 
since harvest. We identified 791 regeneration cuts within our study area convex hull technique (Getz et al., 2007). The LoCoH techniques are 
using the USDA Forest Service's Forest ACtivity Tracking System more conservati:ve than parametric kemel approaches in estimating 
(FACTS), which is a polygon-based geospatial database of forest man- home ranges when the number of relocations are low, and they perform 
agemcnt actions. We then calculated the proportion of structural classes better than parametr!c methods when hard boundaries or non-use hp Jes 
( ± 90% Cls) within each regeneration polygon in each year after (e.g., water bodies for terrestrial species) are preserit within the home 
harvest (starting at t + l) between 1973 and 2013 (i.e., a 39-year se- range (Getz el al., 2007). We used the a-LoCoH approach (a= 25 km, 
que.nce) to characterize how structural classes transitioned across the which is the maximum distance between any two locations we ob-
temporal gradient. We plotted these proportions through time to assess served) to estimate home ranges (i.e., 90% isopleth) and core use areas 
the set of years over which each structural class was dominant. Similar (i.e., 50% isopleth) for each female Canada lynx. We selected the 90% 
to our previous expectations, we anticipated stand initiation would and 50% isopleth to ensure consistency with KfJ$terman ft al. (20\B). 
dominate immediately after a harvest and advanced regeneration and We used the rhr library (Signer and B1dkellhol, 2015) within program R 
mature forests would take many years to begin establishing-. However, (R Core Te,m1, 2D17). 
in the context of a vegetation reset, we expected sparse forests to act as We characterized the amount, configuration, and shape of forest 
an intermediary between stand initiation and advanced regeneration stru'ctures experienced by each female lynx at three spatial scales: home 
coincident with the establis,hment of taller trees. We used the Geospa- ranges, core use areas, and non-core use areas {i.e., home 

~~~=rnti~.h:unn:.ie.nt.;(l'il-;'.~Q;l.2)..;aiRi;..-pro~,ang~or~rl.eore,J,-For--eaeh~!em-afe;-we-mafohed-the-metl1-ar1 
Team, 2017) to complete these analyses. year monitored with the coincident year of the predicted forest struc­

tural c:lasses from the time-series of Savags< et ~!. {2018). We used 
2.4. Forest mosaics, con use orcus, and female quality of Canada lynx FRAGSTATS software (version 4.2; McGariga! ,:,r ai., 2012) to quantify 

the landscape metrics that we predicted to describe the prevalence and 
We implemented a two-stage process to characterize the range of configuration of forest stmctural classes for each female Canada. lynx 

values associated with the amount, configuration, and shape of forest We calculated four different metrics across our forest strucrural 
structural classes in home ranges of female lynx. Flrst, similar to classes. First, we quantified the percentage of the landscape composed 
Kr,sterman e1 4/ :_20 J B), we developed a model that described the re- of each class. Second, we calculated the dumpiness mdex for each 
lationship between the proclivity of females to produce a litter of kit- ~ral class. Clumpiness (ranges between -1 and 1) re-
tens and the composition and arrangement of forest structures. How- presents patch clustering, where a value of -1 indicates maximum 
ever. extending beyond Ko,:.ernrnn set al. {20181, we evaluated the disaggregation and 1 indicates maximum aggregation (McGnrlg:il et aL, 
sensitivity of these relationships and used our model to assign a prob- 2.0(2). Third, we indexed the shape of each forest structural c:lass. 
ability or producing a litter of kitt,ens to each female. Second, we used Shape.,,, l when the patch is sqoare, and increases with lrregularity, 
these predictions to classify each female mto n category of low, Additiona11y, given the strong relationship identified in :(\iSL;!!"man d ai 

medium, and high quality based on thcir tendency to produce litters, '20 :,,r;, we calculated the same mature forest connectivity index (MFCI) 
We then evaluated core area characteristics \e.g., number of core use presented therein. The MFCI ts effectively an "area-normalized cocre-

,~~its;.J.haLis,.sp.atiall.y.,dllitincL[luly.goos.oUhum;e.ar-ea,}.a&.lAl'.eil..ls.~e--lation-lengih,;.c-whereby-,.,ol'l'elat-ion-!engHt-meesures-th-e--,werage-·-----
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extensiveness of connected patches (McGarignl et aL, 201'.i). We ex­
pected the probability of litter production by a female to increase with 
mature and advanced regenerating forest!l because these structures 
produce the abundant and consistent snowshoe hares required by Ca· 
nada lynx. 

We used generalized linear mixed-models (GLMM; Bolker et al.. 
2009) and an information-theoretic approach (Burnham aod Anderson, 
2002) to characterize the relationship between litter production and 
forest structure. We used a binomial distribution (logit link) and in­
cluded a random intercept to account for repeated measures of the same 
female over multiple years (Bolker et al., 2009). For each forest struc­
tural class, we identified the best (based on AIC,J metric, scale (core use 

• area, non-core area, OI: home range), and function (i.e., linear or cur­
vilinear) associated witb a female's proclivity to produce kittens. This 
resulted !n four explanatory variables that were uncorrelated from one 
another (lrl < 0.60): (1) MFCI in core use areas, (2) dumpiness of 
advanced regeneration at the home range, (3) percentage of stand in­
itiation at the core use area, and (4) percentage of sparse forest at the 
home range. We predicted that the MFCI (e.g., Kosterrnan et al., 20!8) 
and patches of advanced regeneration arranged in a clumpy config­
uration would be positively associated with litter production by female 
lynx. Female lynx avoid sparse forest and stand initiation (Holbrook 
ec al., 2017a), thus we expected a negative effect on litter production. 
We formalized these predictions within multiple competing hypotheses 
and evaluated support using AICc (Burnham and Anderson, 2002). 

