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A B S T R A C T

Maintaining connectivity w ith source populations is especiaiiy important for popuiations o f boreai spe
cies at the southern edge of their distributions, where anthropogenic disturbance and ciimate change can 
be a threat, in the conterminous United States, Canada iynx Lynx canadensis is a federaiiy threatened bor
eai species that may require connectivity w ith northern popuiations to persist. Connectivity is a function  
of m ovem ent betw een patches and the iikeiihood that patches are suitabie for resident popuiations. 
Therefore, w e combined resource seiection, step seiection, and ieast-cost path modeis to define empiri- 
caiiy m ovem ent corridors for iynx in the Northern Rocicy Mountains. W e used teiem etry data for 64 iynx 
monitored during 1998-2007  to create a broad-scaie resource seiection modei that predicted probabie 
iynx habitat across the species’ distribution in the Northern Rocicy Mountains. Our modei indicated that 
iynx seiected home ranges at m id-eievations w ith iow surface roughness and high canopy cover. Based 
on a subset o f 37 (16 femaies, 21 maies) aduit iynx fitted w ith GPS coiiars from 2005 to 2007, w e then  
tested the extent to which rem oteiy-sensed indices o f environmentai heterogeneity, inciuding greenness, 
normaiized difference vegetation index, surface roughness, and a principai com ponent that indexed stand 
age, couid characterize iandscape connectivity for iynx. W e found that connectivity betw een iynx habitat 
in Canada and that in the conterminous US is faciiitated by oniy a few  putative corridors that extend  
south from the internationai border. Maintaining the integrity o f these connectivity corridors is o f  pri
mary importance to iynx conservation in the Northern Rocides.

Pubiished by Eisevier Ltd.

1. Introduction

Popu la tions a t th e  p e rip h ery  o f sp ec ies’ ranges a re  im p o rta n t for 
lo n g -te rm  co n se rv a tio n  d u e  to  a  g re a te r  p o ten tia l for spec ia tio n  
a n d  p o ten tia lly  g re a te r  su rv ivo rsh ip  th a n  core  p o p u la tio n s w h e n  
species ex p erien ce  sh a rp  range  co n trac tio n s (Lesica an d  Allendorf, 
1995; C hannell an d  Lomolino, 2000; Carroll, 2007). P e riphera l p o p 
u la tio n s o ften  occupy  su b o p tim a l h a b ita ts  (Brow n, 1984), m aking  
th e m  v u ln erab le  to  a  loss o f  con n ec tiv ity  w ith  larg e r sou rce  p o p u 
la tions (Root, 1998; T hom as e t  al., 2001). M oreover, p e rip h era l 
p o p u la tio n s m ay  be  particu la rly  a t  risk  w h e re  th ey  face h igh  levels 
o f  a n th ro p o g en ic  d is tu rb an c e  (C hannell an d  Lomolino, 2000; 
Schaefer, 2003). C anada lynx (Lynx canadensis), lis ted  as th re a te n e d
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u n d e r  th e  E ndangered  Species Act in  th e  con tig u o u s US, exh ib its  
p o p u la tio n  d y nam ics th a t  lag th o se  in  th e ir  range  co re  in  Canada 
(M cKelvey e t al., 2000). Thus, lynx  co n se rv a tio n  in th e  con tiguous 
US h inges in p a r t on  m a in ta in in g  p o p u la tio n  co n n ec tiv ity  b e tw ee n  
C anada a n d  th e  US. H ow ever, m ain ta in in g  co n n ec tiv ity  for lynx 
m ay beco m e increasing ly  difficult d u e  to  c lim ate  an d  a n th ro p o 
g en ic  change, as ev id en ced  by  red u ced  co n n ec tiv ity  o f  o th e r  b o real 
species (van  O ort e t  al., 2011). P reserv ing  con n ec tiv ity  th ro u g h o u t 
th e  n o rth e rn  Rocky M oun ta ins (h e re a fte r  N o rth e rn  Rockies) is c en 
tra l to  th e  co n se rv a tio n  o f  m an y  boreal species th a t  a re  lis ted  or 
p ro p o sed  as th re a te n e d  o r en d an g e red  u n d e r  th e  E ndangered  Spe
cies Act includ ing  C anada lynx, w o lv erin e  (Gulo gulo), grizzly  b ear 
(Ursus arctos), an d  w o o d lan d  caribou  (Rangifer tarandus caribou). 
L ong-term  p o p u la tio n  recovery  o f th e se  species req u ires  m a in te 
nan ce  o f sh o rt an d  lo n g -d is tan ce  co n n ec tiv ity  (C lark e t  al., 2002). 
Thus, m an ag ers  n eed  ap p ro ach es a n d  tools th a t  iden tify  a n d  m ain 
ta in  co n n ec tiv ity  for su ch  species across d iffering  spa tia l scales 
(Carroll e t  al., 2010).
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Im p o rtan t co n se rv a tio n  efforts focus on  iden tify ing  an d  m a in 
ta in in g  co rrido rs th a t  co n n ec t iocai carn ivo re  p o p u iatio n s 
(C hetkiew icz a n d  Boyce, 2009) an d  th e ir  h a b ita ts  (R abinow itz  
a n d  Zeiier, 2010). H ow ever, iden tify ing  co n se rv a tio n  corridors 
req u ires  several stages o f analyses th a t  link  species d is trib u tio n s 
to  su itab ie  h a b ita t across scales (B eier e t ai., 2009). For exam ple, 
p a tch es o f h a b ita t th a t  iikeiy c o n ta in  re s id en t po p u ia tio n s can  be 
g e n e ra te d  from  a b ro ad -sca ie  spa tia l g ra d ie n t in  h a b ita t su itab ility . 
Next, a  p robab ilistic  su rface  th a t  p red ic ts  fine-scaie  m o v em en t 
decisions can  d ep ic t th e  functional co n n ec tiv ity  b e tw e e n  th ese  
p o p u iatio n s, as de fin ed  by reso u rce -m o v em en t re la tio n sh ip s (B eier 
e t  ai., 2009; R ichard an d  A rm strong , 2010; D ancose e t  ai., 2011). 
Review s o f  m o v em en t ecology (Fahrig, 2007) a n d  co rrid o r c o n se r
v a tio n  (C hetkiew icz e t  ai., 2006) reco m m en d  th e  in te g ra tio n  o f 
b o th  d isc ip lines u sin g  iea st-co s t p a th  tech n iq u es. Thus, in co rp o ra t
ing th e se  b ro ad - a n d  fine-scaie  sp ec ie s-h ab ita t re la tio n sh ip s is u se 
ful to  iden tify  a reas m o st im p o rta n t for species con n ec tiv ity  (i.e. 
co rrido rs) (Fahrig, 2007; D ancose e t  ai., 2011).

