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High Quality

Low Quality

¥ig. 6. Example core use areas {gray areas), withiin home rapges (solid black 1

outline), demonstrating the similarity in number ant arrangement of core areas. |
bétween high. and low quality fémate Canada lynx (Eynx canadensis). Core areas
indicated the 50% isopleth of a female’s home range whilé a hofie range was
the 80% isgpleth. Quality of Females was determined based on their probability
of producing a litter of kittens, which resulted n the .following: Jow :
quality = prcbabiht)r of Htter 0.30-0.51(n = 18), mediam- guality = pmb

ability of litter 0:60-0,80 (n=-11), and high quality = probability of liter -
0.81-0.92 {1 =11} ANl females présented had = 500 GPS locations to char-- &

acterize the home range and core usé area,
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4.1. Hobitarfitness relaionships of Canida lytix

We confirmed the conclusion of Kostérman et al. (20187 that the
probability of Canada lynx produging a litter of kittens increased with
hoth 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 litfer production was miore sensitive to the
connectivity of mature forest; rather than the abundance of stand in-
itiation (Fig, 5¥; although, 4t some pointincreasing stand inftiation will
by definition decrease the connectivity. of mature forest: A- pattern si-
miler to ours was discovered in cheetahs, where cub recriitment was

'1.79 times hlgher when femnales occupied dense habitatrelative 10.open

habttats (Broekliuis, 2018). We also highlighted that ‘the probahility of
producmg 4 litter varies substaritially among fémale Canada Iynx in-
dependent of forest structuré, which indicated innate or unmeasured

variation associated with females orhabitat-were also importamt drivers

of ‘their ability to produce litters.

Many studies have hlghhghted the important Tole of matcmal 2
perience, reproductive- history, and condition on. female reproductive’
success (e.g:, Monteith et al, 2013; Gaillard et al., 2014; Rauser ef al.,
20 _1__5__} For examaple, Ga1liard et al. [2014) demonstrated that maternal
experience in fernale Eurasian lynx was important for both producing a.

litter of kittens as well as the number of kittens recrnited. However, in a

previous study on the same population of Ganada lynx in. the- Northern
‘Rockies; Kosterman et af. (2018] documented that habitat atributes.
veere mare important drivers of kitten producnon than matermal age,

reproducfive statug {i.é,, litter present/absent} in the previous year, or -

physical conditon (as 1ndexed via body mass and length). Thus, the

résidual variation we: ghserved in reproductive success for adult female.
Iynx might:be asseﬂazed with. (1) stochastic varfation in prey avail-
ability. dunng the hreedmg seagon, causing females. to forgo Teproduc-
tion (&g, Bran and: Ken:h 1579, Parker et.al.. 1983), or {2} other

i urimeasared fa¢fors snch’ as individual variation in domlnance SLress,
- or rearmg behavxor (&g., Ciampagne et al,, 2003; Murray et al., 2007;
© Shetiffet al,, 2009). Nevestheless, our. results suggest thdt forest man-
- ageréhave an’- opportumty munprove the reprcductwe pexfomlance of

g gl:aater ‘home range for femaie lynx. How-
X chgractensucs of the cofe aréa 1tself such as the

.forest stmcmral cla_sm that d.lSUngu_lshes the core, ’I‘hzs is smular in

conceptto guzly ear (Ursus gretos) core dreasinthat they aredefined

2016). The advanced regenération struciural class supporfed the
hlghest relative density of snowshoe hares compared to other structure:
classes (Fig: 2, buf tuis class only occurs for ‘=80 years (Fig, 3) and ;
Ivnx may have dzfﬁculty capturing -haves in advanced regeneration e
because of demse vegetation {e.g., Fuller et al,, 2007; [van and Shenk,
20163, Thus, & high quality home range for female. Canada lynx is best
characterized as a landscape mosalc with abundant (e.g.,, =50-60%)
and connected mature, multistoried: forest with intermediate amounts
(2.5., ~18-19%) of advanced regeneration (2.g., Table 3, Figs. 7, 8)
Mangers oA use our ‘assessrients of snowshoe hare denisity, forest ag'és
aridd transftion times, and habitat quality.of Canada lynx to ‘guide spatio-
temporal decisions that'aid in the conservation of lynx in the Northern
Rockles through incredsed kitten production. Collectively, our work
Tepresents -an imporwant step in narrowing the gap between forest
management and the conservation of threatened and endangered spe-
f'! o

basedowroEd AERSIEES, WhICH Tiegatvely” mifuences adult survival,
veniie- recrmnnent, and populauon growth (e £, Boulanger and’
Stentiouse, 2014). Ini ouf cake, mature forest was more abundant within.
qre-. areas of high quality female lynx, and patches of matuie forest
were larger and more connected than the non-core portion of jynx home.

- tanges (Figs. 7, 8, Table 3, Appendix B). Therefore, both corg use areas
¢ and ‘the. greater heme Ttange are important constructs  when im-
: plementmg management actons aimed at Canadd lynx conservation.

: ‘I'he core use areas of high quality females exhibited the’ following

n-uctural compositions (i.e, medians and QR from Table 3): ma-
ture. = 58%  (IQR = 55-65%),  advanced regenération = 18%

A ————— T

{IQR = 12-24%), sparse = 23% (IQR, = 1?—24%), and stand intga-
" tion = 4% (IQR.= 2-6%], At the home range level, the composition’ of

forest structural classes mcluded mature =

VMMEM T(IQR = 14-24%),  ‘sparge = 26%
(IQR = 18-30%). stand initiation = 5% (IQR = 3-6%). ‘While
these rumbers improve the: understanding of Canada iynx habitat
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1. Introduction

Conservaron. of forest-associated :animals requires an understanding
of Habitat' qualily; along with the development of ‘spatio-teraporal
management strategies. that are consistent with. high quahty habirtat.
Habitat quality has been characterized in many ways, but now it i3
generally accepted that guality is most appropriately defined based on
measties of irdividual or population performance (e.g., -individual
survival or reproduction, population growth; sensit 16t Van Horme, 1963),
Numereus studies have devoted substantial rescurces into characrer-
121ng habitat quahty for sensitive species, including Afrlcan lions
(Panthera les; Mosser ot al, 2009}, cheédtahs (Acinonyx jubatus;

roekhuis, 2018), northern spotted owls (Strix oécidentalis cauring;
Franklin et 2i, 2000; Dugger & al., 2003), wild dogs (Lycaon pictus;
Dravies et al. 2ﬁ16}, and gray wolves {Canis Iupus, Uboni et a1, 20170,
Furthermore, the designation of “crifical habitat™is requlred by the [5:R
Endangered. Species Act {ESAj), which further emphasizes the.im-
portance; of ldennfymg habitat quality. While habitat quality is an im-

.portant idea in-species conservation, managers of wﬂdhfe and- forests

might find it difficult to apply the concept. Prov1d1ng detailed in-
fotmation regarding the. spatio-temporal ddpects of habitat quality is
valuable to managers. for informing strategies aimed-at producing and
sustdining high quality habitat {e.g.,, Grakam et al,, 1994).

In:the contiguous 8.8, Canada lynx {Iynx canadensis) are a threa-

“tened forest carnivore unider the ESA (USFWS, 2000) and consequently

have been associated with numerous. challénges. concerning forest
management on. publi:. lands (e. g, H’m\eafu, 2018). Much of the con-
troversy siurrotnding forest management and Canada lynx conservation
is concerning habitat réguirernents, which in turn implicates guestions
associated with the relationships among forest managemient, forest
structure and arrangement, and lynx habitat quality. Holbrock et al.
{20185 recently déscribed spatio-teinporal pattems of habitat use by
Canada lynx as a function of differing silviciltuial treatments, but they,
did not address how landseape mosaics. from forest management in-
flnenced habitat quality for Canada lynx. Thus, there remains a sub-

stantial nged to providé management-relevasit information that helps

identify and conserve high quality habital fof Genada tyny gver the
long-terin.