We evaluated the fit of our top model and assessed the sensitivity of 
!ittet production to changes in forest structure. As an assessment of fit, 
we calculated the marginal and conditional coefficient of determination 
(R2 m and R2

., respectively; Nakagawa and Schie!zeth, 2013). The 
marginal R2 is the variance explained by only the fixed·effects, whereas 
the conditional R2 is tbe variance explained by both fixed and random 
factors. This assessment allowed us to examine how each portion of the 
model (i.e., fixed and random) accounted for variation in the response 
of females produdng litters of kittens. 

To evaluate the sensitivity of litter production to changes in forest 
structure, we implemented a randomization procedure similar to 
l1~rnpel H al. (2014/. Our randomization process consisted of simulta­
neously drawing 1000 samples (With replacement) from the range of 
values (i.e., a uniform distribution) for each forest structure variable 
included in our top GLMM. Additionally, because we accounted for 
individual-level variation via a random intercept for female lynx, we 
also randomly sampled (with replacement) 1000 female labels. Ran­
domizing the labels offemale lynx allowed us to incorporate individual­
level variation within our sensitivity analysis. rather than only assessing 
variation of the fixed factors (i.e., forest structure variables). For each of 
the 1000 samples, we applied our top GLMM model to generate 1000 
probabilities of producing a litter. We then used linear regression and 
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2,4.2. Step two - characterizing forest mosaics across the gradient in female 
quality for forest management 

We characterized the number and arrangement of core use unit!l 
(within core areas) and calculated management-relevant metrics of 
forest structure across the gradient in female qualiLy. First, we gener· 
ated predicted probabilities of producing a lilter of kittens for each 
female using our supported model(s), which we then used to classify 
females into three quantiles of reproductive quality (i.e., low, medium, 
and high). Second, for each female within each category of quality, we 
counted the number of core use units as well as estimated the average 
nearest neighbor distance between core use units. We expected high 
quality females to exhibit somewhat centralized core areas such that the 
number of units was lower and ·closer together when compared to low 
quality females. Finally, we surnmariz_ed our predictions of forest 
structural classes (pixel-level from Sa'rdge et al., 2018) to the patch­
level to more easily translate to management decision-making, which is 
often associated with the stand or patch. We used a polygon layer of 
forest patches that was developed using aerial imagery and eCognition 
" software (see Bn:w,m and Ahl, 201 "J ), and we assigned the forest 
structural- class that was observed most frequently to each polygon. We 
then calculated landscape metrics of forest structure using FRAGSTATS 
software (version 4.2; lv!c.G1mga1 et al., 20EJ for each female and 
spatial scale: (.l) percentage of the landscape(%), (2) median patch size 
(ha), (3) connectance (index), ( 4) dumpiness {index), and (5) shape 
(index). We described dumpiness and shape previously (Section 2.4.1). 
Connectance is an index (ranges between O and lo"O) that characLcrizes 
patch connectivity, where values of O indicate no patches are connected 
and values of 100 indicate all patches are connected (\.kGari;gai N al.. 
2012). We applied an 8-cell patch rule for all calculations and searched 
a radius of 500 m to calculate connectance, 

We believed our sample of female lym: included most individuals 
present in our survey areas based on field observations of track patterns 
and capture histories. Even so, because of the small number of females 
within each category of quality (i.e., 32 females in total), we assessed 
differences in core use areas and forest structure metrics using non­
parametric swnmaries. For instance, we calculated the median and 
interquartile range (!QR) of each variable for each category of quality. 
If the IQR did not overlap the median value of another group, we 
concluded there was evidence of a difference. This was a conservative 
approach, because the median ± (1.57 x IQR/✓n) is also used to assess 
differences among distributions e:::h,1.01bas et aL, 198:3), which gen­
erally exhibits bounds narrower than the !QR. 

3. Results 

3.1. Forest .>tructure and snowshoe hares 

R2 to characterize how variation in forest structure influenced the total Cousistent with our expectations, the proportion of sites occupied 
"-~~=~•-,,;·=u"u"~c·rr1i;;:crlthe.p~-rob,,s,.,birr·1•u",==<~,p,•o•duc!mo<un-=>e401<=="o"'-""'l"tt"e•os...=•w•....,=o•a==by,i.nowshoe-h.an:'s.Was-h1ghe!GIMne-8.dvaneed-regeneration-an&maatum===== 

ducted all analyses in program R (R Cor,c Te;im, 2017). structural classes (Fig. 2a). Occupancy of snowshoe hares was the 
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Fig. 2. Estimated { ± 95% Cfa) prqportion 
of sites occupied (a) and relative density (b) 

of snowshoe hares (Lepus americanus) across 
our forest structuraJ classes. Total sample 
size of plots 1340, which were distributed 
UMvenly across forest classes: stand initia­
!ion (n = 69), sparse (n = 348), advaoced 
regeneration (n = 206), and mature 
(n = 718), 
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lowest in stand initiation, followed by the sparse structural class 
(Fig 2a). However; the relative density of snowshoe hares was 2:.2.8-
times higher in the advanced regeneration structural dnss when com­
pared to all other structural classes (Fig. 2b). The structural class thnt 
produced the next highest density of snowshoe hares was mature, fol­
lowed by sparse and stand initiatiorr (Flg. 2b). 
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forest was 6 in. (!QR= 0-11 in.) a~IQR = 8-49%), respectively 
(Appendix A). Tree ages within -~~d regeneration exhibited a 
right-skewed distribution and most trees (i.e., 75% of the distribution) 
were between O and 19 and 60-79 years old (Fig. 3). Median DBH of 
adval).Ge,d regeneration was 8 in. OQR = 5-10 in.) and canopy cover 
was~ (IQR = 30-70%). Lastly, the majority of trees (Le., 66%) 
with_in mature forest were between 40 and 59 and l00-199years old, 
however, 30% of the trees were classified as 2:.120 years old (Fig, 3). 