In th is  study , w e  in te g ra te  th re e  com m only  u se d  spa tia l m o d e l
ing ap p ro ach es th a t  co m b in e  p a tte rn s  o f b ro ad -sca ie  h a b ita t re s i
d ency  a n d  fine-scaie  m o v em en t b eh av io r in to  a  single  d ep ic tio n  
o f co n n ec tiv ity  for C anada iynx  in th e  N o rth e rn  Rockies. First, w e  
u se  reso u rce  se iec tion  functions (RSFs) to  id en tify  pa tch es o f  su it
ab ie  h a b ita t for p o p u la tio n  residency  (M iadenoff e t  ai., 1995). Sec
ond, w e  co m p lem en t th is b ro ad -sca ie  RSF w ith  fine-sca ie  analyses 
o f s tep  se iec tion  functions (SSF; Fortin  e t  ai., 2005); th e  SSF re la tes 
an im al m o v em en t to  fine-scaie  h a b ita t h e te ro g en e ity . Last, w e  use  
iea s t-co s t p a th  analysis to  tra n s la te  o u r  m u iti-sca ied  h a b ita t m o d 
eis in to  a  sp a tia l d ep ic tio n  o f  iynx h a b ita t co n n ec tiv ity  across th e  
N o rth e rn  Rockies.

To facilita te  p ractica l ap p lica tio n  o f o u r  resu lts  for co n se rv a tio n  
p lann ing , w e  ch arac te rized  h a b ita t resources o f iynx  u sing  spa tia l 
d a ta  layers th a t  a re  w id e ly  availab le  an d  re p re se n t c lim atic, to p o 
graphic , an d  v eg eta tiv e  he te ro g en e ity . W e in cluded  d a ta  layers 
th a t  in d ex  im p o rta n t ch arac te ris tics  o f  iynx  resource  use, such  as 
h o rizo n ta l v eg eta tiv e  cover (Squires e t  ai., 2010). Because h o rizo n 
ta l cover decreases d u rin g  w in te r  (a fte r  decid u o u s ieaf-faii), w e  ex 
p ec ted  to  o b serve  seasonal d ifferences in iynx  m o v em en t re la tiv e  
to  v eg e ta tiv e  indices (Squires e t ai., 2010). Finally, in an  effort to  
p rio ritize  co n se rv a tio n  efforts, w e  q u an tified  th e  re la tiv e  iikeiihood 
o f iynx  crossing  m ajo r h ighw ays, as roads a re  o n e  o f th e  m ajo r 
h y p o th es ized  a n th ro p o g en ic  th re a ts  to  iynx  co n n ec tiv ity  (Carroii 
e t  ai., 2001) in th e ir  so u th e rn  d istrib u tio n . Evaluating  h ighw ay  
crossings is a n  im p o rta n t co n se rv a tio n  ap p lica tio n  g iven  th e  po 
ten tia l im pacts o f in creased  veh ic le  traffic  on  road  n e tw o rk s in  
th e  N o rth e rn  Rockies (Carroii e t  ai., 2001).

2. Methods

2.1. Study area

O ur s tu d y  a rea  en co m p assed  th e  occupied  range  o f iynx  w ith in  
th e  N o rth e rn  Rockies as e s tim a te d  from  a com p ila tio n  o f iynx  d is
tr ib u tio n  d a ta  co llected  from  1998 to  2007. The s tu d y  a rea  b o rd e r 
fo llow ed n a tu ra l to p o g rap h ic  a n d  v eg e ta tiv e  b o u n d a rie s  to  g e n e r
ally  en co m p ass aii fo res ted  regions w ith  recen t ev idence  o f iynx 
presence , inciud ing  aii te ie m e try  loca tions w e  d o c u m e n ted  for re s 
id en t iynx  from  1998 to  2007  (N =  81,523 locations. Fig. 1); th is 
s tu d y  a rea  re p re se n ted  o u r  b e s t e s tim a te  o f th e  c u rre n t d is tr ib u 
tio n  o f iynx in w e s te rn  M ontana. The s tu d y  a rea  sp an n ed  a  to ta l 
o f 36 ,096  km^ a n d  in cluded  p riv a te  lands, federa l- an d  s ta te -  
m an ag ed  m u itip ie -u se  pub lic  lands, th e  Bob M arshall W ilderness 
Com plex, an d  G lacier N ational Park. The N o rth e rn  Rockies is h o m e 
to  a  d iv erse  b o reai carn ivo re  co m m unity , m an y  o f w h o m  are  also  o f 
specia l concern , inciud ing  gray  w olves (Canis lupus), grizzly  bear.

w olverine , an d  fisher (M artes pennanti). E levation on  th e  s tu d y  a rea  
ran g ed  from  53 0 -3 1 9 0  m  an d  forests v a ried  from  d ry  p o n d ero sa  
p ine  (Pinus ponderosa) an d  Douglas fir (Pseudotsuga menziesii) 
s tan d s a t  lo w er e lev atio n s to  iodgepoie  p ine  (Pinus contorta), 
w e s te rn  iarch  (Larix occidentalis), su b a ip in e  fir (Abies lasiocarpa), 
an d  E ngeim ann  sp ru ce  (Picea engelm annii) a t  h ig h -e iev a tio n  sites.

2.2. Lynx capture and m onitoring

To iden tify  iynx h a b ita t a t  a  b ro ad  spa tia l scale, w e  u sed  loca
tio n  d a ta  from  64 iynx th a t  w e re  m o n ito red  as ad u lts  a n d  h ad  b een  
loca ted  a t  least 20 tim es w ith in  a  c o n sis ten t h o m e range  (m ed ian  
Niocations = 561). Lynx w e re  c ap tu red  from  1998 to  2007  using  a 
c o m b in a tio n  o f box  trap s , foo tho ld  trap s  a n d  foot snares follow ing 
Koibe e t ai. (2003). A nim als w e re  fitted  w ith  very  h igh  frequency  
(VHE) rad io -co iia rs (A dvanced T eiem etry  System s, Isanti, 
M inneso ta, USA), som e o f  w h ich  also  in cluded  Argos p la tfo rm  
t ra n s m it te r  te rm in a ls  (PTTs; S irtrack  Ltd., H avelock N orth, N ew  
Z ealand) o r s to re -o n -b o a rd  global positio n in g  sy s tem  (GPS) u n its  
(Lotek W ireless, N ew m arket, O ntario , Canada). W e u sed  VHE 
(N = 23), Argos (N  = 6), a n d  GPS (N = 3 5 )  d a ta  to  e s tim a te  hom e 
ranges; loca tion  accu racy  v a ried  am o n g  th e se  3 ty p es o f te iem etry , 
b u t  aii w e re  suffic ien t for iden tify ing  h o m e  ranges a t  a  b ro ad  scale 
(A ppendix  A). To s tu d y  m o v em en t a t  a  fine scale, w e  u sed  a su b se t 
o f  37  (16  fem aies, 21 m aies) a d u it iynx  fitted  w ith  GPS coiiars th a t  
w e re  c ap tu red  from  2005 to  2007. W e p ro g ram m ed  GPS coiiars to  
o b ta in  locations every  30  m in  th ro u g h o u t d isc re te  2 4 -h  periods, 
every  o th e r  day  d u rin g  b o th  w in te r  (D ecem ber-A pril) an d  su m m er 
(M ay-S ep tem b er).