Previous work evaluating habitat relationships of Canada lynx in-

dicated that forest structure is an imipértant factor driving space use-

{e/g., Koehier ot al., 2008 Squires ef al, 2010 Simons-Legaard et .al,
2043 Menigomery @ al, 2014 Hobmm{ et al, 20173}, Forest struc-

ture is a sirong. determ:nant of the distribution and _a_;:cessibili'ty of

snowshoe hares (Lepus’ dmericanus}, whick s the primary prey ‘of ‘Ca-
nada lynx (e.g., Blion and Nicholson, 1942; O° Dunoghue of al, 1995
Syuires and Rugaiess, 2%){}’?_ jran and Sherk, 2018). In general, mosaics
of forest structural classes are present in lynx home ranges {Koehler
at'al, 2008 Squiresef al, 2010 MeCann and Moen, 2011; Fuller ar gt

Tynx during 1999-2013 (Kosterman ¢t al,
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the Northern Rocky Mountains (hereafter; Northern Rockies), USS. We

incorporated multiple.ditasets and implemerited a muiti-step analytical

process. First, we evaluated the relationship between forést structural
classes and the prevalence of snowshoe hares, This assessment provided
an important foundation for the remainder of our work in that Ganada

lynx depend heavily on snowshoe bares. for food (e “ Titon and

Nicholsor, 1932; O'Donoghue et al, 19%8). Second, we charaéterized

the age distribution and transmon time- between forest’ structural

classes because the temporal dimensions of forest. structure is essential
for developing. rotatien schediles in forest management. Third, we
extended the analysis of Kosterman ot al. 120283 to dssess the sensitivity

of female Jitter production to changes in forest structure, which allowed

us to identify the attribute that impacts productivity most. Lastiy, we.
identified the number and atrangement of core use units (within core
areas) as well ds 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 fo, prov1de the in~
‘formation necessary to integrate our results into forest managemenz)

We defined high: quality habitat as the {orest attributes used by female
lynx that consistently produced a litter of Kkiitens, We leveraged many,
datasets in our analyses, which included a.spatiaily extensive sample of
snowshoe hares:collected in 2013 (Holbrook et al,, 2017b), an ex-
pansive ﬁme—seﬁes {ez., 1972»2_01__3]_ of mapped forest structural
classes (Savage et al, 2018), and a longitudinal dataset where we
monitored habitat use-and fhe reproductive suceess of female ‘Canada
2018).

Based on previous work fiom the same lynx populaticn (eg.,
'JC_U{'E* 2t al., 2008, 2010, Holbrook a1 al| 9017a; Kosterman et al.,
2318), we developed three expéctations. We predlcted (1) the. re-
proditctive success of female. Canada lynx would be riost-sensitive to
changes in mature, mulnstoned forests, (2} core use areas of high
quality females i.e., those that produce kittens most frequenrly) would
be.spatiaily centrall?ed and (3} high quality females would: inhabit
home ranges composed of larger-and moré éonnected patches of older
forest structures. Snowshoe hares.are generally more- abundant and
accessible {{.e., lugher lynx il rates) in older forest structures in the
Rocky Mountaitis- {e. g, Griffin and Mills, 2009; Squires et al - 2010;
Berg etal, 2012 {van gnd Shenk, 2019), which was the primary basis
of our predlcuons Indeed, multiple studies have demonstrated that
Canada lynx exhibit higher reproductive suceess when snowshoe hares
aré abundant and accessible, as corrparéd to wher hares are scarce
fe.g., Mowat et al, 1996, Slough and Mowat, 1996), Callectively; our
work .advances the understanding of Canada lynx habitat quality, bat
more broadly serves as an example of relatmg habllat-ﬁtness relation-
ships to on-the-ground managemient for the shired vision of managing
forests and conserving forest carnivores, '

2. Mafterials and methads
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et al, 2017), but to our knowledge only dné study has related such
struétures to Canada lynx habitat gquality. oswerman et al, {,'2{1"18_}
suggested that female Canada lynx in the Rocky Mountains exhibit an
income breeding strategy and that suceessful litter production was as-
sociated with intermediate amounts of tegenerating forest as well as
abundant; well:connected matuie forest (within female’s core tse
areds). Howeveér, Kosterspan 21 @i, {2018) did not characterize (1) the
sensitivity of Hitter prodiction with respect to differing habitat attri-
butes, (2) the number and spatial arrangement of core use areas (i.e.,

coré areas often vontain multiple, spatially distinct units), (3) the age

distribiution.and transition time between forest struchiral classes; or (4)

the forest metrics amenable to forest management (e.g, pateh size and:
arrangement, afong with vegetation descriptions). The development of
long-term strategies aimed 4t forest management and Canada lynx
congervation requires addressing these knowligdge gaps.

Our goal was w characterize the spatie-temporal aspects of forest

mosaics that are associated with high quality habitat of Ganada lynin.......(iarix_eccidensalisl,..subalpine, fir {Abies. Josiacarpa). . A0 EngelNAND e

2.1. Study area

Our study occurred in the Northern Rockies of northwestern
Montana, U.S., within the distributicn of Canada lynx (Fig. 1; see
Sguires 2¢ al, 2615 for additional details}. This-area covers approxi-
mately 3.6 mllhon ha and. is mestly composed of public lands (about
80%), but with commercial and private forest lands included as well,
Across ownerships, there arg diffsting amounts and kinds-of human use-
and timber hirvest. However, the majority of the area oceupied by
Canada lynx -and sncwshoe hares iz within federally managed lands
(itothroak ot al, 200 Fa, 2007 ) which includes multiple-uses such. as.
timber harvest. '

Qur siudy area supports a. diversity of forest structural ¢lasses and

species compositions across an elevational gradient from =550 1o

=3360m. These cool mixed-coniler forests confain Douglas-fir
{Pseudotsuga menziesii), lodgepole pine (Pinus contorta), western larch



S0, Hotbrook et al.
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Fig. 1. stady aréa in northwestery Maontana, 1.5:
where we sampled female Canada lynx {(Lynx ca-
nadensis} and snowshoe hares {Lepus. americanus)
duging 1999-2013. We saripled. 1340 plots and
courited snowshoe hare peliots during 2013 and
monitoret the reproductive success (ig., produ-
cing alitter of kittens) of 32 females from 1999 o
2013,

'1161°W 1'12:’ W.

48° N+

Idaho Montana

46° N+

Wi

Monitored Female Lynx

&

Snowshoe Hare Plots

spruce {Picea gngelmanniiy trees along with 4 variety of shrubs, forbs,
and grasses, Multiple forest structural classes {e.g., young to old) were
well distributed across our study area, to which.Canada lynx exhibited
strong behavibral responses in terms of habitat use and selection
(Huthrook et ak, 20172, 2018). The reIatwer distinct (albmt coarse}
$tructural classes included: (1) stand initation {e.g., very few large
trees rematning with ‘open canopy), (2) sgarse forests. (e.g., sparse
overstory with low vanopy cover, which could be naturally present or
mechanically -created}, (3) advanced regenerating forests (e.g., re-
vegetated stands -from past forest harvest with mid-sized trees that

provide dense horizontal and canopy cover), and (4) mature forests

(e:g., multistoried stands with dense horizontal and veértical cover from

-oider trees that are more t.omglex than advanced regeneranon ).

Shvpae at al, {?_f} 131 dcross: the

spatially predicted on an annual basm by
extent of ot study area (Fig. 1).overa tlm'é"senes from 1972 ta 201 3.
‘-?évaae aral 13018 accompllshed this hy pairing the enfire archive ¢f
Landsat i lmagery with field data, and 1mplementmg supervised r:lass;~
fieation techmignes along with a sédes of forest suceassional rules en-
suring a natural progression among stmctural tlasses. Mapped strue-
tural classes {resofution of 30 % 30.m plxels) were then validated using
confusion ratrices (=80% accuracy) and tree mettics from plot data
collected by the USDA Forest Service’s Horest Inventory and Analysis
(FIA) program, such-as tree size and Iree density: (see Bnthrook et al,
20i7a, Savage et sl

3018, Appendix AY. Additionally, the composition.

of tree species within each structiral class was also evaluated, which.

sugigested a mixed composition, although Engelmann spruce and sub-
alpine fir were consistently more abundant than any other treé species
across classes {see i A TR

ol 8l gl

to snowshoe hare abundence (e.g., Griffin sud Mf

Haebs or al;