Mature forest exhibited a median DBH of 10 in. {IQR = 7-14 in.) and 
~§.'01 (!QR = 40-70%) canopy cover (Appendix A), which were higher 
than any other structural class. In addition, 21 % of the trees within 
mature forest were 15-25 in. DBH, highlighting the multistoried nature 
of mature forests (Appendix A). 

3.2. Age distribution and tramition times of forest stroctural classes 

The age distributions of our forest structural classes followed our 
general expectations (Fig. 3). Most trees in stand initiation were young 
and between O and 19 years old (i.e., 30% of the distribution}, but some 
occurred in older age classes as well. These plots tended to exhibit open 
canopies following timber harvest with some ret.ained older trees, 
whkh was consistent with a median DBH of O in. (IQR = 0-8 in.) and 
8% canopy cover UQR = 0-36%; Fl~. 3, Appendix A). We observed a 
diversity of tree ages in our sparse class (including 2:.200 years old), but 
most trees (i.e., 72% of the distribution) were between the ages of 0-19 
and 60-79 years o!d (Fig .. .l). Median DBH and canopy cover for sparse 

In the context of a forest reset (i.e., a clearcut), the temporal t:r;m­
sitions between forest structural classes followed an intuitive progres­
sion. Stand initiation was the dominant structural class following re.­
generation cuts for =8 years post-harvest (Fig. 4). Sparse was the 
dominant structural stage during "'9-24 years post-harvest (Fig. 4), but 
throughout the time sequence sparse remained 2:. 30% prevalent 

Age Distribution 

Stand Initiation 

111!1 ill II 

Sparse 

1111.1. ___ 1 
Advanced 

Regeneration 

11. ___ _ 

"•''?, A_,,::,',),,.,.<;,~ ;1<,i ~~ \,c;,-00,~--;_&, .,1<:i \9,9-, fJ". 
" '" "'" ,:,(Y ?;'v" \I§:,' ,._'j,.fJ" ,,'.,,_fJ• ,._,:,O- \'1><::,· 1,.<::S 

YeJrs 

Structural Metrics 

Stands with few trees and an 
open canopy, Median basal 
area weighted DBH was 0 
inches (0-8). canopy cover was 
8% {0-36), and tree density >5 
incfles was O trees/acre (0-75). 
n=-37 plots_ 

Stands with larger trees but an 
open canopy. Median basal 
area weighted DBH was 6 
inches {0-11). canopy cover 
was 28% (8-49), and tree 
density >5 inches was 48 
trees/acre (0-144). n=172 plots. 

Stands with many trees and a 
dense canapy. Median basal 
;Jrea weighted DBH was 3 
inches (5-10). canopy cover 
was 45% (30-70). and tree 
density >5 inches Wi'lS 167 
trees/acre {72-289), n=67 plots. 

Stands with many trees and a 
mult!-layered canopy. Median 
basal area weighted DBH was 
-JO inches (7-14 ). canooy cover 
was 56% (40-70). and tree 
density >5 inches was 217 
trees/acre {144-331). n=274 
p!ots. 

416 

Fig. 3. Description of forest strnctural classes 
using subplot data (11 = 550) from the USDA 
Forest Service Forest Tnve11tory and Analysis (FIA) 
program that overlapped our mapped forest 
structural classes. We characterized the age dis­
tribution of our structural classes by plotting the 
proportion of trees within each age category. We 
summarized forest structural metrics (as mea­
su,ed via FIA) associated with our structural 
classes using median values (with IQR in par­
entheses). For= exhaustive list of forest struc• 
turn! metrics, please see Appendix A. Acronym 
DBH indicates the diameter at breast height. TI1e 
calculation for basal area weighted DBH was as 
follows: .E{trec Basal Area*DBH)/Total Ba_sal 
Area. Note the y-axis varies with respect to 

structural class. 
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Fig. 4. Temporal transitions of forest srructura! classes in the conte.,::t of a ve­
getation reset from a regeneration cut (e.g., a clearcut, n = 791) during 
1973-2013 (i.e., 1-39years post-harvest). Lines indicate mean proportions 
( ± 90% Cls) and black dots indicate dominance traru;ition points. The stand 
initiation class dominated during "'1-Syears posH1arve'st, followed by sparse 
and advanced regenerntion. We did not observe the full time sequence required 
m develop elements of mature f,;,rest given our time series. indicating this class 
mkes atleast "'SO yearn to begin establishing after a reset. 

indicative of the many different forms of sparse forest (e.g., could be 
young or old). The advanced regeneration class was low for the first 
= 15 years after harvest, after whkh it increased and dominated from 
"'25 years post-harvest throughout the remaining portion of our time 
frame (i.e., 39 years; Flg. 4). We did not observe the time frame in 
which the mature structural class began to dominate, indicating that it 
takes at least ""50 years• or more for elements of a mature forest to 
develop ffi.l'., 4). This tempqrnl context of successional changes asso­
ciated with si!viculture provides managers with the Information ne­
cessary to develop harvest rotations. 

3.3. Forest mosqics, core use areas, and female quality of C(mada lynx 
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Table 1 
Models assessing the inlluence of fornsr structure und arrangement on the 
proclivity of female Canada lynx (Lynx ccmodensis) t'o produce litters of kittens. 
For each model, we provided the log•likelihood (LL), ,\AlC,.. and AIC, weights 
(w). i',5 a measure of fit, we calculated a genernlized meusure of R2 from our top 
(i.e., M!C0 , = 0) generalized linear mixed-mode! {,,;akagaw;i m,d 5chidz~th 
2013). Our marginal (fixed factor vadation) and conditional (toral variation) 
estimates were R! = 0.15 and R~"' 0.39, respectively. Abbreviation MFCI in~ 
dkates tbe mature forest connectivity index. Metrics characterizing the pro· 
portion of the landscape (FLAND) and the ·dumpiness index (CLUMPY) were 
abbreviated. 