2.3. Predicting resident habita t patches using RSF

To d efine  iynx  h ab ita t, w e  ca lcu la ted  a  reso u rce  se iec tio n  func
tio n  b ased  on  logistic  reg ress io n  (M aniy e t  ai., 2002) th a t  q u a n ti
fied th e  en v iro n m en ta i ch arac te ris tics  o f re s id en t iynx hom e 
ranges re la tiv e  to  th o se  availab le  across th e ir  ran g e  in th e  N o rth e rn  
Rockies (seco n d -o rd e r h a b ita t se iection ; Johnson , 1980). W e u sed  
80% fixed k ernel iynx  h o m e  ranges (N  = 64; Rodgers e t  ai., 2007) 
to  ch arac te rize  iynx  u se  for co m p ariso n  w ith  ra n d o m  c ircu la r 
h o m e  ranges (N  = 1000) eq u al in a rea  to  th e  m ed ian  iynx  hom e 
ran g e  (39.6 km^; K atnik a n d  W ieigus, 2005) th a t  ch arac te rized  
h o m e  range  availab ility  across th e  s tu d y  area . R andom  hom e 
ranges w e re  sam p led  w ith in  th e  sp ec ies’ ran g e  as defin ed  in th e  
N o rth e rn  Rockies (see  Study A rea d esc rip tion ; Eig. 1).

W e u sed  a co m b in a tio n  o f categorical m aps a n d  co n tin u o u s 
ind ices based  on  sa te llite  im agery  to  c ap tu re  v eg eta tiv e  h e te ro g e 
ne ity  across th e  s tu d y  area, h y p o th es iz in g  th a t  e ach  m ay  serve as 
a n  in d ex  to  factors im p o rta n t to  iynx ecology. W e co n sid ered  en v i
ro n m en ta i v ariab les th a t  ch a rac te rized  vegeta tive , topographic, 
a n d  c lim atic  sp a tia l h e te ro g en e ity  (Table 1). Specifically, w e  w ere  
in te re s ted  in  rem o te ly  sen sed  v eg e ta tio n  indices th a t  m ay  serve 
as su rro g a tes  for fie id -based  m easu res o f  v eg e ta tiv e  h e te ro g en e ity  
found  to  b e  im p o rta n t in p rev ious stud ies, su ch  as ho rizo n ta l cover 
o r  s ta n d  age (Squires e t  ai., 2010). Eor co n tin u o u s v ariab les w e  cal
cu la ted  th e  av erage  v a lu e  in each  u sed  an d  ran d o m  h o m e  range, 
a n d  for categorical v a lues w e  ca lcu la ted  th e  p ro p o rtio n  o f each  
u se d  an d  ra n d o m  h o m e ran g e  w ith in  each  ca tegory  (Table 1).

W e u sed  logistic  reg ress io n  in SYSTAT 11.0 (S ysta t Softw are, 
Inc., R ichm ond, California, USA) to  co m p are  u sed  to  ran d o m  hom e 
ranges. W e w e ig h ted  ra n d o m -u sed  cases as 0 .0064; 1 to  p rov ide  a 
b a lan ced  co m p ariso n  o f  64  u sed  to  64  availab le  ho m e ranges and  
avoid  in fla ting  s ta tis tica l p recision  w h ile  stiii a llow ing  a  large 
an d  re p re se n ta tiv e  ra n d o m  sam p le  o f  h a b ita t availability . W e co n 
s tru c te d  m u ltiv a ria te  logistic  m odeis o f re so u rce  se iec tion  from  
im p o rta n t (P < 0 .2 5 )  v ariab les th a t  w e  id en tified  using  u n iv a ria te  
logistic  reg ress io n  acco rd ing  to  H osm er a n d  L em eshow  (2000).
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Fig. 1. Selection probability surfaces for: (a) hom e-range level resource selection function of Canada lynx (white polygons indicate lynx home ranges) w ithin the northern 
Roclcy M ountains; w inter (b) and sum m er (c) population-level models of step selection functions for Canada lynx m ovem ent in the Northern Roclcy M ountains, 2005-2007.

Before inclusion  in a  final m odei, w e  fu r th e r  e v a lu a ted  v ariab les in 
te rm s  o f  th e ir  stab ility , co iiinearity , b iological m eaningfu iness, 
in te rp re tab iiity , a n d  th e ir  co n trib u tio n  to  th e  m odei log-likelihood 
(Squires e t al., 2010). W e ad d ed  v ariab les to  m u ltiv a ria te  m odeis 
u sin g  a  m an u a l fo rw ard -step p in g  p ro ced u re  based  on  th e  s tre n g th  
o f u n iv a ria te  re la tio n sh ip s as m easu red  by  W ald  s ta tistics . W e th e n  
e v a lu a ted  w h e th e r  to  re ta in  ad d ed  v ariab les to  m u ltiv a ria te  m o d 
eis acco rd ing  to  biological reaso n in g  an d  s ta tis tica l likelihood ra tio  
te s ts  (H osm er an d  Lem eshow , 2000). W e selectively  ad d ed  an d  re 
m oved  v ariab les from  m u ltiv a ria te  m odeis to  see  if th is  changed  
th e  sign  o r s ta n d a rd  e rro rs o f  v a riab le  coefficients to  e n su re  th a t  
o u r  final m odei w as s tab le  a n d  w ith  iow  co iiin ea rity  a m o n g  p red ic 
to r  v ariab les (H osm er an d  Lem eshow , 2000).

For m odel evaluation , w e  u sed  2 -fo id  c ro ss-v a lid a tio n  to  assess 
m odei p red ic tio n s by ran d o m ly  d iv id ing  o u r  sam p le  o f lynx 
(N = 64) in to  tw o  su b se ts  an d  re -e s tim a tin g  th e  coefficients o f 
o u r  b e s t m odel for each  su bset. W e th e n  a sse ssed  p red ic tiv e  cap ac
ity  o f each  su b se t m odel w ith  S p ea rm an -ran k  co rre la tio n  sta tistics 
th a t  e ssen tia lly  te s te d  if w ith h e ld  lynx  ho m e ranges w e re  indeed  
c o n ce n tra ted  in a reas o f h igh  p red ic ted  p ro bab ilities o f u se  (Boyce 
e t  al., 2002). W e th e n  spa tia lly  ap p lied  th e  m u ltiv ariab le  RSF across 
th e  s tu d y  a rea  using:

w(x) = exp(ftxi + P2X2 + ... + ftXi), a)

w h ere  /?, is th e  RSF coefficient for each  p red ic to r variab le  (i), x, is th e  
value  o f each  p red ic to r variab le  (i), and  w(x) is a p red ic ted  v a lue  re l
a tive  to  th e  p robab ility  o f use  as iynx re sid en t h a b ita t (Boyce e t ai., 
2002). To e s tim a te  a b inary  surface o f iow - versus h igh-p robab iiity  
h a b ita t for re sid en t iynx, w e  u sed  a conservative  cu t-o ff value  equal 
to  th e  lo w est p red ic ted  value  o f th e  observed  sam ple  o f  iynx hom e 
ranges.