2.2. Forest strifceure ond snowshoe Rares

The distribution and abundance of snowshoe hares were: central to
aur predictions. characterizing how forest structural classes influence
the reproduttive success of female Cafada lyrix, Previous studies in-
dicated that forest -structure influences. snowshoe: Hare gecupancy,
density, and pnpulatzon dynamics (e.g., Griffin and Mills, 2009 jvan
gt al. 2014 Holbrook sr al, 2 0170, Therefore_, we assessed the re-
Tationship between snowshoe hares and forest structural clss, We-ex-
pected both occupancy and rélative density of snowshoe hates to be
highest in the advanced regeneration and mature:structural classes and.
Iowest in the sparse and stand initiation classes. We expected this be--

‘caiise horizonral cover is preésumably higher in advanded regéneration

murmswanclwhoHzontal-eoveme*pcsmwely*reiated
Us, 2009; Berg ek 2.,
2070 Bvan ot b, 20145 Holbreok et ady, 2017k Gigliorti et al, 2078).
‘We samipled snowshioe hares using pellet counis at 1340 plots
(20 > 20m, collected in. Hnibrack et al, 20175) randomly distributed:
across .our study area- during 2013 (Fig: iJ At each nlot, we samioled
sitowshoe hare presence and tolative density by countmg {uncleared}
pellets within five 5.1 ¥ 305<¢m subplots (irebs =1 al, 1987, 2001)
placed at plat center and. the four edges of a 20 x 20m plot. We-
averaged our counts.across the five subplots to develop our merric of
stiowshoe hare presence {x1 pellet) and relative density (average
number of peliets/subplot). Many studies. havé demonstrated a-sirong
relatmnshrp between pellet counts and snowshoe haré densities gz,
1947, Murray eeal, 20020 Mills a0 ab, 2005 suggesting:
pellet counts are an adequare index of relative density. We then inter-
sected each plot with 4 forest structurd] lass for the year 2013 (Suvags

413
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al, 2018) to identify how occupancy and telative density of hares
related to remotely-sensed structural classes. The resultmg sample sizes
were as follows: 69 plots within the.stand initiation class, 348 plats
within the sparse cldss, 206 plots within the advdnced 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.

2.3 Age distribution and fransition tmes of forest structural classes

To inform sﬂmcultural methods and systems designied to conserve
Canada lynx over the iong-term (e.g., > 50-100 years), we- character—
ized rempatal aspects of our forest structural classes (i.e., stand initia-
ton, éparse, advanced regeneration, and maturé): For Instance, we as-
sessed (1} the. dlsmbuuon of ree ages within our structural stages, and

(2] the time required w' transition from one struchirdl class to another:

after-a vegetauon reset {e. 2., affer a clearcut) To sansfy otr frst ab-
jective; we intersected olr forest siructural classes (ie., mapped 0
2013 by Savage 2l al., 200.8) with 550 subplots (=170 mz) collécted by

the USDA Foresi-Service’s FIA program during- 2005-2012, From these:

plot data, we thenexamined the disiribution of tree ages Ai.e, age ca-
tegories ranging from 0 to' =200 years) for eich of our forest s_tmctural
classes; as well as calculated median values { = IQR] of tree metrics
including basal area weighted DBH, canapy cover, and tree density. We
expecteéd. the distribution of stand initiation to be the youngest, fol-
lowed by advanced regenération and mature forest as the oldest. Sparse
was astructural category that couid be young orold, and thus wa.ex-
pected-a wide age distribution.

To:address our second objective, we used the time-series of forest
structural classes from Savage gr al. (2018} o evaluate how the pio-

portion of structural ¢lagses within regeneration cuts (i.e., clearcuts —a

complete removal of all conifer trees) changed as a function of time
siti¢e harvest. We identified 791 regeneration cuts within our study area
using ‘the USDA Forest Service's Forest ACHvity Tracking System
(FACTS), Wh.lCh is a polygon- -based geospatial database of forest man-

agement actions. We then calculated the proportion of structural classes:

{ £ 90% Cls} within cach regeneration polygon in each. year after
harvest:(starting at t + 1) between 1973 and 2013 (i.e., a 39-year se-
quence) o charactenze how structural classes tram.moned aerpss the

temporal gradlent We plotted these proportions through time to assess.
the set of years bver which each structural class was dominant. Similar

to! our previgus expectations, we drticipated stand: initfation would
dommate Immediately after a harvest and advanced regeneratidn and
mature forests would take many years-to begin estabhshmg However,
in the context of a vegetdtion reset, we expected sparse forests 1o act as
an intermediary betwedn stand initiation and -advanced regeneration
ccmcadent wrth the estdbhshment of ta]ler trees. We used the Geospa-
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amount, configuration, and shape of forest structural elasses across the

‘categories of female quality using metrics such ds percentage of arep,

patch size, connectivity, clumpiness; and shape. This second step was,

essential from. 4 mandgement perspective because silviculturists need

detailed information on forest metrics to. effectively- integrate habitat’

.quahty into management actions relevant for Canada lynx.,

2:4.1. -Step one - models fof iniderstanding quality of female tynx

We determined space use and Teproductive success-(i-e,, litter pro-
duction)} for 32 female. Canada lynx during 1999~2013 (mu 1) whlch
were from the same populanon presented in Kostermar ef al. {2018}
but-with additional individuals. We captured and handled fermales 1 using
mettieds approved by the Institutional Animal Care and Use Commiittee
{IACUC permifs 4-2008 and TE0S3737-1) as desciibed in. Squired et ai.
(2008). We collared females with Very High Frequency (VHF) radio-
collars (Advanced Telemetry Solutions, 1santi, ¥IN) during 1999-2004
and with store-on-board. GPS colldrs (Lotek Wireless; Newmarket, On-
tario, Canada, dnd Sirtrack Ltd., Havelock Narth, New Zealand)-during
2005-2013. We Tocated females with VHE collars every 1-2 weeks.

‘using -aerial. telemerry, and GPS collars collected a location every

30'min for 24'h every other day. We monitored females unti] they died,
disappeared from the study area, or until the radio-collars failed.. We
used telemetry te locate and visit ‘natal dens of Females within
1-2veeks of parturition and récorded whether the female produced
kittens or not (see Kostorman es al,, 201 8.for additionial details on data
coflection).

Our analyses required that we estimate the boundary-of a female’s
home range to relate metrics of forest structure ta r"ep_ro&mtive success,
Because of the differences in platforms (some females with VHF and
GPS), female iynx  received different” sampling intensities
[range = 207238 locations per female} Therefore; we used a nen-
parametric “adaptive sphére-of-inflience” approach to estimate female
home ranges; specifically, #-LoCoH, which is @ variant of the Jocal
convex hull technigue (Geiz et ab, 2067). The LoColf techniques are
more consérvative than parametric kernel approaches ir estimating
home rangeswhen thie number of relocations are low, and they perforin
better than parametric methiods when hard boundaries or non-use holes
[e g water bodies for terrestrial species) are present within: the home
range (Getz e al, 2007). We used the a-LoCol approach (g = 25 lu,
which is the maximum distancé bétween any two locations we ob-
served) to estimate home ranges (i.e., 90% lsopleth) and ¢ore -use- areas
{ie, 50% moplem) for each I'emale Canada lynx: We sefected the 909%
and 50% isopleth to ensure congistency with Kestérmarn et al. {20151
We used the rhr library (Signer and Balkenhel, 2075 within pragram R
{.;j?{ Core Taam, 2017).