Model Description 

MFCl'" + PLAND.Stnnd lnitiation• 
MW 
Null 
MFCI--'- CLU/1,IPY.Adv Regeneration" 
MFCJ ,;- CLUMPY.Adv Regeneration f. Pl.AND.Stand 

Initiation 
MFCI + PLAND,Sland fnidation + Pl.AND.Sparse" 
MFCI + PLAND Spar.se 
MFCI + CLUMPY Adv l,.egener-~tion + PLAND.Spnr.se 
MFCl + CLUMPY.Adv Regeneration + PLANO.Stand 

Initiation + PU\ND.Spar.se 

At the core uoe area, 
0 At the home range, 

LI, MIC, w 

- 51.60 0.00 0.27 
-53.27 L09 0.16 
- 54,63 1.67 0.12 
-52.56 1.86 0.11 
-51.56 2.09 0.10 

-51.60 2.19 0.0\1 
-53,22 3.17 0.06 
-52.14 3.26 0.05 
-51.44 4.14 0.04 

effects of MFCI and the percent stand iniriation were significant and 
accounted for the remaining 38% of the total variation explained. 

Because it was inappropriate to model average regression coeffi­
cients derived from generalized linenr models (Cade. 2015), we per­
formed our sensitivity analysis with only our top model. This analysis 
provided a .more resolved understanding concerning the relationship 
between forest structure and the probability of a female lynx producing 
a Utter of kittens. Despite the statistical effect of both MFCI and percent 
stand initiation from our GLMM, our sensitivity analysis indicated that 
litter production was substantially more sensitive to changes in MFCI 
than the percent stand initiation per se (E'ig. 5). For instance, the R2 

between MFCI and the probability of producing a litter was 0.30, while 
the R2 associated With stand initiation was 0. However, it is important 
to note that as stand initiation increases within a core use area, mature 

We monitored 32 females over the course of 92 potential re- forest will (at some pomt) by dehrution decrease resulting in a reduc-
productive events. Of those, we observed 62 litters of kittens, which tion oTffie MFCL Although more ~t:runt!ve to MFCI, our analysis further 
resulted in an overall kitten production rate of 67%, The median home in~ probability of producing a litter varied substantially 
range size for females was 23km2 (range= 18-66 lan2), while the among female lynx {e.g., see spread in ~\~, 5). 
median core use area was 6 lan2 (range "" 3-21 km2). To assign our index of quality to each female lynx, we averaged the 

The proclivity of female lynx to produce kittens was influenced by predicted probabilities of producing a litter across our model set, which 
the amount and arrangement of fore~t structural classes in home ranges, is an appropriate technique to incorporate prediction uncertainty (ra-

=-~==~~-JJeciaftv;..;:in;..oore;.use;;;ai;eas;;.;Ou1;..resal~1ed;...{teiF/XAf~-tne~an-averagmg-model-(loeffiments-and-subsequently-generatmg-
muftip!e models, but the top model (i.e., MICc = OJ sgggested lynx predictions; Cade, 2015). The averaged predicted probabilities of pro" 

( 
were most influenced by the mature forest connectivity index (MFCI) ducing a litter of kittens ranged from 0.30 to 0.92 across the 32 females. 
and the percentage of the landscape that was stand initiation (Tabk 1). This resulted in the following categorization of females into low, 
The regression coefficients (i.e., unstandardized) indicated that the ef- medium, and high quality; low quality probabilities= 0.30-0.51 
fec.t of hoth explanatory variahl!".s wne significant: fiMl'C: = 3.33 (90% (n = 10 females), medium quality probabilities = 0.60-0.80 (n = 11 
CI = 0,84-6.52) and f:l'st,rndlmr = 0.18 (90% CI= 0.02-0.37). The effect females), and high quality probabilities= 0.81-0.92 (n = 11 fomales). 
of advanced regeneration was also included within the supported model The number and arrangement of core use units within core areas 
set (Tc1.Dle l), but the relationship was not statistically significant: was genenilly similar across the gradient in female quality (Tablt'. 2, 

PAdvRegen "" 5.06 (90% CI = ~2.00 to 13.01). The marginal and con di- Fig. 6). Females exhibited = 2-5 s atially separate units within core use 
tional coefficient of determination from our top model was R;_ = 0.15 areas irrespective of the ability for females to pro uce ·u ens. ur er, 
and R; = 0,39, respectively, which indicated substantial individual the average nearest neighbor distance betw'een core use units was si-
variation among female lynx in their ability to produce litters of kittens. milar ( ~1600 m) between low and medium quality female lynx 
lndeed, approximately 62% of the total variation explained [Le,, (THb:e 2). However, the~as evidence suggestive of high quality fe. 
(0.39-0.15)/0.39 = 62%) was attributed to among-individual varia- males having more spatially centralized core. areas based on their lower 
(ion, Furthermore, the null model that only Incorporated the random neflrest neighbor distance among core use units (=1100m; T.,:,le Z) 

effect of female lynx was within our supported set, once again sug- when compared to medium quality females, providing some support for 
·~-~,--gus.ting;..&aruti.darable.,..indwirlual-v.arfati.-m-Ne=t-hekss,...t-l-1e.-mar.g.inal---O.Ur-Pf-edi1c-B01,8 ------
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Fig. 5. Sensitivity of litter production by female Canada lynx (Lynx C/1Jladensis) to changes in forest structure. Each data point represents one realization of 1000 
randomizations of mature forest connectivity {at the core we scale), percent stand initiation (at the core we scale). and the identity of female lynx: Ca) indicates a log­
linear relationship between the variation in mature forest connectivity index.(MFCI) and the probability of producing a litter, (b) indicates no relationship between 
ilie variation in percent stand initiation and the probability of producing alilter. 