2.4. Lynx m o vem en t m odeling using step-selection functions

Sim ilar to  RSFs (M anly e t ai., 2002), s tep  se iec tio n  func tions are  
b a sed  o n  case-co n tro l logistic  reg ress io n  o f u sed  a n d  availab le  
step s an d  p ro v ide  a  pow erfu l m e th o d  for q u an tify in g  h ow  o rg an 
ism s re sp o n d  to  th e ir  e n v iro n m en t u sin g  biologically  m ean ingfu l 
scales o f availab ility  (Fortin  e t  ai., 2005). To stu d y  th e  b eh av io r o f 
lynx  specificaiiy  w h e n  m oving, w e  u se d  a  h iera rch ical se t o f ru les 
to  rem o v e  GPS locations co llected  w h e n  iynx  w ere  iikeiy sta tio n a ry  
acco rd ing  to  O lson e t ai. (2011). This involved using  step  leng th  
an d  tu rn  ang le  d a ta  from  m o v em en t p a th s  to  d is tin g u ish  ‘ac tiv e ’ 
from  ‘re s tin g ’ GPS locations (M orales e t  ai., 2004). To d istin g u ish  
tru e  m o v em en t from  th a t  in duced  by GPS erro r, w e  co m p ared  
th e  s tep  len g th  an d  tu rn  ang les lead ing  to  each  GPS loca tion  to  
th e  d is tr ib u tio n  o f s tep  leng ths an d  tu rn  ang les from  te s t  coiiars
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Table 1
Variables used to quantify resource selection and movem ent behavior of Canada iynx in response to environmentai heterogeneity.

Type Variable name Description Source

Vegetation variables CC.open Canopy closure <10% VMAP (Brewer e t a l, 2004)
CC.low Canopy closure >  10% & < 25%
CC.mod Canopy closure >  25% & < 60%
CC.high Canopy closure >  60%
VEG.alpine Rock, ice and grasslands above 2000 m
VEG.grass Grasslands and open clear cuts
VEG.shrub Shrub
VEG.xeric Ponderosa pine, Douglas-fir, and w estern  larch forests
VEG.mesic Engeimann spruce, subaipine fire and Iodgepoie pine forests
VEG.other W ater and developed

Vegetation indices NDVI Normalized differenced vegetation index Pettorelli e t al. (2005)
Bright Tasseled-cap brightness Crist e t al. (1986)
Green Tasseled-cap greenness
W et Tasseled-cap w etness
PGA Single band principle com ponent analysis Schriever and Congalton (1995)

Topography Elev Elevation (kilometers) USGS
Elev^ Elevation (kilometers) squared
Slope Slope (degrees)
Roughness A ratio of 3-dim ensional to 2-dim ensional terrain surface area Jenness, 2004
Aspect Cosine transform ed into a linear variable betw een southw est (215°) and northeast (35°) Squires e t al. (2008)
TPI Topographic position index (500 m scale) Weiss, 2001; Jenness, 2006;
Dist_H20 Distance to w ater US Bureau of the Census (2000)

Climate T.avg Average daily tem perature PRISM Climate Group (2006)
Precip Average annual precipitation
Snow Average w inter snow depth NOHRSC 2004

k n o w n  to  b e  in a  s ta tio n a ry  position . Segm ents th a t  had  a len g th  o r 
tu rn -an g le  w ith in  th e  7 0 th  p e rcen tile  o f th e  s ta tio n a ry  te s t  co lla r’s 
se g m en t d is tr ib u tio n  w e re  classified  in itially  as ‘re s tin g ’; th e  
rem a in in g  seg m en ts  w e re  classified  as ‘ac tiv e ’. A m ong th e  re m a in 
ing ‘ac tiv e ’ seg m en ts, w e  rem o v ed  GPS p o in ts w h ich  spiked 
a b ru p tly  aw ay  from  c lu s te rs o f  con secu tiv e  ‘re s tin g ’ po in ts. W e 
u sed  a n o n -lin e a r curve  fitting  p ro ced u re  (Johnson  e t  al., 2002) to  
d e te rm in e  th a t  a  2 -s ta te  m odel (d is tin g u ish in g  s ta tio n a ry  and  
m oving  s ta te s)  p rov ided  th e  b e s t fit to  o b se rv ed  lynx  m o v em en ts  
(A ppendix  B). W e u sed  m atch ed  case-co n tro l logistic  reg ress io n  
to  co m p are  en v iro n m en ta l fea tu res  asso c ia ted  w ith  obse rv ed  steps 
b e tw e e n  se q u en tia l lynx  GPS loca tions to  th o se  asso c ia ted  w ith  5 
co n tro l steps, w ith  each  case  id en tified  u sin g  a  stra tify in g  v ariab le  
(Fig. 2; H osm er an d  Lem eshow , 2000). C ase-con tro l logistic  reg re s
sion  m in im izes v a rian ce  asso c ia ted  w ith  th e  s tra tified  v a riab le  and  
th e  a sso c ia ted  au to co rre la tio n  in h e re n t in spa tia l d a ta  co llected  
a long  a trac k  o ver sh o rt tim e  in tervals (C raiu e t  al., 2008). W e g e n 
e ra te d  co n tro l step s by ran d o m ly  sam p lin g  s tep  len g th s an d  tu rn

Fig. 2. Depiction of step-selection function th a t com pared used (— 
m ovem ent steps to 5 controls (--------------- ) a t each GPS location.

) lynx

angles from  th e ir  re sp ec tiv e  d istr ib u tio n s  in lynx  GPS d a ta  (Fortin  
e t  al., 2005).