We cliaracterized the amount configuration, and ‘shape of forest
structures expeienced by éach female lymc at three spatial scales: home
ranges, core Uuse areas, and non-core use ardas {ie; home

iy wné-pmgmn—f’—“’—"”r“—. 7 TaNge——E0e—=Fo-eote-For-each~emaloywe-malehed-the-median

Tewwi, 2017) to complete these analyses
24 Forest_.mosaic'_s,_ core use grees, and. female quality of Canada i’ynx

Wa implemented a twi-stage process to characterize the range of
values associated: with the amount, configutation, and shape of forest
structural classes in home. ranges of female lymx: Frst, similar 1o
Knsterman et af. {2018}, we developed a model that described the re-
lationship. betwéen the proclivity of females to produce a litter of kit
terts and the compositign and arrangement of forest structures. How-
ever, extending beyond Kostarman at al {2018}, we evaluated. the
sensitivity of these relationships and used .our modél to assign a prob-
ability of producing a littér of kittens to each female. Seconid, we used
these predictions to classify each female into a category of low,
medium, and high quality based on their. tendency to produce Hiters,
We then evaluated core area .characteristics (e.¢., number of core use

uniks;thatis ‘=MM&MM%M&MWM&aM&M&a&QWWIaﬁei'nmlar'i-gfh,”‘ i

FRAGSTATS software. (verston 4.2; MeGarigal et al.,

year monitored with the coincident year of the predicted forest. styue-

tural €lasses. from. the time-series of Savage ov ol {2018 We used
2012) o quantify
the fandscipe metrics that we predicted to describe ‘the prevalence and
configuration of forest strietural classes for each femile Canadz lynx.
We calculated four different . metrics dcross our forest structural

‘clagses, First, we guantified the percentage of the landscape composed.

of each class, Second, we calculated the clumpingss 1ndex Tor each

foreststracrural class. Clumpiness (ranges between —1 and 1) re-

presents patch &lustering, where a value of ~1 indicates maximum

-_dlsaggregatmn and 1 indicates maximum aggrégation (MeGarigal at 4.,

¥42). Third, we mdexed the shape of each forest structural class,

'Shape = 1 when the patch is square, and increases with n*rﬂgularlt}rv

Addifionally, given the strong rélationship identified in Kosrerman at ab,
{2014}, we calculated the same mature forest conngctivity index (MFCI)
presented therein. The MFCI is effectively an “area-normalized corre:
heseb tation—lengthe—mensures=—the—average
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'exten‘siveness'af" connecrcd'patches (MeGarigal of al, 2014). We ex-

[Jected the probability of litter production by a:female 1o increase with
mature and advahced régenerating forests because these structures
produce’ the abundant and consistent snowshoe hares required by Ca:
nada lynx,

We used generalized linear mixed-models (GLMM_. Bolker et afl.,
2006} and an information-theoretic dpproach {Buimham and Andersns,
2002) o characterize the relationship berween litter production and
forest structure. We used a binemial distribution ¢logit lnk) and in-
cluded a ratidom intercept to account for repeated measures of the same
female over multiple years (3ofker et al., 2009). Far eath forest struc-
tural class, weidentified the Best (based on AIC.) mettic, scalé (core use

uarea, non-core area, or-home range), and ﬁmctzon {i.e., linear-or cur-

vilinest) associated with a fémale's proclivity to produce. kittens. T’ms

resulted in fotr explanatory variables that were uncorrelated from one
ancther (r} < 0.60% (1) MFCI in core uSe areas, (2) clumpiness 6f
-advanced regeneration at:the home range, (3) percentage of stand 4in-
.itiation at the.core usearea, and {(4); perceniage of sparse forest at the
‘home range, We predicted that the MFCL {e.g., Kostervan eral, 2018).
-and patches of advanced regeneration arranged in & clumpy config-

uration would ke positively associated with licter pmductwn by female

lymx, Ferale lynx avoid: sparse forest and stand initiation (Halbeock

et al, 20172a), thus we gxpected a negative effect on litter production.

We fc-rrnahzed these predicnons 4within multiple competing- hypothesés.

and evaluated support using AIC; (Hurnham and Andesson, 2002).
‘We.evaluated the fic of our top model and assessed ‘the sensitivity of

littet production to changes'in forest structure. As an assessment of fit,

we calculated the marginal and conditional coefficlent 6f determination

(8%, and R® & respectwely, Nakagawa and Schielzeth, 2013) The_

tnarginal R? is thie variance explained by only the fixed-effects, whereas
the. conditivnal R? isthe variaricé explained by both fixed and randem

factors. Thig-assessment allowed us to examirie hdw each portion of the
madel (i.e., ﬁxed and random) accounted for variation in the response’

of females producing litters of kittens.

To evaludie the sensitivity of litter praduction to- chianges in forest
structure, we impleménted a rdandomization procedure similar to
T mpei st al. (20742 Our randomlzatwn process consisted of simulta-
neolisly drawing 1000.samples (with replacement) from the range of

values {i.g,, a uniform distributien) for €ach. forest structure Variabla

included in our top GLMM Adchtmnally) becauss we accounted for
individual-level variation via a random intercept for female lynx, we
also- randomly sampled (with téplacemient) 1000 female labels. Ran-
domizing the labels of female hyinx allowed us to incorporate individual-
fevel variation within our sensttivity analysis, rather than only assessing
variation. of the ﬁxed Factors {i.e., forest structure variables). For each of
the 1000 samples, weé applied our top GLMM model to generate 1000
probakbilities- of producmg a litter. We' then used linear regression and

RE to charactenzc how variatmn in forest suructure, mﬂuenced the total

-_
ore Team, 20 ‘?)

(b}

ducted alt analyses in program R (R
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structural classes. (pixel-level from Savage et al.,
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-2,4.2. Srep two - choracterizing forest mosaics across the gradierit in feniale

quality for forest management

We characterized the number and arrangement of core use units
{within core areas) and calculated management-rélevanc metrics of
forest structure across. the gradient in female qualiiy. First, we gener-

-ated predicted probabilities of produeing a ltter of kittens fot 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

‘earest neighbor. distance between core use units, We expected high
“quality females.to exhibit'somewhat centralized core areas such:thiat the

number-of units was lower 4nd ‘closer together when compared to. low
quality females, Finally, we summarized our pl’ed_ictio‘ns of forest
2018) to the patch-
level to.more easily translate (o anagement decision-making, which is
often associated. with the stand or patch. We'nsed a polygon layer of
forest patches that was developed using aerial imagery and €Cognifion
® software (see- Brown and Ahl, 201 11), and we assigned the forest
structural class that was observed most frequently to edch polygon. We
then calculated landscape metries of forest structure ising FRAGSTATS
software (version 4.2; Mofarigal ex al., 2012) for each female and
spatial scale: (1) percentage-of the landscage (%), (2) median patch size
(ha), (3) Connec_tanf:'e-(ind_ex}i (4) clunpiness {index), and (5) shape
{index), We deseribed clumpiness and shape previously (Sectidn 2.4:1).

Connectance is an index {ranges between 0 and 100} that characterizes
patch cannectivity, ‘where values of 0 indicate no patches are connected
and vaiues of 100 indicaté all patches are connected (MueGarigal &t al.,
2612). We. a_ppl'igd'_.an 8-cell patch rule for all calculations and searched
a radius of 500 m to caleulate connectance,

We bélievéd our sample of female lynx included most individuals
present in our survey areas based on field observations of track pattérns:
and-capture histories. Even so, because of the small nimber of females
within each category of quality (i.e., 32 females in totdl), we assessed
differences in core use ateds.and forest structure metrics using non-
parametric sumimaries. For instance, we calculated’ the median and
interguartile range (IQR) of each variable for each category of quality.
If the IQR did not overlap the median value of anather Broup, ‘we
concluded thére-was evidence of a difference: ‘This was:a conservative
approach, bécause the median + (1.57 x IQR/Yn) is:also uséd to assess
differences among- distributiens (Chambers 2t al., 1923), which gen-
erally exhibits bounds narrower than the IQR.

3. Resulis
3.1, Forest structure and snowshoe hares

Consistent with our-expectations, the praportion of sites oceupied

m_byusm_}m Oe-HaTes Was- g e hE-ad VAT CRd Te S e T T OT AN (T A TH g

is. Za). Occupancy of snowshoe hares was the

sttuctural classes (7

Fig. 2. Bstimated {-* 95% Cls) proportion
of sites oerupied. {a) and relative. densﬂy (b}
of snowshoe hares (Lepus amerlcanus} ACFOSS.
our forest structural classes. Total sample.
size of plots 1340, which were distributed
ungvenly across forest classes: stand. injtia-
tion (= 69), sparse (n = 348), advanced
regeneration (v = 206} and mature
fn = 718), '

Stand it Sparse Adv Regen hislure Jand ini

Snﬁ'é.:rse Aly E;{egef! Majure
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lowest in stand initiation; foliowed by the sparse structural class
(Fiz. Za}). However; the rélative density of snowshoe hares was = 2.8-
times higher in the advanted regeneration structtral class wheun com-
pared to all other structural classes {Fig. 2h). The structural class that
produced the next highest denisity of snowshoe hares was mature; fol-
lowed by sparse and stand initiation (Fig.. 2b),