Table 2 
Median (M) and interquartile rang<' (!QR) of the number o[ core use units and 
average nearest neighbor distance among core use units within core areas 
across our gradient of female quality for Canada lynx (LynX carmdensis). Female 
quality was based on their probability of prodncing a lltter of kittens: low: 
quality= probability of litter 0.30--0.51 (n = 10), medium quality = prob, 
ability of litter 0.60--0.80 (n = 11), and high quaJity.o probability of lltter 
0.81-0.92 (n = 11). 

Female Quality 

WW 

Moo 

High 

Characteristics of Corn Use Areas 

Number of spatial unl•s 

M:2.5 
!QR: 2-4 
M:3 
!QR: 1.5-6 
M: 3 
(QR: 2-4.5 

Distance between spatial units (m) 

M: 1571 
JQR: 435-2670 
M:170S 
!QR; 280-2464 
M,uos 
!QR: 640-1682 

To summarize differences in forest structure and arrangement across 
categories of female quality, we focused on comparisons between low 
and high quality females (Ti1M;! 3, Fig. 7, Appendix B). 0( these com­
parisons, we found that forest structure ln core use areas diStinguished 

_=femaie;;;quaiity;;.:.tnore,,;than..;;tl1e;.;o.~er~ot,.,-Jnstanee,-we 
observed differences across classes of female guality within core use 
areas 70% of the time, versus 30% and 50% of the time at non-core use 
areas and home ranges, respectively (Tabfe 3, Appendix B). Thus, the 
abundance and anangement of structural classes in core use areas had 
the grente-5t lnf1uence nn reprodnctive 5u,;-res,s for f,:,mafo Cnnada lynx, 

Low quality and high quality female Canada lynx exhibii:ed differ" 
ences in many metrics of forest structure. Ma tyre forest was 17% more 
abundant (median 58%, !QR - SS-65%) and was more connected, 
Je5s clurn y, and exhibited 2.25-tirnes larger patch sizes in core use 
areas of high quality females compare to low quality females (Table :3, 
Figs. :, 8, Appcndix B). Indeed, mature forest was 2.5-times more 
ab!;!E_dant than any other structural class in the rqre use areas of high 
quality females (fable. 'J). The abundance, patch size, and connectance 
of mature forest were.all higher ut the core use area than at the no11• 
core area ('i~bk 3, Pigs ?, d). These differences indicated the distinc­
tiveness of core use areas and the irneorsance of mature forest as the 

----~ -
418 

We discovered differem;es between low and high quality females for 
the remaining forest structural classes as we!!. High quality females 
exhibited 3% more stand initiation (median = 4%, IQR = 2-6%) and 
8% less advanced regeneration (median= 18%, IQR = 12-24%) along 
with 14% less sparse forest (median= 23%, IQR = 17-24%) than dld 
low quality females (Tabie 3). Further, high quality females displayed 
smaller patches of advanced regeneration and larger patches of sparse 
forest when compared to low quality females (Fig.';. 7, 3, Appendix B). 
The dumpiness and connectance of sparse forest were both lower for 
high quality females than low quality females. However, patches of 
advanced regeneration were clumpier and more connected for high 
quality females (Figs. 7, B, Appendix B). Lastly, patches of sparse forest 
were more irregularly shaped in core areas of low quality females re­
lative to high quality females. We observed no differences in the re-
maining comparisons within cote use areas of female lynx. I\J 

4. Discussion 

Dur objective was to infonn the intersection of forest management 
and Canada lynx conservation by providing detailed information 
characterizing high quality habitat, We confirmed (similar to 
l<rJslcnmm N al., 201'3) that core use areas (3~21 km2), which can be 
one-spaLlill-urfiFOF-rnaRy-H-~§ii-6;-&Jr-are-more-importanM>han,aspeetS'of 
the entire home range (18-66 km2) for litter production by female 
Canada lynx. This does not, however, mean that home ranges of female 
lynx are unimportant, and indeed home ranges are by definition a de­
fended area that females have chosen to occupy. Further, all categories 
<:1f f<'male qualiry exhibited a similnr numbpr qf spilt/al units within co,,,_ 
use areas, and there was only moderate support for units closer together 
within high quality females. We discovered that the productivity of 
females was most sensitive to the connectivity of mature, multistoried 
f~ (composed of mostly spruce,fir) within core use areas, but litter 
production also varied substantially among females {i.e., 62% of the 
variation explained) for reasons we did not measure. Mature forest was 
more abundant, connected, and exhibited 2.25-times larger patch sizes 
in core areas of high quality females versus low quality females. The 
positive relatmnship between litter production and the connectivity of 
mature forest was likely a result of mature forest providing temporally 
consistent and accessible snowshoe hares .as prey (e,g., Gnf:'.ir,_ mid 

~.~_)!,'; ·~ 11 ,l:~~ 



f, 
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lfable 3 

fucdlan (M), imcrq11arti1e range (lQ!lJ, and range (R) oie percentage of forest structural classes at three spatial scales (Core Area, Non•Core, and Home Range, whereby Home Range = Core + Non-Core) across our 
;:rndient of female quality for Canad,1 lynx (Lynx caJ densfs). Female quality was based on their probablllty of producing a litter of kittens: low quality= probability of litter 0.30-0.S1 (n = 10), medium 
:Judllty = probability of litter 0.60-0.80 (n = 11), and gh quality = probability of litter 0.81-0.'92 (n = l lJ. For additional descripti9ns of forest structure see Appendii A. Tn>e species abbreviations include: PIF.N . 