W e tre a te d  m ark ed  an im als as th e  ex p erim en ta l un it, th u s  
ad d ress in g  th e  m o st co m m o n  prob lem s asso c ia ted  w ith  resource  
se lec tio n  analyses includ ing  th e  pooling  o f d a ta  across ind iv iduals 
(T hom as a n d  Taylor, 2006). W e c o n s tru c ted  ind iv idual SSF m odels 
for e ach  an im al a n d  seaso n  (w in te r  [D ecem ber-A pril] a n d  su m m er 
[M ay-A ugust]) u sin g  SAS (SAS In stitu te , Cary, NC). W e th e n  av er
aged  logistic  coefficients across ind iv idual lynx as a n  e s tim a te  o f 
th e  popu la tio n -lev e l effect o f p red ic to r v ariab les on  th e  re la tive  
p ro b ab ility  o f u se  (Saw yer e t  al., 2009). W e u se d  a  t-s ta tis t ic  to  te s t 
if coefficients av erag ed  across ind iv iduals w e re  significantly  
d iffe ren t from  zero  (a sg O .l) ,  a n d  in cluded  on ly  significant 
v ariab les in  th e  po p u la tio n -lev e l m odel for each  seaso n  (H osm er 
a n d  Lem eshow , 2000). W e co n sid ered  th e  sam e su ite  o f vegetative, 
topograph ic , an d  c lim atic  v ariab les as w h e n  e s tim a tin g  th e  lynx 
h a b ita t RSF. Prior to  m odeling , w e  id en tified  an d  rem oved  
p re d ic to r v ariab les w ith  h igh  ( |r |> 0 .5 0 )  m ultico llin earity  based  
o n  P earso n ’s p a irw ise  co rre la tio n  analyses. W e d id  n o t u se  an  
in fo rm a tio n  th eo re tic  ap p ro ach  such  as Akaike’s In fo rm atio n  C rite
rion  (B urnham  an d  A nderson, 2002) for m odel se lec tio n  b ecause  
th e se  m eth o d s lack s ta n d ard ize d  ap p ro ach es to  re ta in  th e  an im al 
as th e  ex p erim en ta l u n it an d  bu ild  a  popu la tio n -lev e l m odel from  
co m m o n  p re d ic to r v ariab les (Saw yer e t al. 2009).

W e m ap p ed  seasonal (w in te r  an d  su m m er) p ro jec tions o f 
sp a tia lly  re fe ren ced  u se  surfaces o f lynx  m o v em en t u sin g  th e  
coefficients from  th e  p o p u la tio n -lev e l SSF m odel in  Eq. (1). W e 
th e n  re-sca led  SSF p red ic ted  va lues to  p ro b ab ility  o f u se  v a lues b e 
tw e e n  0 an d  1 by  d iv id ing  each  ra s te r  cell v a lu e  by  th e  m ax im u m  
p red ic ted  value . To rem o v e  th e  effect o f  a  few  ex tre m e  ou tlie rs, w e  
in cluded  on ly  th e  range  o f p red ic ted  va lues co n ta in ed  w ith in  th e  
5 th  -  9 5 th  p e rcen tiles  for th e  final SSF p ro b ab ility  surface.

2.5. M apping lynx connectivity

W e in te g ra te d  o u r  m u lti-sca le  analyses o f  lynx  h a b ita t and  
m o v em en t b eh av io r w ith  a  least-co st p a th  analysis to  a ssess co n 
n ectiv ity  across th e  spec ies’ d is tr ib u tio n  in th e  N o rth e rn  Rockies
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(C hetkiew icz e t  al., 2006; McKelvey e t  al., 2011). W e u se d  th e  “Cost 
D istance” an d  “Cost P a th ” func tions in  ArcGlS® D esktop 9.2 (ESRl, 
R edlands, CA, USA) to  d e te rm in e  least cost p a th s from  source  
p o in ts in th e  n o rth  to  d e s tin a tio n  p o in ts in  th e  so u th  (C ushm an 
e t al., 2009). W e spaced  p o ten tia l sou rce  p o in ts un ifo rm ly  a t 
7 km  in te rvals a long  th e  C anadian  b o rd e r in  h igh  p ro b ab ility  lynx 
h a b ita t an d  w e  ran d o m ly  loca ted  d e s tin a tio n  p o in ts w ith in  all 
p a tch es o f h ig h -p ro b ab ility  lynx h a b ita t in  th e  N o rth e rn  Rockies. 
The w e s te rn  sec tio n  o f th e  s tu d y  a rea  w as d iv ided  from  th e  rest 
o f  th e  s tu d y  a rea  by  a  large  reserv o ir (Lake K oocanusa), w h ich  c re 
a tes  a  geographica l b a rrie r  to  m o v em en t b e tw e e n  e as t a n d  w e s t 
sections. Therefore, w e  re s tr ic te d  w e s te rn  sou rce  p o in ts (N = 9) to  
w e s te rn  d e s tin a tio n  p o in ts (N  = 25) an d  e a s te rn  sou rce  po in ts 
(N = 12) to  e a s te rn  d e s tin a tio n  p o in ts (N  = 200). To c rea te  least-co st 
p a th s  th a t  reflect co n n ec tiv ity  o f ecologically  m ean ingfu l a reas for 
lynx, w e  u se d  th e  b in a ry  RSF m odel o f  lynx  h a b ita t to  iden tify  h a b 
i ta t  likely to  b e  occupied  by  lynx  a n d  lim ited  so u rce  an d  d e s tin a 
tio n  p o in ts to  th o se  areas. W e co n v erted  th e  SSF p ro b ab ility  
surface  to  a  re sis tan ce  su rface  for least-co st p a th  analysis u sing  
th e  recip rocal o f th e  p ro b ab ility  va lues, so th a t  a reas w ith  h igh  
p robab ilities o f  u se  had  low  re sis tan ce  values, a n d  a reas w ith  
low  p robab ilities o f u se  h ad  h igh  re sis tan ce  values.

Once least co st p a th s w e re  g en era ted , w e  d e te rm in e d  th e  ro u tes 
m o st likely u sed  by lynx by su m m in g  th e  to ta l n u m b er o f  pa th s 
a n d  ca lcu la ting  th e  p e rcen t o f  th is  to ta l for ro u tes in  w h ich  m u lti
p le  p a th s o verlapped . To ev a lu a te  w h e re  h ighw ays p o ten tia lly  im 
p ac ted  connectiv ity , w e  co u n ted  th e  n u m b er o f  p u ta tiv e  p a th  
crossings p e r km  for 10-k m  seg m en ts  o f  h ighw ay  th ro u g h o u t th e  
sp ec ies’ d is tr ib u tio n  in  th e  N o rth e rn  Rockies.

3. Results

3.1. Lynx habita t in the northern rookies

In th e  n o rth e rn  Rocky M ountains, Canada lynx  se lec ted  ho m e 
ranges a t  m id -e lev a tio n s (X= 1681 m, SD = 116 m, ran g e  = 1 4 2 5 - 
1998 m ) w ith  low  surface  roughness, h igh  canopy  cover, a n d  little  
o p en  g rasslan d  v eg e ta tio n  (X5 = 9 4 .4 8 2 , P <  0.001; Table 2). The 
spa tia l p red ic tiv e  su rface re su ltin g  from  th e  RSF m odel in d ica ted  
lynx  h a b ita t in th e  N o rth e rn  Rockies is d is tr ib u te d  in pa tch es a t  a 
lan d scap e  scale  (Fig. 1). S p ea rm an -ran k  co rre la tio n  sta tis tics  from  
2 -fold c ro ss-v a lid a tio n  o f ran k ed  m odel p red ic tio n  b ins an d  th e  
frequency  o f va lues for w ith h e ld  h o m e ranges w e re  0.845 and  
0.941 for each  fold o f da ta , su g g estin g  good p red ic tiv e  fit.