3.2, Age distribution and transition times of forest structural clusses

The. age: distributions of our forest structiral classes-f6llowed: our
general expactdtions (Eig. 3). Most trees in.stand initiation Were young
-and between 0 and 19 years.old (i.e., 30% of the distribution}, but some
occuired in glder-age classes as well. These plots tended to exhibit open
canopies following timber harvest with some retained older trees,
which was consistent with a median DBH of 0'in: (IQR = (-8in.)} and

8% canopy cover (1QR = 0-36%; Fig. 3, Appendix' A). We observed a
Wages inpur sparsé‘class (including =200 years old), but
most trees {i-e;, 72% of thie- distribution) were between the ages of 0-19
and- 60-79 years old (}*xg 3. Median DBH and canapy cover for sparse

Age Distribution

Structural Metrics

Stands with few frees and an
open canopy. Median basal
area weighted DBH was 0

Forest Ecilogy and Monagemenr 437 (20197 411425

forest was6 in. (_IQ_R =0-11in,) :a-IQR = 8-49%), réspectively

(Appendix A). Tree ages within advanced regeneration exhibited a

right-skewed distribution and most trees {i.e., 75% of the distribution)
were between 0 and 19 and 60-79 years old {Fig, %) Median DBEF of
ddvanced regeneration was 8in. (IQR= 5-101in.) and canopy cover

{IQR = 30-70%). Lastly, the majority of trees (i.e., 66%)-
wtthm “mature forest were betweern 48 and 59 and 100-199  years: old;
however, 30% of the trees were clas.nﬁed as =120 years old (Fig, 2}
Mature forest exhibited a. median DBH of 10in. (IQR.= 7-14'in,) and .
_B6%.(IQR = 40-70%) canopy cover (Appendix-A), which were ‘higher
“than any othier structural class. In addidon, 21% of the trees withix.
mature forest Were 15-25 in. DBH, highlighting the multistofied nature
of mature forests (Appendix A).

In the context of a forest reset {i.e:, a. clearcut), the temporal tran-
sitions between forest structurai classes follovred an intuitive progres-
sion. Stand initiation was the domifant structural class 'fo'[lo'wirlg re-
generatjon cuts for. =8 years- pogi-harvest {fig. 4). Sparse wag ‘the
dominant structural stage during. =9-94 years post- harvesl: (Big. 4), but
throughout the time sequenice sparse. remained = 30% prevalent

Fig, ‘3. Deseription of forest structural classes
using. subplot data (n'= 550} from the USDA
Forest Service Forest Inventory and. Analysis (FIA)
program that overlapped. our mapped forést
structural classes, We chatacterized the age. dis:
tribution of our structural classes by plotting the -
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Fropoilivy of Trees

inches (0:8), canopy cover was
8%.{0-36), and treg dénsity »5
inches was 0 treesfacre (0-75),
n=37 picts.

Stands. with farger rees but ap
open canopy. Median basal
area weighted DBH was &
inches {0-11}, canopy cover
was 28% (B-49), and treg
density >D inches was 48

tragsiacre (0- 144y A=172 plots.

Stands with many irées and a
dénse canapy. Median basal
area weighted DBH was 3
inghes {5-10), canopy covers
was 45% (30-70), and tree

density »5 inches was 167
treesfacre {72-288). n=67 plots.

proportion of trees within each age category. We
summarized forest structural metrics {ps mea-
sured: via FIA) associated with olr stuctural
classes: using median valugs (with 1QR in par-
entheses); For an exhaustive list of forest struce-
tural metrics, please sce Appendlx A Acronym
DBH indicates the diameter at breast height, The

ealéuilation for basal area we:ghred DBH was a3

follows: ZEftrec Basal Hrea*DBH)/Tmal Basal
Ared. Note the j-axis varies with respect to
structural class.

Prapoition of Trets

- B 2D 39 =] 3 &
S Q_ca‘a @"‘ 3 &0\5 aﬁ‘ﬁ o

Years

Stands with-many trees and a
mult-ayeretl canopy. Median
basal area weighted DBH was

10 nches {7-14), canopy cover

was. 56%.{40-70}, and free
density »5 inchas was 217
traesiacie {144:331). n=274.
piats.
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Fig. 4, Temnporal transitions of forest srructiral classes in the context of & ve-
getation teset. from a. regeneranun cut (eg a clearcut, n= 791) during
1973-2013 (ie.,. 1-39 years post:harvest). Lines indicate mean propomons.:
t £ 9Q% Cls} and black dots indicate dominance transition points. ThHe stand

initiation clags dominated during =1-8years post-harvest, followed by sparse
and advanced regeneration, We did not observe the full ime sequence required
to develop elements.of miatuire forest given our time sérids, indicadng this.class
takes ar least =50 years to- begin estéb'lishing after aresel.

mdlcanvc of’ the many different forms of sparse forest (g, £ could be’

young or oldd). The advanced regeneration class was low for the first
= 15years after harvest, after which it increased and dominated from
=25 years post-harvest throughout the rémaining porticn. of our time
frame {i.e, 39 years; Fig. 4). We did not observe the time frame:in
which the mature structural class began to domiinate; indjicating that it
talkes.at least =50 years.or more for elements of a mature forest. to
develop (Fig. 4}, This temporal context of successional changes asso-
ciated with silviculture provides managers with the information ne-
cessary to develop harvest rotations,

3.3, Forest mosgics, core use-arégs, and female quality of Canadd fynx

We monitored 32 femaies over the course of 92 potential re-
productive events. Of those, we observed 62 littérs of kittens, which
resulted in an. overall kitten productibn rate of 67%. Theé median home
range size for females was 23km? [range = 18-66 km2J while the
smedian core vse area was 6 kmi® frange = 3-21km?).

The proclivity of fernale lynx to produee kittens wa influenced by
the amount and arraﬁgement of foreqt struciural classes in huge_mng_es

tie, AAIC:,
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Tabie 1

Models assessing the influence of forest stracture and arrangement: on. the
proclivity of female Canhda tymix (Lymx canadensis) fo produce litters of kittons,

For each meodel, we provided the log-Hkelihood- (LL), Aa"lIC{w and AIC, weighiy-
(w). As'd measure of fit, we calculated a généralized measure.of R? from-our top
= 0) generalized linear mixed-mode] {(Makagawa and Schielagth
261 3) Our marginal (fixed factor varfation) and conditional (total variation)
estimates.were k% = 015 and R2 = 0,39, respectively. Abbreviation MFCI in-
dicates the mature forsst connectivity indéex: Metrics charactérizing the pro-
portion of the }andscape (BLAND)Y and the clumpmess 1ndex {CLUMPY} were.
abbreviated,

Model Description- LL AAIC, W

MECT” .+ PLAND.Stand Initiation® ~51&0. 0.00 027
MFCI -5327 LU9 D16
Nulf -54463 167 012
MFCT + CLUMPY. Adv Regetgration” -52:56 1,86  0.M
- MFCT -+ CLUMPY_Adv Regeneration -+ PLAND.Stand ~51.56 209 010

Iniitiation

MFCI + PLAND,Sland Inidation + PLAND.Spacge® ~5L&0 219 009
MFCE + PLAND Sparsé ) -5322 317 048
MFCT + CLUMPY Adv Riegeneration + PLAND. Sparse -5214 336 005
MFCI 4 CLUMPY.Adv Regeneration + PLANT Stand. —-51.44 414 804

Initiation’ + BLAND Sparse

% At the core use ares,
At the home rarige,

effects of MFCI and the percent stand initiation were significant and
accounted for the remaining 38% of the total variation explained,
Because it was inappropriate to.mode! average regression coeffi-
cients. derived from generalized linear models (Cade. 2015}, we per-
formed our sensitivity analysis with only our top model. This analysis
provided .2 more resolved understanding. concetning the relationship
between forest striucture and the probability of 2 fema}e lynx producing
a litfér of kittens. Despite-thé statistical effect.of both MECI and percent
stand initiation from our GLMM, our sefisitivity analysis indicated that
litter production was substandally more sensitive 1o changes in MFCL

‘than the' percent stand :initiation per se (Fig, 5). For instance, the R®

‘between MFCI and the probability of producing a litter was-0.30, while
the R? associated with stand nitiation was 0, However, it is important
to note that as stand matlatmn increases-within a core use area, mature

fores‘t will (at some pom ¥ nition decredse resulting in a reduc-
NOPE TETEITVE 10 MFCI, our analysis further
deE'é'f‘e'd'ﬂT_ti‘re probability-of producing a litter varied substantially

.among female lynx {e.g., sée spread in Fiz. 5).