<ngelmann spru~e (Picea e11ge/mmmii), ABLA - subalpi fir (Abies iasiocarpa), PICO- lodgepole pine (Pinus contorro), !AOC - western larch (Lorix accidentalis-J, and PSME - Douglas fir (P.1eudot.si,gu menziesii). 

S1ru1·1nml class 

s,,md lnltlailon 

General description 

Mlsed spedes S\ands (include PI~fABLA, PICO, LAOC, and PSME) that have few trees, an 
open canopy, and are oft@ a resul1 of recent disturbance 

Sparse Stands Jc,minakd by P!EN·ABLA [lloWed by PSMI!., PICO, and LAOC) that are sparsely 
stocked (naturally) ormecliankall lthinued, whkh tend lo be younger bur could occur at any 
age 

Adrnnced RegenemJon Stands dominated by P!EN-ABLA llowed by PICO, PSM!l, and 1.AOC) and exhibit a dens~ 
canopy and undm,;1ory. 

Mmurc Srnnds .itrangcd in a mult!•sloned!41.ruc1ure (i.e., uneven age distributl<m) w!lh a dense 
~anupy and ,mderstory. Domina1e~lby P!EN·ABLA (followed by PICO, JISME, and !.AOC] 

Higher lha11 low quality female. 
Lower than low quality female. 
Lower than high quality fer,nale. 

Core Acea 

u,w Medium 

M:1% M:0% 

!QR: 0-4 !QR: D--4 
R; 0-5 R: 0-13 
M, 37% M:28% 
JQR: !QR; 21-41 
n-44 R: Hi-50 
R: 13-48 
M: 26% M:18% 
JQR; !QR; 11-32 
10-36 !\! 2-42 
R: 6-46 
M:41% M:46% 
JQR: !QR: 3l..-fi3 
35-43 R: 9-73 
II: 22-69 

Non·Core· 

High WW 

M:4%1 M:2% 
IQR: 2-6 JQR: 0-5 
R: 0-S R: 0-8 
M: 23%·- M: 29% 
!QR: !QR: 
17-24 25-37 
R; 9-38 R:lH;S 
M: 18%' M: 16% 
!QR: !QR: 
12-24 12-22 
R: ,5-29 R: 6-42 
M: 58%' M: 45% 
lQR: !QR: 
ss..s 43-54 
R: 32-69 R; 16-73 

Home Range 

Medium High Low Medium High 

M:1% M,~% M:2%· M:1% M:5% 
IQR: 0-5 !QR, l-6 IQR, l-'-'1 TQR: 0-J lQR: 3-6 
R: 0-13 R: 0-31 R: 0-7 R: 0-13 R: 0-16 
M:28% M:26% M:34% M:26% M:26%'' 
IQR: 20-,33 IQR: JQR: JQR: 20-35 IQH: 
R: 16-58 18-33 25-38 R: 16-55 18-30 

R: 9-41 R: 12-61 Re 9-33 
M: 18% M:20% M: 17% M: 23% M;19% 
!QR: 10-27 !QR: lQR: IQR: 10-25 !Qlt: 
R: 4-45 15-25 12-26 R: 3-44 14-24 

R: _S-38 R: 6-43 R: 6-35 
M: 47% M:48% M: 43% M:5:j% M:49%' 
!QR: 36-62 !QR: JQR: !QR: 31-61 IQR: 
R: 11-77 38-60 ~9-46 R: 10-75 43 .• 59 

II: 23---72 R: 21-71 H: 30-70 

~ 
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Fig. 7. Patch metrics of forest structural classes 
across a gradient ill reproductive quality of fe. 
male Canada lynx (Lyrix canodensis). Core in­
dicate.~ the 50% isopleth of a female'.s home 
range, and Non•Core represents the area outside 
of the core but within a 90% home range. This 
figure shows the median patch size (a), dumpi­
ness (b), ·conncctance (c), and shape (d) of foresl 
structure patches. We removed stand initiation 
from {b) an\f (c) beca11Se of substantial variation 
given the small number and physical size of 
patches (e.g., see patch sizes in a); howev<ll', 
values for stand initiation are presented in 
Appendix B. Error bars indicate the interquani!e 
range. Quality of femaks was detennined based 
on their probability of producing a litter of kit­
tens, which resulted in the following: low 
quality = probability of litter 0.30-0.51 
(n = 10), medium quality= probability of litter 
0.60-0.80 (n = 11), and high quality= prob­
ability of litter 0.81-0.92 (n = 11). 

values are approximate and (as with all models) include error from the regeneration (l-li,lbrno'.; d ;,,L '20l 7cl). Within their home ranges, lynx 
initial modeling of forest structural classes in 5,P,age '!l ,d, (2(.H.S;. strongly select (j e 1rne relative to random expectation) advanced re-
Therefor:e, these numbers should be used in a general sense and in generating forest (i"lolbmok el nL 2C1 7a) suggesting a landscape mo-
combination with previous work in the Rocky Mountains (e.g., S,pilre~ sak that is compatible with forest management. Similar to Gr!fffo and 
er al.. 2008. 20i0; '.ven ;ind Shcvl<:, 2016), which would be most ap· Mil.ls (2009), our analyses indicate that mature, multistoried forests 
propriately applied in field evaluations of habitat on-the-ground. provi<lespatially consistent snowshoe hares (e.g., Pig, 2a) that are likely 

The characteristics of a high quality home range aligned with multi- accessible for lynx {e.g., S<ftin'il et ilt, 20 ( G: fv;;in ;md Sfvink. 2016) 
scale habitat selection of Canada lynx, suggesting a link between be- over a' temporal gradient of =50 to > 200 years {e.g., Fi-!(. 3). Ad-
havior and fitness (e.g., observed elsewhere in wild dogs; i.')~11ie,; et ;.11, vanced regeneration provides the highesi; densities of snowshoe hares 
2/)_;;, and gray wolves; Uboni -e• .,1./,, 20, 7). For instance, at a landscape- (e.g., f;g. 2b), but over a narrower temporal window (e.g., <=2.Q...to 
scale, lynx in the Northem Rockies generally select home ranges with ~ l•;~s :, ·•) than m11rure forest. We speculate that snowshoe 

,~~~,.-il~L.J:tli.l.lJJ,i:e,,..,.for.est..,.aud...Jnteanedi-1t,• amoLlnt&....oL..advan.ccd-......-ha.:e&..might-als~be-more-diffieu!t~t-aptur-ithin-il,e-advancecl---
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Advanced Regen Sparse 

Female 70 

0. 