3.2. Lynx m ovem en ts fro m  step-selection functions

From  2005 to  2007, w e  m o deled  h o w  lynx  re sp o n d ed  to  lan d 
scape  h e te ro g en e ity  based  o n  33 lynx  (22,401 GPS locations) d u r 
ing w in te r  an d  28 lynx  (20,615 GPS locations) d u rin g  sum m er. 
D uring w in ter, SSF coefficients averag ed  across ind iv iduals w ere

Table 2
Resource selection function coefficients (/J). standard errors (SE). Wald statistics (Z) 
and probability values comparing Canada lynx (N = 64) home ranges in the northern 
Rocky Mountains to randomly available home ranges (N= 1000) with multivariate 
logistic regression. 1998-2007.

Variable |6 SE Z P

Elevation 128.898 34.047 3.786 <0.001^
Elevation2 -36 .277 9.852 -3 .6 8 2 <0.001
Surface roughness -50 .051 12.105 -4 .1 3 5 <0.001
High canopy cover (>60%) 3.102 2.154 1.440 0.150
Grass Cover (%) -11 .147 7.152 -1 .5 5 9 0.119
Intercept -59 .641 28.002 -2 .1 3 0 0.033

sign ifican tly  d iffe ren t from  zero  (a  sg 0 .1 ) for all sign ifican t p red ic 
to r  v ariab les ex cep t for a sp ec t an d  TPI (Table 3). Lynx d u rin g  w in 
te r  p re fe ren tia lly  trav e rsed  h a b ita ts  ch arac te rized  by  h igh 
g reen n ess an d  NDVI co m p ared  to  availab le  m o v em en t segm ents, 
b u t  th ey  gen era lly  av o ided  h a b ita ts  ch arac te rized  by  h igh  PCA (Ta
b le  3, Fig. 1). D uring su m m er, coefficients av erag ed  across ind iv id 
ua ls w e re  sign ifican tly  d iffe ren t from  zero  (a sg O .l)  for all 
sign ifican t p re d ic to r v ariab les ex cep t for a sp ec t (Table 3). Lynx p re 
fe rred  h a b ita t for m o v em en t in  su m m er w as gen era lly  c h a ra c te r
ized  by  a  g re a te r  d is tan ce  from  w a te r  (d ra inages) an d  w ith  h igh 
g reenness, NDVI, PCA, an d  TPI (Fig. 1). O verall lynx  w ere  co n sis
ten tly  se lec tive  o f h igh  v a lues o f  g reen n ess a n d  NDVI an d  low  v a l
ues o f su rface  rou g h n ess regard less o f season. Lynx d id  n o t exh ib it 
se lec tio n  (P=  0.127) for PCA d u rin g  sum m er, b u t  d id  p re fe r low  
PCA values d u rin g  w in te r  (Table 4). The spa tia l ap p lica tio n  o f SSF 
p red ic tiv e  m odels rev ea led  p a tte rn e d  responses o f  lynx  m o v em en t 
b eh av io r to  h a b ita t frag m en ta tio n , as in d ex ed  by co n tin u o u s, re 
m o te ly -sen sed  v eg e ta tio n  m etrics  g reenness, NDVI, an d  PCA 
(Fig. 3). A dditionally , p o p u la tio n  SSF m odels re su lte d  in spa tia l 
m o v em en t surfaces th a t  w e re  gen era lly  sim ila r seasonally  w ith  
th e  ex cep tio n  o f som e c o n trac tio n  in p re fe rred  m o v em en t h ab ita ts  
a t  th e  so u th e a s te rn  e x te n t o f  th e  sp ec ies’ range  in th e  N o rth e rn  
Rockies (Fig. 1).

3.3. Lynx connectivity

W e g e n e ra te d  2625 least co st p a th s b e tw e e n  all h a b ita t pa tches 
id en tified  w ith  th e  RSF m odel across a  re sis tan ce  surface  defined  
by  th e  SSF m odel. W e found  a  p rim ary  p u ta tiv e  co rrid o r for co n 
n ectiv ity  o f lynx  from  Canada to  th e  N o rth e rn  Rockies th a t  ex 
te n d e d  from  th e  W h ite fish  Range in  th e  n o rth , a long  th e  w e s te rn  
fro n t o f  th e  Sw an Range an d  en d ed  n e a r Seeley Lake, MT (Fig. 4). 
The m ajo rity  o f p a th s (u p  to  64%, N =  1673) fo llow ed all o r  a  p o r
tio n  o f th is  rou te, befo re  b ran ch in g  off to  d e s tin a tio n  p o in ts  in 
h ig h -p ro b ab ility  lynx h a b ita t id en tified  in  o u r RSF m odel. A second 
p u ta tiv e  co rrid o r e x te n d ed  a long  th e  e a s t side  o f  G lacier N ational 
Park to  th e  Bob M arshall W ilde rness Com plex. In genera l, co n n ec
tiv ity  p a th s d id  n o t vary  seasonally , b u t th e re  w e re  som e seasonal 
d ifferences in  p a th s  in  m o u n ta in o u s  a reas n e a r G lacier N ational 
Park (Fig. 4). Paths th a t  w e re  lo ca ted  in  th e  w e s te rn  p o rtio n  of 
th e  s tu d y  a rea  (N = 225) w e re  less co n cen tra ted , w h ich  m ay  b e  p a r
tia lly  ex p la in ed  by o u r  tre a tm e n t  o f  th e  Lake K oocanusa reservo ir 
as a  barrie r, th e  re la tive ly  sm alle r to ta l a rea  o f  re s id en t pa tches 
w ith in  th is  iso la ted  p o rtio n  o f th e  s tu d y  area, a n d  th e  close p ro x 
im ity  to  lynx h a b ita t across th e  C anadian  border.

The m ajo rity  o f least co st p a th s  crossed  th e  US H ighw ay 2 tra n s 
p o rta tio n  co rrid o r to  th e  n o rth  o f th e  H ungry  H orse reserv o ir n ear 
th e  to w n  o f H ungry  Horse, MT (Fig. 5). In b o th  su m m er a n d  w in ter, 
th e  10 km  s tre tc h  o f US H ighw ay 2 n e a r th e  to w n  o f H ungry  Horse

Table 3
Numbers of Canada lynx with negative and positive relationships to predictor 
variables in the Northern Rocky Mountains based on step-selection coefficients from 
case-control logistic regression. 2005-2007.

Aspect Dist_H20^ Green^ NDVI^ PCA^ Rough^ TP]b

Negative
W inter (N = 33) 
15 23 1 8 25 21 14

Positive 18 10 32 25 8 12 19

Negative
Summ er (N = 28 lynx) 
17 6 2 3 9 22 8

Positive 11 22 26 25 19 6 20

Global Likelihood Ratio Test relative to null modei: X5 =  94.482, P< 0.001.

® Predictor variables w ith  averaged coefficients across individuals significantiy 
(a  < 0.1) different than  zero for inclusion in population-level modeis.

TPI predictor variable was significant oniy for inclusion in sum m er population 
model.
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Table 4
Coefficients for population-level, step-selection function models of Canada lynx In the 
Northern Rocky Mountains by season, 2005-2007.