To assign our [ndex of quahty to each fernale lynx, we averaged the

predicted probabilities of producing a litter acrossour model set, which

is-an apprepriate technique to iticorporate prediction uneertainty (ra-

A Ty
¥ (1 74

mulnple models, but the top rnodel (1 £, AAIC,: = 0) st gested lynx

were_most influencéd by the mature forest connéctjvity index (MFCIY

and the percentage of the landscape that was stand initiation (¥abie 1),
The regresswn coelficients (i.e;, instandardized) Indicated. that the ef-
fect of both explanatory variables were significant: fuywe; = 3.33 (9%
€1 = .84-6.52) and Sswndine = 0.18 (90% CI = 0.02-0.37): The effect

of advanced regeneration was also included w_l_thm the supported model

set (Table 1), but the relationship was not statis;t_ic_all_y significant:
Baavrogen =5.06 (90% €I =~2.00 to 13.01). The-marg__inal-and condi-
ticnal coefficient of determination from our top model was RZ, = 0.15

and RZ= 0.39, respectively, which indicated substantial individual

variation among fernale lynx in their ahility to. produce litters of Kittens.
Indéed, approximately 62% of the rotal variatiph explained fi.e.
(0.36-0:151/0.39 = 62%) was attributed to among-individual varia-
tion, Furthermore, the null mode! that only incorporated the random
effect- of female lynx was within our supported. set, once: agam sug-
goesting..consideribleindividual.suariatisa..Neuwerthelsssmthesasginal

predictions; Cade, 2015). The averaged predicted probabilities of pro:
ducing a litter of kittens ranged from 0.30 to (.92 across the 32 females,
This resultéd in the following. Fategorization of females into loiw,
medium, and high quality: low gquality probibilities =0.36-0.51

{n = 10 females), medium quality probabilities = 0.60-0.80 (n = 11

females), and high quality probabilities = 0,81-0.92 (n = 11 females),
The numbér and arrangement of core use unifs within core areas
was generally similar across the gradient in female quality (Tabie 2,

Pig. 8): Females exhibited ~2-5 spatally separate units.within coreuse

areas irrespective of the ability for feimaies 1o prodiice Kirtens; Fardher,
thé. average niearest neighbor distancé between core use units was si-
milar (=~ 1600 m) between low and medinm quality feriale: lynx

(Table 2), Howevet; the_re was evidence suggestive of high 1 quality fe-
‘malés havini more spatially centralized core dreas based on their lower

nearest neighbor distarice-among core use units (=1100m; Table 2)
when compared to mediurm quality females, providing some support for
dickons; :

FiliTet
i
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{b)

4 8 8 10
Percent Stand Initiation

'Flg R Sensnwlty of Hiter production by - femaie Canada lynx {Lynx canadensis). to cliangés in fdrest structures Bach data point represents one realizdtion of 1000
randemizatitns of matidre forest tonnectivity-(at the core use seale), percent stand isitiation {at the core use scale}, and thetdentity of female lymx: [a) indicates alog-
linear reiatlcnsmp betyreen the variation in mature forést conniectivity index:(MFCI} and the probability- of producing 3 litter, (b) indicates no relationship between
the variation in pereent stand initiatior dnd the probability of producing a liirer,

Fable 2
Wledidn. (M) and interquartile range (JQR) of the number of tore use units and

average nearest neighbor. distance among .core use. units within core. areas:

across our gradient of femals quality for Canada Iynx (fynx canadensis). Female

quality was based on their probability of producing a litter of kittens' low;

quality = probability of ligtér 0.30-0.51 (.~ 10), medium quality = prob-
ability .of litter 0.60-0.80: {n =11}, and high quality = prebability of litter
0.81-082{n =11}

Chainacteristics of Core Use Areas

Female Quality Number of spatial upits Distance between spatial units {m)

Low M 2.5 M 1571
IQR; 24 (IQR;: 4352670

"Med M F it 1705
IQR: 1.5-6 IQR; 280-2464

High M: 3 M: 1108
IQR: 2-4,5 QR ‘640-1682

To summarize differences in forest structure and'arrangement across
categaries of female guality, we focused on comparisons between low
and high quality females (Tabie 3, Fig. 7

parisons, we found that forest structure in core use-areas dlstmguxshed

i of Eemale quallty within core use
aréas 70% of the time, versus 30% and 50% of the time at nom-core use
areas -and home ranges; respectively (Fable 3, Appendlx B}. Thus, the
abundance and arrangement of siouctural classes in core: use areas had
the grearest influence an Teproductive sucress for feriale Canada. Tyx,

Low. quality and high quality femate Candda lynx exhibited differ-
ences in many _metrics'-_of_ forest structure. Matyre forest was 17% more
abundant (median = 58%; IQR = 55-65%) and was more connected,
less clumpy, and exhibited 2:25-times larger patch sizes in_core_uge
areds ¢ of high quality females compared to low quality females (Table 3
E«',ge 7, 8, Appendix B), indeed,. mature forest was 2.5-times more
abundant than Ian_v.'other structural class in the core use areas of high
‘quality females (Tabie 7). The abundance, patch size, and conpectance
()mere all h]gher at the core use arza than at the non-
core-area {Tabla 3, Figs. 7, 8). These differences indicated the distinc-
tiveness of coré use areas and the importance of mature forest as the

. Appendix B}. Of theése com-.

‘We discovered differences between low.ard high. quality fernales for

the renmiaining forést structiral classés as well. High quality ferhales

exhibited 3% more stand initiation Emedlan = 4%, TQR = 2-6%) and

8% less advanced regeneration (median = 18%, IQR = 12-24%} -along

with.14% less sparse forest (median = 25%, IQR = 17-24%) than did
Jow quality females (Tabie 3). Further, high quality females displayed
smaller patches of advanced regeneration and larger patches of spatse
forest when compared to-low quality. females (¥igs..7, 8, Appendix B).

The clumpiness 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, &, Appendix B Lastly, patches of. sparse, forest
were more irtegularly shaped in core areas of low quality fernales re-
lative to high quality females. We observed ng- differencés in the re-
maining-comparisons within core use areas of female lyi.

4. Discussion

Qur objective was to inform the intersection of forest. management
and Canada. lynx conservation by providing detailed information,
charactetizing high quality habitat, We confirmed (similar to
Kostermaan of gL, 2018) that core use-areas (3-21 k™), which dan be

ammﬂm)wmmoreﬂmpoﬂanmanmwo
the entire home range (18-66'km?) for-litter production by _ferna_l_e
Canada lynx. This doées riot, however_,' mean that home ranges of female
Iynx dre unimportant, and indeéd home rangés are by defidition a de-

fended areathat fernales have chosen to occupy. Further, all categorfes

of female nua]ny exhibited a similar numberof spatial units within core
use areas, and there was only inoderate support for units closér together
within high quality females. We discoverad that the. producnmty of
females was most sénsitive to the connectivity of mature, mull.lstoned

forests {composed of mostly spruce-fAr) within core use areas, but litter-

productiort also varied substantially among fertales (ie., 62% of the

“variation éxplained) for reasons we did ndt metisure. Mature forést 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 refationship between litter producton and the conreetivity of
mature forest was likely @ result.of mature forest providing - temporallv

consistent amd accessﬂ:le snowshoe hares as prey geg y G
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fable 3
WMedian {M), interquartile.range (IOR); and range (R} of

Juality = probability of litter 0.60-0.80 {n = 11), and
Fngélmann spruce (Picea éngelimanii), ABLA - subalpi

Ihe percentage of {orest structurdl classes:at three spatid} stales (Core Area, Nén-Core, and Home Range, whereby Home Range = Core + Non-Core} acrags. our’

gh quality = probability of litter ¢.81-0.92 (n = 11). For-additional descriptigns of forest stitcnirs see’ Appendiz. A, Tree spécies abbreviations inclade: BIEN -
fir (Abies. lasiocarpay; PICO ~ lodgepale pine. (Pinus cuntnmj), LAOC — western larch. (Lorix occidentalis}, and PSME - Douglas. fir _(Pse:ndptsug_g menziesit).