Stand Initiation Mature 

Fig. 8. Example of forest structural dasses and arrangement in the home range and core use are>1 (dashed line) ofa high quality female Canada lynx (Lynx canadensis) 
in northwestern Montana, ttS. Female 70's pr:obability of producing a litter of kittens was 0.92; indeed, she produced 7 litters of kittens out of 7 years of monitoring 
during 2001-2007. This "xample illustrates that a home range for a productive female. includes a mosaic of strucrure classes from forest management, and that a core­
use area (50% of use) is characterized by mature patches of forest with high connectivity. Photo credits: U.S. Forest Service. 

regeneration structural class (e.g., Fuller ct al., 2007; lvm, and Shenk, 
2016) compared to other structural classes. Th..1JS, a home range mostly 
composed of mature forest with isla'nds of advanced regeneration ap­
pears to create an energetically efficient landscape for lynx to encounter 
and captm:e snowshoe hares, which are a critical resource for successful 
reproduction by lynx (e.g.; Mowar et aL, l996: Sl\lugh and l\fowat, 
1996; O'Donog.hue et al., 1997). Collectively, patterns of habitat se­
lection and reproductive success of female Canada lynx in the Northern 
Rockies supports the Theory of hierarchical behavior-fitness relation­
ships (Hdl1e ;ind Me:,:;1er, 2000), which suggests 1imid.ng resources 
(e.g., mature, multisroried forest) drive broad-scale decisions, whereas 
finer-scale detisiom; (e.g., selection of advanced regeneration) enhance 
components of fitness. 

4.2. Forest management and 1ong-tenn conservation of Canada lynx habitat 

landscape dominated by abundant and well-connected mature, multi­
storied forests (Squires d aL '.e!.010; l-i:•Jlbrnok e( c1L. 2017a; Kosterman 
et aL, 2018, this study) composed primarily of Engelmann spruce and 
subalpine fir (Sqt1lres et al., 20l0; Ho!bwok et aL. 20!7;,) within a 
habitat mosaic of forest structure that includes- patches of advanced 
regeneration. A forest-management framework and silvicultural system 
that enhances this desired condition furthers Canada lynx coruervation 
in the Northern Rockies. 

To operationalize a framework for forest management, we propose 
implementing a series of steps. The first step would likely be an as­
sessment of forest structural classes across a landscape of interest that is 
approximately the size of a female's home range. An impo~~aE!J.!!l&sl 
question would be, "does the landscape contain levels of mature, 
spnlce-fir forest (-50-60%) and advanced regeneration ( 18----19%1 
that increase habitat quality for female Canada lynx and provide 
abundant snowshoe hares (Fig, ~;Jr This question focuses on mature, 

The goal of our work was to evaluate and characterize habitat multistoried forest and advanced regeneration as the desired elements 
mosaics that contributed to the conservation of Canada lynx in the of lynx habitat. The values we suggested for mature forest (i.e., 
Northern Rockies over the long tenn. If Ule objective. of forest man- 50-60%) are conservative in that ;a6Q% was from the core use area 

c-===~.,m~A~c>~da~top..a..&a1newo~~etl~sta1nec!=--and=i-b~was-fiiomnth~me--range,::~~uggest~app!ymg-
home ranges (e.g., 18-66 kn? in size) and core use areas (3-21 km~ in o·ur core use and home range data together, because without location 
size) of high quality female lynx (e.g., Figs. 6, 8), our re.suits provide information for female lynx it would be impossible to identify core use 
many insights to such a framework (Le., Fig, 9). However, it is im- areas (e.g., see complexity in Fig. 6). Furthermore, our focus on ad-
portant to note that our results are relevant to the home range extent vanced regenerating and mature forests as the important components of 
(e.g., '."ig. '3) and exhibit error that ls custorr.:i.ry Ln_ a!l studies !:hat !ynx habitat is con$iStent •.-:it.Ii our work here, as '.ve!l :i.s other prcviou~ 
leverage satel!ite-derive'd predictions of the environment (e.g., forest studies. For fnst.ance, male and female Canada lynx in the Northern 
structural class ln our case). Therefore, our results and insights do not Rockies select and defend home ranges that contain abundant mature, 
preclude field assessments of forest condition and would be best applied multistoried forests (e.g., Squm:-; er ,1L, 1008, 201 0; Holbroot et 11L, 
alongside previous work that precisely measured attributes of forest 2C'l?a). Additionally, at both the home range and within home range 
structure (e.g., tree sfa:es, canopy cover, me densities) and horizontal extent, male and female lynx select ildvanced regenerating forests and 
cover in the field at locations used by lynx (e.g., Sqnfrc!:; et ;il 20()8. consistently avoid sparse and stand initiation structures (3quires et a1L, 
Wm) and with high densities or snowshoe hares (e.g., \'\erg ,,1_ al., '_!'1'. 2; 21n ·_;: H,Jl\,ronk ,,, ,iL, 2QJ71). Given this wealth of confirmatory in-
Svc,n •~t -:i!., 2014; Ho'brno~ cct ~L 2017h). formation, we suggest forest managers focus on advanced regeneration 

At the home range extem, our work informs forest management and mature forest structures when efforr.s sire.aimed at improving ha-
aimed at improving habitat quality of Canada lynx in the Nor,thern bitat quality for Canada lynx. 