Variable

Summer W inter

SE P SE P

Dist_H20 0.301 0.099 0.005 -0 .269 0.120 0.033
Green 0.020 0.003 <0.001 0.033 0.003 <0.001
NDVI 2.243 0.368 <0.001 1.343 0.348 0.001
PCA 0.005 0.003 0.127 -0 .0 1 4 0.003 <0.001
Rough -2 .2 9 6 0.731 0.004 -3 .059 0.808 0.001
TPI 0.004 0.002 0.025

h ad  th e  larg est n u m b e r o f s im u la ted  lynx p a th s (154 ,4  a n d  126,8 
p a th s  p e r km , respec tive ly ) co n n ec tin g  n o rth e rn  p o p u la tio n s to  
d e s tin a tio n  p o in ts In th e  s tu d y  area. R elatively few er p red ic ted

p a th s  crossed  o th e r  2 -lan e  h ighw ays, th o u g h  m in o r c rossing  areas 
w e re  Iden tified  a long  M o n tan a  H ighw ays 83, 89, 93, 141, an d  200 
across th e  s tu d y  a rea  (Fig, 5),

4. Discussion

4.1. Lynx m o vem en t corridors

W e u sed  em p irica l m odels o f b o th  b ro ad -sca ie  re s id en t h a b ita t 
an d  fine-scaie  m o v em en t b eh av io r to  co llectively  Identify  func
tio n a l corridors for lynx  co nserva tion . W e p ro p o sed  th a t  co n n ec tiv 
ity  o f lynx  In th e  N o rth e rn  Rockies Is m ain ta in ed  by a  p rim ary  
n o r th -s o u th  co rrid o r th a t  ex ten d s from  th e  C anadian  b o rd e r and  
proceeds so u th  a long  th e  w e s t side  o f th e  Bob M arshall W ilderness 
Com plex, W e also  Iden tified  a p u ta tiv e  co rrid o r th a t  trav e rse s  th e

5, ‘
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i Low •  Lynx L o c a tio n s  o Lynx Locations

Fig. 3. Fragm entation from forest thinning decreased the probability of Canada lynx m ovem ents based on a population-level, step-selection function; 2005-2007.
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Fig. 4. Putative corridors facilitating dispersal from northern  populations to patches capable of supporting Canada lynx (shaded areas) in the Northern Roclcy M ountains 
based on least-cost path  analysis of m ovem ent surfaces empirically defined using population-level, step-selection models, 2005-2007.
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Fig. 5. Percent of all putative corridors out of all possible paths th a t crossed given 10 km stretches of 2-lane highway based on least-cost path  analysis w ith in  the distribution 
of Canada iynx in the Northern Roclcy M ountains by season, 2005-2007.

e as t side  o f  G lacier N ational Park th a t  co n nec ts C anada to  n o r th e rn  
po rtio n s o f th e  Bob M arshall W ilderness. The p u ta tiv e  m o v em en t 
co rrido rs w e  id en tified  for lynx  also  sh o w  reaso n ab le  co rre sp o n 
d en ce  w ith  p rev iously  p u b lish ed  m odels for w o lv erin e  (Schw artz  
e t  al., 2009), w olves (O akleaf e t al., 2006) a n d  grizzly  b ears  (M ace 
e t  al., 1999). Thus, co n sid erab le  co n se rv a tio n  v a lu e  m ay  be ga ined  
by  com bin ing  h a b ita t se lec tio n  a n d  m o v em en t analyses to  iden tify  
co rrido rs In th e  N o rth e rn  Rockies for o th e r  focal species, such  as 
w olves, grizzly  bears, fisher an d  w o lv erin e  (I.e., Carroll e t  al., 2001).

Som e species follow  u n iq u e  p a tte rn s  o f h a b ita t se lec tio n  d u rin g  
d isp e rsa l m o v em en ts  (Soulsbury  e t al., 2011), w h e reas  o th e rs  do 
n o t (N ew by, 2011). W e a ssu m ed  w h e n  w e  defin ed  p u ta tiv e  co rri
dors th a t  lynx d u rin g  d isp e rsa l w o u ld  re sp o n d  sim ilarly  to  a  re s is
tan c e  surface d e riv ed  from  w ith in  h o m e-ran g e  m o v em en ts . W e 
In itially  h oped  to  te s t  form ally  w h e th e r  d isp e rsin g  an d  re s id en t 
lynx  re sp o n d ed  sim ilarly  to  land scap e  he te ro g en e ity , b u t th is 
w as im possib le  d u e  to  a  sm all sam p le  o f  d isp e rsa l m o vem en ts . 
W e a ssu m e d  th a t  b ro ad -sca ie  d a ta  layers ad eq u a te ly  q u an tified  
en v iro n m en ta l h e te ro g en e ity  for SSF an d  RSF m o deling  (B ram billa  
e t  al., 2009). The m odels w e  d ev elo p ed  w e re  based  o n  d a ta  layers 
th a t  a re  w id e ly  availab le  to  lan d scap e  m anagers , b u t  th e se  m odel 
covaria tes on ly  coarsely  q u an tify  th e  u n d erly in g  e n v iro n m en ta l 
he te ro g en e ity . For th e se  reasons, th e  p u ta tiv e  corridors th a t  w e 
p re se n t m ay  be tre a te d  as te s ta b le  h y p o th eses for fu r th e r  s tu d y  
u sin g  b o th  spa tia l an d  g en etic  m eth o d s.

Rates o f m o v em en t have  d irec t biological Im p o rtan ce  In h ow  
o rg an ism s re sp o n d  to  th e ir  e n v iro n m en t (Johnson  e t al., 2002). 
M any factors affect a n  o rg an ism ’s m o v em en t ra tes, includ ing  
physio logical co n stra in ts , en v iro n m en ta l factors, an d  behavior. 
Overall, lynx  m o v em en t ra tes  in o u r  s tu d y  a rea  averaged  
6.9 k m /d ay  (A ppendix  C), w h ich  Is con sid erab ly  h ig h er th a n  th o se  
re p o rte d  a t n o rth e rn  la titu d es  d u rin g  periods o f h igh  h a re  d en sity  
b u t  sim ila r to  th o se  d u rin g  cyclic low s (W ard  an d  Krebs, 1985). It 
seem s likely th a t  so u th e rn  lynx, w ith  lo w er h a re  d en sitie s  and  
h ig h er m o v em en t ra tes  in general, w o u ld  b e  m o re  v u ln e rab le  to  
factors negatively  affecting  connectiv ity . W e found  no  sta tis tica l 
ev id en ce  for an  “in te r-p a tc h ” o r d isp e rsa l m o v em en t s ta te  
(A ppendix  B).