uradient of female quality for Canada lnx {Lynx 'c:lrdensis) Female quality was based on- thelr prabability of producing a litter -of Kittens: low guality = probability of litter 0.30-0.51 (n = 10}, miedium

‘Gore Area Nen-Core- Home Range

Strwtiuial elass: General descripuion Low Mediiom High Low - Medium High Low Medium High
Stand mitdarion Klixed: specles stanils {include PIEQLARLA, PICO, LAOC, and PSME) thas have few treés, an. My 1% A%: D% M 43¢ M: 2% M 1%, M- A% Ve 2% M 19 M: 5%

‘open-canopy, and are offera resuly of recent distarbance IQR-0-4.  IOK: .04 IQR: 2-6  TQR:0-5 [OR:.0-5 IQR: 16 [QR: 1+4  TQR: O-1 IQR: 36
. . R 0-5 R:.0-13 ‘R 08 R 0-8 R 0—13 R:-D-31. R-0-7 R':_-_D-IS R: 0«15:
Sparse: Stands dominaled by PIEN-ABLA dpliowed by PSME, PICG; and LAOC) that arc-sparsely M: 37% M: 28% M:23% ¢ M 29% M= 2844 M 26% M: 3486 M:28% AL 26%"

stocked (naturally) or mechanigally thinned, which rend to be younger but.could occur atany  1QR: IQR: 2141 4Qk: IGR: IQF: 20-33  IQR: 1GR: AQR: 20-35 IQR!

uge 4144 R 16-50 1724 25-37 R: 16-58.  18-33 25-38 R: 16-85 18-30

R 13-48 it: 8-38 R 11--65 R 91 R.-12-&1

Advanced Regeneration.  Stands dominated by PIEN-ABLA @pllowed by FICO, PSME; and LAQC) and exhibit 2 dense 8 26% M 18% Mi18%° M 16% . M 18% M:20%  M:;179% K 23%. 'M 100

canopy and undaesicry, 10R: IQR: 11532 HOR: IQR: IQR; 10-27  IQR: QR QR; 10-25  1QH:
16-36  M242 1224 1222 R445 1525 12926 R3-44  14-24
R: 646 R 529 Ri6-dd RI5-38  Ri643. R: 635"
Mature ‘Stands arranged in a muiti-storied$irueiee (i.é., uneven age distcibytion) with o dense M:d4i% M d6% MBBIY  MI4BY% M 9% M:AgY M 4%  M:S3% M40
vangpy-and undersiory. Bominateg|by PIEN ABLA Colloived by PICO, PSME, and LAGC) QR IOR: 31-63 1QR: 1QR: TOR: 3662 IQR: 1QR: TOR: 31-51 IQR:
35243 R:.9-73 55-H5 #3-54 R: 11-77 38-60 CA9-446 ‘R 10-75 43-59
R 22-69 RU32-69 R 16-73 ' R 2372 R 2171 1:-30-70.

* Highet than low quality Temale,
* Loiver than low quality female.
¥ Lower than high quality female;
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Fig..7. Patch metrics of forest structural classes
across a gradiedit in reproductive quality of fe:
male Canada lynx (Lynx canadensis). Core in-
dicates the 50% isopleth of a female’s home
range, arid Nan-Core represénts the arca outside-
of the cére but within a 90% homie ranze. This
figure ghows the median pateh size (§), clumpi-
ness (b}, conhectance (¢}, and shape (d) of forest
structure patches. We removed stand initiation
from {b} and () because of substarngal variarion.
given .the small number and physical size of

Low Med High

0:85 1
D80
0.75-
0.70 :
Low
(c)
25 25
g 20- 20-
o
8 15+
[43
2 10
fangd
=]
O 5
0

patchds {e.g., see patch sizes in a); ‘however;
values for stand iditiation are presented im-
Appendix B. Error bars'indicare the'interquartile
range. Quality of femalcs was determined based
on their probabiliry. of producing a litter of kit-
tens; which. resulted in the following: low
quality = probability of  litter 10.30-0.51
(= 10), medium quality = probability of litter
0.60=0.80 (n = 11}, and high quality = prob-
ability of litter 0.81-0.82 (r == 11).

Med High

Med High

Low

Med High

Low Med High Low
Female Quality

values arg approximate and {as with all medels) inglude ermr:fl:orrl the

Initial modeling of forest structural classes in Savage 2U aof, (2618
Therefore, these numbers should be.used in a general sense-and in
combiration with previous worlc in the Rocky Mountains (e.g., Squices
&t ai, 2008, 2014; Sen and Shepk, 2018), which ivguld be most ap-
propriately applied in field evaluations of habitar on-the:ground.

' The chatacteristics of a hlgh quahty home range aligned with muii-
seale habitat selection of Canada lyn, suggesting = link between be-
havior and ﬁtness._[e_.gq abserved elsewhere in wild dogsy Davies & al
Ui % and gray wolves; Ubowi at al,
scale, lynx in the Northern Rockies generally select home ranges with

‘over @ temporal gradient of =50 to > 200 vears. (e.g., iy

. 201 7). For instance, at‘alandseape- Te.g.,

Med High

Female Quality

regeneration (Hislbrook l m_‘ 2017%). Within their home ranges, lynx
strongly select (i 1 randoin expectation) advanced re-
-WU toibrook et al, 20174) suggeiting a landscape mio-
saic that is compatible with' forest management. Similar to Griffio and
Mills {2009} our analyses indi¢ate that mature, multistoried forésts
provide spatially consistent snowshioe hares (6.8., Fig. 2a] that are ltkely
accessible for lynx {e, B Squires eo gl 2010 fvan and Shenk, 2618)
3) Ad-
vanced regeneration provides the highest densities of snowsiioe hares
% ”b) but over a narrower temporal window {&.8., =20 fo
80 yeats; ¥izs 2, 4) than mawure forest, We speculate that .‘)l‘iOWShDB

abupdang..mae..forest. .and 1ﬂmr"1edmc_..amoun,tswaﬁm;1du‘mmdmmmhdmsnxmghtwalm,bewmaremd}Fﬁ@ultmtwapturwitlum«tm advanced
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Advanced Ragen

Stand Initiation
Fig. 8. Example of farest structural classes and- arrangement in the hime range and core use aren (dashed line}-of & high ualiry female Canada lynx {Lynx canadensis)
in nerthwestern Montans, U.5. Female 70 probabﬂlty of producmg a litter of kittens was 0. 92 indeed, she produced 7 litters of kittens out of 7 years of monitoring
-during 2001~2007, This example iHlustrates thata home range for 4 productive female includes a mosaicof structure ¢lasses from forest management, and that a core-
tse arsa (50% of use) is characterized by mature patches of forest with high connectivicy. Bhaoto credits: U.8. Forest Service.

regeneration structurdl class (e, 8. Fulier et gl, 2007; fvar: and Shenk,
2115} compared to other structural ¢lasses. Thus, a home range mostly

Femaie 70
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Sparse

Matura

landscape domnated by abundant and well- connected mature, multi-
sStoried forests (Gquires «f.ul; 2010; Holbrook 2t al., 201 7a; Koslerman

compaosed of mature forest with islands of advanced regeneration ap-
pears-to create an energetically efficient landscape for Iynx to encounter
and cdpture snowshoe hares, which are a critical resource for-successful
reproduction by Iynx (e.g., Mowar et al., 1596; Siough and Mowar;
1996; ('Donaghug e al, 1997). Collectively, patterns of habitat.se
lection and reproductive success of female Canada lynx in _the Northern
Rockies supports the thecry of hierarchical behavior-fitness relation-
ships (Rettie and Messier, 2600) which suggests limiting resources
{e.g., mature, multistoried forest) drive broad-scale. decisions, whisreas
finer-scale decisions (e.g., selection of advanced: regeneration) enhance
components of fimess, o '

4.2, Forest management and long-term conservation. of Canada Eynx habitat

‘The goal of our work was to evaluate and characterize habitat
mosaics .that contributed to the conservativn of Canada. lynx in the
Northern Rockies -over ‘the long term. If the objective of forest man-

f al., 2018, this study) composed primarily of Engelmann spruce and
subalpine fir (Squiras et-al,, 2610; Holbeook et al,, 20174} within a
habitat mosalc of forest soucture that mcludes patches of: advanced
regeneration. A forest-management framework-and:silvicultural System
that enhances this desired condition furthers Canada lynx conservation
in the Northern Rockies,