Rockies (i.e., desired outcome ln ''tso }). fn general, to enhance the Depending on the answer to the initial overarching question, there 

•~-~-~pl:odUCIJJ.1C-Siu:.;c.;&-0f...,fom.ile..J¥w.,-tha-deslled-oondition-~r-&man;l"'(lonside~a-tions-releva11t-to,managemenH!t!Uons,.~Hhe-----
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answer is "no," and the area does not meet the desired condition for 
female Canada lynx, then management actions may be warranted to 
increase the developmental rate of advanced regeneration (age dis­
tribution ""20- 80 years old) or mature forest (age disnibution ""50 -
~ 200 years old). In the context of a vegetation reset, we demonstrated 
it takes at least 25 years for attributes of the advanced regeneration 
str:ucture to begin developing and at least 50 years for elements of a 
mature forest (Fig. 4). However, intermediate silvicultural treatments 
(e.g., tending, thinning, or liberation cuts) might decrease the time 
required to establish attributes of either advanced regenerating or 
mature forests (Hoibrook ?t Ji.. 20i.3). [f the answer is "yes" to the 
aforementioned queslion, and the landscape of interest meets the de­
sired conditions for female Canada lynx, then a maintenance sh·ategy 
might be warranted (Fig. 9). Implementing a long-term (e.g.,> 200 
years) and cohesive sflviculturn! system (including methods such as 
intermediate treatments and regeneration harvests) could be used to 
maintain the structurn! com~_&!vcn tllc 

ForcSl Ecology and Management 437 (2019) 411-425 

Fig. 9. Example management framework 
(with reference to helpful in-text infom1a• 
tion in bold) with the desired outcome of 
conserving high quality haQitat for Canada 
lynx (Lynx canadensis) and abundant snow• 
shoe hares (Lepus americmius) on multiple­
use lands in the Northern Rockies, U.S. We 
defined high quality habitat based on the 
consistency of a female Canada lynx to 
produce a litter of kittens. The framework 
illcludes (1) an initial landscape assessment 
at the home"ronge extent follow,:,d by (2) a set 
of management considerations and (3) po­
tential silvicultural m:tkms, whkh ideally 
lead to (4) the desired outcome of a habitat 
mosaic conducive to providing snowshoe 
hares (Lepus americanus) aad increasing the 
reproductive success of female Canada lynx. 
Superscript " indicates rfolbrnok et ,,L 
(201.8) as a reference for discill.'ling lynx 
responses to silvlcultura! treatments. Ad­
vanced regeneration is abbreviated by Adv 
Regen. Photo credit U.S. Forest Service and 
Rocky Mounroin Research Station, Nonhem 
Rockies Lynx ProjecL 

temporal (Figs, 3, -4) and spatial (Tabk 3, Appendix B) characteristics of 
forest structures we have characterized. However, balancing the short­
term avoidance of Canada lynx to silvicultural treatments (Holbrouk 
et al,. 2018) with the long-term benefits would be an essential com­
ponent to the silvicultural strategy, particularly given the threatened 
sfa"tus of Canada lynx in the contiguous U.S. 

5. Conclusion 

Managing forests occupied with threatened and endangered species 
is a difficult task that requires balancing multiple objectives. This dif­
ficulty is compounded when it is unclear what habitat attributes are 
important for a species• survival and reproduction. Here, we provided 
many advances characterizing habitat attributes important for the re­
productive success of female Canada lynx in the Northern Rockies. 
While our ossessment focused on reproduction, we do not diminish the 
iI:,1-_J2ortance of survivaL Indeed. survival is re uired for' continuer!,._,_ 
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reproduction and our conclusions assume high female survival. We 
reinforced the findings of KostdruHn e\ ,;l (201.8) that core use areas 
within a home range context (see Flgs. 6, BJ are a unique and important 
component for successful reproduction, although substantial residual 
variation exists among female lynx. Further, we demonstrated that (1) 

the probability of producing kittens by female lynx was most sensitive 
to the connectivity of mature, multistoried forests (composed of mostly 
spruce-fir), (2) the relative density of srrowshoe hares wa;; ~ 2.8 times 
higher in advanced regenerating stands relative to othe est struc­
tt1res, including mature forest, (3) the home range "'18-66 k 2 nd 
core use area of high qual!ty females was composed of ""50--60% ma­
ture forest and "'18-19% advanced regeneration, and (4) advanced 
regenerating and mature forests were - 20--80 years old and = 50 
to> 200years old, respectively, highlighting the developed nature of 
high quality Canada lynx habitat. This essential information, coupled 
with how lynx respond to silvicultural treatments (Holbrook .et al., 
2018), allows forest managers to develop and apply strategies that in­
corpornte forest management and lynx conservation over the long term 
within a multiple-use·context (e.g., Fig. 9). 

However, one of the most difficult challenges currently facing forest 
management in the western U.S. i~ increasing wildfire seasons and ac­
tivity (e.g., Westeding et al., 2006; Aba1:wgl.ou and Williams. 2016: 
Westerling, 2015). Increasing wildfire also complicates the conserva­
tion of high quality Canada Lynx habitat because quality habitat con­
tains older torest structures and, thus, relatively high fuel loads. 
Therefore, an important step forward for Canada lynx conservation will 
be evaluating forest manag~ment alternatives that are capable of bal­
ancing wildfire risk and the conservation of lynx habitat. 1ndeed, con­
tinuing to assess knowledge gaps at the intersection of forest manage­
ment, natural and anthropogenic disturbance, and species conservation 
will be essential for future conservation efforts on western forests. 
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