To operationalize-a framework for forest management, we propose
impletnenting a series of steps. ‘The first. step would likely be an -as-
sessment of forest structural ¢lasses across 2 landscape of interest that is
approximately the size of 2 females home range. An imiportant initial
quesiion would be, “does the landscape contain_levels -of mature,
spruce-hir forest (=50-60%) and advanced reggneranon ( M_
that_increase habitat quality for female Capada lynx and provide
abundant snowshoe hares (Fig. 53?” This quESIZlGI'l fociises-dn matire,
multistoried forest and advanced regeneration as the desired elements

of lynx habitat. The valtes’ we suggested for. mature: forest- e,

=50-60%) are conservative in: that *'-‘60%' was from the core use area

Home ranges {e:g., 18-66 fkm?.iri size) and core use-areas (3—-21 km?® |

size) of high quality female lynx (e.g., Figz 5, £), our results prmnde
many insights to such a framework (Le;, Fig. %). However, it is im-
portant to-note that our results are relevant to the heme range extent
2} and exhibit 2rror that Is customary [n all studies fhat

(g &

IE)
4.

leverage satpllite-derived predictions of the environment (e.g.; forest
structural class in our cdse}, Therefore, our results and insights do not
.preclude field assessments. of forest condition and would be best applied
alongsidé previous. work Hiat precisely measured atiributes of forest
tree sizes, canopy cover, iree densities} and horizontal
2005,

structure (e.g.,
cover in-the field ar locations used by lynx (.g., Sanives-at al,
0112 and with high densities of snowshoe hares {e.g;, Sevy &t al.,
, 214, Hothrook aral, 20778

Ar thé home range extent, ot vork informs fdrest management
aimed at improving: habirat quality of Canada lynx in. the Northern
Rockies (i.e., desired gutcome. in Rz, ), Tn géneral,to enhance the

’)f}
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our core:use and home range data together, because without location
inforimation for female lynx it would be impossible to identify core use
aréas {e.g., see complexity in #ig. 5). Furthermore, our focus on ad-
vanced regenérating and mature forests as:thé important components.of
iynx habitat is consistent with our worl hers, ag well ngother previous.

studies. For instance, male and female Candda: lynx in the Northern

Rotkies select and defend home ranges that contain abundant mature,
miltistoried forests {e.g,, Bgiires ef al, 2008, 2010 Holbrook &t al,
244 7a). Additionally, at both the home range and within home range
ektent, malé and female lynx setect advanced regénerating forests and
'consistently avoid sparse dnd stand initation structurés (Souires of al.,
201E Hoedbrook a2t all, 20173). Given this wealth.of confirmatory in-
formatlon, we su__ggest forest managers focus on advanced regeneration

‘and-mature forest structures when efforts are aimed at improving ha-
-bitat quality for Canada lynx.

Depending on the answer to the initial overarching question, there

the Has;;edmc;andmen‘mﬁm&wmreumanmans;demﬁons»relevant«ta»«managemenwﬂtlenﬂ-ﬂrﬁmﬁm{ﬁtlwmmm



1.8, Holbrook e di.

Forest-feofogy end Managenent. 437 (2019) 411425

-Fig. 9. Example management. framework
{with roference to helpful in-text. inférina-
ton in bold) with the desired ouicome of
conserving. high quality habitat for Canadla .
lynx (Lyny eanadénsis) and abundant snow-
shae ‘hares (Lepus americainis) on multiple-
use lands in the Morthern Rockies, U.S. We
defined high quality habitat baged on the
condistency of a female Canada lynx to
produce a litter ‘of kirtens. The framework
‘tncludes (1) ag initial landscape assessment
ar the home-range extent followed hy.(2) 4 set
of managemient considerations-and {3). po-
tential silvicultural dctfons, wiidch ideally
Tead to (4} the desired outcome-of a habitat
mésaic conducive to providing. snowshod
hares (Lepus americanus) and increasing the-
reproductive success of female Canada lynx.
Superscript © indicates Holbrook st al.
12078} as a reference for discussing lynx
responses to silvicultural trestments. Ad-
vanced regeneration is abbrevialed by Adv
Regen. Photo credit: 11.S. Forest Service and
‘Rocky Mountain Research Station, Northem
Rockies Lynx Project.

answer Is “no,” and the:area does not meet the desired condition for
female Canada lyrx, then mianagement detions may -be warranted to
increase the -developmental rate of advanced reégeneration (age ‘dis-
tribution =20—80 years old) or mafure forest (age distribution =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
structure (o begin developing apd at least = 50 vears for elements of a
mature forest (¥ig. 4). However, int_'ermedi'f;lte silvicuitural treatments
{e.g, tending, thinning, or liberatdon -mits) might decrease the ‘time
required to sstablish atuributés of either advarniced régenerating or
mature forests (Hﬂibm_ﬂi{ 2t al., 2015). [f the answer i3 “yes™ to the
dforementioned: question, and the landscape of interest meets the de-
sired eonditions for female Canada tynx, then a maintenance strategy
might be warramed (Fig. %). hmplerierdng 2 fong-term {e.g., > 200
years) and cohesive silvicultural system (including methiods such. as
intermediate treatments and régeneration harvestls) could be used to
maintain the sthuctural composition -and arrangenmient given the

temporal (Figs. 3, 4) and spatial {Table 3, Appendix B) characteristicsof

.fores{ structures we have chardcterized. However, b'ala'ncing the short-

term avoidance of Canadla lynx to silvicultural tréatiments (FHolbrook
@t al, 2W013) with the long-term benefits would be an esseptial com-
ponent to the silvicultural strategy, particularly given the threatered

statis of Canada Tynx in the gontiguous U8,

5. Conclusion

Managing forests octupied with threatened and endangered species
i a diffienlt rasl that reéquires balancing multiple objectives. This dif-
Aeulty is compounded when it {s unclear what habitat attributes are’

‘important for a species’ survival and reproduetion, Here, we provided

many ddvances characterizing habitat attributes important for the re--
procductive success of female Canada 1ynx in the Northern: Rockies;
While our assessrment focused on reproduction, we do not diminish the
importance of survival, Indeed. survival is required tor continued

423
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reproduction and our conclusions assume high female survival. We
reinforced the findings of Kosterman o1 2l {2078} that core use areas
-within a home range context (see ¥igs. 6, 8)-are.a unique ant important

‘component for -successful reproduciion, although substantial restdual

variation exists among female lynx, Further, we demonstrated that (1)
the probability of producing kitténs by female lynx was. most sensitive
1o the connedtivity of mature, multistoried forests (composed of mostly
spruce-fir), (2) the relative density of snowshoe hares was = 2.8 times
higher in Advanced- ‘regenerating stands relative o othier
turss, ineluding mature forest, £3) the Home ringe ¢F=18-66 ki 2
coré Gse area of high.quality females was composed of =50-60% ma-
ture forest and =18-19% advanced regeneration, and (4) advanced
Tegenerating and mature forests were ~20-8C years .old and =50
't = 200 years old, respectively, highlightig the developed naturg of
high quality Canada’lynx habitat. ‘This esse’n_tia_i infbl_'mar_.io_n, coupled
with. how lynx respond to silvicultural treatments '(Holbmok 21 aly
20:18), allows. forest managers to dave!op and apply strategies that in-
eorporate forest management and lynx consetvation over the long term
within a-multiple-usecontext (e. a8 Fig. 9).

However 'one of the most dlfﬁcult challenges currently facmg Torest
management in the western 1U.S. is liicredsing wildfire seasons and ac-
dvity (e.g., Westerling et al., 2006; Abatzoglou and Williams, 2016;
Westerling, 2015). Increasing wildfire. also complicates the conserva-
tion of high quality Canada lynx habitat because quality habitat con-
tains older forest stuchurés and, thus, rélatively high fuel loads.
Therefore, an tmportant step forward for Canada; lynx conservation will
be- evaluating forest management alternatives that are capable of bal-
anging wildfire rlsk and the conservation of lynx habitat. Indeed, con-
tinuing o assess knowledge gaps at the intersection of forest manage-
ment, natural and anthropogenic disturbancé, and species ¢onseryation
will be essential for future conservation efforts-on western forests;
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