4.2. Response to environm ental heterogeneity

O ur p red ic tio n  th a t  lynx  w o u ld  ex h ib it seaso n al d ifferences in 
th e ir  re sp o n se  to  en v iro n m en ta l h e te ro g en e ity  w as on ly  partia lly  
su p p o rted . In a d d itio n  to  c o n sis ten t se lec tion  for h igh  NDVI an d  
g reen n ess regard less o f  season, lynx ap p ea red  to  co n se rv e  energy  
by  p re fe ren tia lly  se lec ting  trav e l ro u tes  w ith  low  to p o g rap h ic  h e t
erogeneity , as obse rv ed  for o th e r  m am m als (B ruggem an e t al., 
2007), includ ing  carn ivo res (D ickson e t  al., 2005). W e found  no 
se lec tio n  (P = 0 .127) for a reas w ith  in creased  PCA values d u rin g  
su m m er; how ever, lynx  avo ided  th e se  a reas d u rin g  w in te r  (Ta
ble  4). P rincipal c o m p o n en ts  analysis o f v isib le  an d  n ear-in frared  
ligh t is co rre la ted  w ith  leaf-area  index, a n d  u sed  to  d isc rim in a te  
b e tw e e n  v eg e ta tio n  ty p es su ch  as con iferous forests, sh rubs, an d  
g rasslands (W ang e t al., 2001). In o u r s tu d y  area , PCA values 
te n d e d  to  d ecrease  in  m a tu re  fo rests an d  in crease  in  young , reg en 
e ra tin g  fo rest s tands. P a tte rn s o f  PCA se lec tion  su p p o rt p revious 
ev idence  o f th e  re liance  on  o ld e r fo rests d u rin g  w in te r  an d  y o u n g er 
fo rests d u rin g  su m m er by  b o th  lynx  (K oehler e t  al., 2008; Squires 
e t  al., 2010) an d  snow s hoe hares (Griffin an d  Mills, 2009). A lthough  
lynx  co rrido rs w e re  gen era lly  sim ila r seasonally , th e ir  respec tive  
ro le for co n se rv a tio n  m ay  d ep en d  o n  seasonal p a tte rn s  o f lynx  d is 
persal. D uring  th e  b reed in g  seaso n  in la te  w in ter, m ales m ay  ex h i
b it e x tra -h o m e  ran g e  m o v em en t w h e n  th ey  seek  fem ales. 
H ow ever, lynx  in  so u th e rn  po p u la tio n s o ften  m ake  significantly  
longer ex p lo ra to ry  o r d isp e rsa l m o v em en ts  w h e n  prey  availab ility  
is h ig h es t d u rin g  su m m er (Apps, 2000; A ubry e t al., 2000; Squires 
an d  Oakleaf, 2005). Thus, th e  w in te r  co rrido rs w e  iden tify  m ay  b est 
p rov ide  for local con n ec tiv ity  o f ne ig h b o rin g  b reed in g  popu lations, 
w h e reas  su m m er co rrido rs m ay  facilita te  lo n g -d is tan ce  d isp e rsa l 
such  as th o se  from  ran g e  core  to  periphery .

Ideally, m o v em en t s tu d ies  e lu c id a te  th e  b ehav io ral re sp o n se  of 
o rg an ism s to  en v iro n m en ta l h e te ro g en e ity  (Schick e t al., 2008). W e 
p red ic ted  th a t  re m o te ly -sen sed  v eg e ta tio n  indices w o u ld  serve as 
b ro ad -sca ie  su rro g a tes  a d e q u a te  for d is tin g u ish in g  lynx  m o v em en t 
behav io rs likely asso c ia ted  w ith  a n  Im p o rtan t fine-sca ie  co m p o 
n e n t o f C anada lynx h ab ita t, h o rizo n ta l cover. Im plic it in o u r 
ap p ro ach  is th a t  an im als a re  ab le  to  se lec t “b e s t” least-co s t pa th s
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ra th e r  th a n  tu rn in g  a ro u n d  a fte r  s ta r tin g  d o w n  a  poor q u a lity  p a th  
o r s ta rtin g  d o w n  a  poor q u a lity  p a th  k n ow ing  th a t  con d itio n s im 
prove  d o w n  th e  track . Previous re sea rch  has em p h asized  th e  
im p o rtan ce  o f ho rizo n ta l cover for b o th  lynx  (M oen  e t al., 2008; 
Fuller an d  H arrison, 2010; Squires e t  al., 2010) an d  th e ir  p rim ary  
prey, sn o w sh o e  h a res (Lepus americanus; Griffin a n d  Mills, 2009). 
W h en  bu ild in g  SSF m odels from  stric tly  sa te llite -d e riv ed  indices, 
w e  found  th a t  lynx  w ere  m o st c o n sis ten tly  sen sitiv e  to  positive  
va lues o f  NDVI an d  g reen n ess w h e n  trav e rsin g  landscapes (Ta
b le  4). H igh values o f  NDVI c o rre la te  w ith  d en se  v eg e ta tio n  cover, 
such  as ev erg reen  tree s  in w in te r  o r d e n se  sh ru b s an d  reg en e ra tin g  
fo rests in  sum m er, w h ile  low  v a lues c o rre la te  w ith  b a rre n  areas 
(G am on e t al., 1995). G reenness a lso  p rovides a n  in d ex  o f th e  d e n 
sity  o f g reen  v eg e ta tio n  a n d  co rre la tes  w ith  p lan t b iom ass an d  n e t 
p rim ary  p roductiv ity ; like NDVI, g reen n ess v a lues o ften  increase  
a n d  th e n  d ecrease  as fo rests age (C rist e t  al., 1986; Carroll e t  al., 
2001). The re la tio n sh ip  b e tw e e n  re m o te ly -sen sed  indices an d  h o r
izon ta l cover has n o t b een  exp lic itly  te s ted , b u t th e  c o n sis ten t p re 
d ic tive  capacity  o f th e se  indices in lynx  m o v em en t m odels suggest 
th e m  as can d id a te  su rro g a tes  for th is  typ ically  fie ld -m easu red  
variable.

4.3. Fragmentation and highw ay crossings

H ab ita t f rag m en ta tio n  is c learly  d e tr im en ta l to  som e tax a  
(Crooks, 2002; Laurance, 2008), b u t  th e  im p ac t o f  frag m en ta tio n  
on  m eso -carn ivo res is no t w ell u n d ersto o d . R esults from  o u r p o p 
u la tio n -lev e l m odel in d ica te  th a t  changes to  v eg e ta tio n  s tru c tu re  
can  in crease  lan d scap e  re sis tan ce  to  lynx m o v em en ts  (Fig. 3), h o w 
ever, th e re  is no  ev idence  th a t  th is cu rre n tly  is cau sin g  g en etic  iso 
la tio n  (S chw artz  e t  al., 2002). A lthough  lynx  a re  cap ab le  o f c rossing  
h u n d red s  o f k ilo m ete rs  o f u n su itab le  h ab ita t, as ev id en ced  by v e r
ified locations in p ra irie  ecosy stem s (M cKelvey e t  al., 2000), lynx  in 
th e  N o rth e rn  Rockies a re  sen sitiv e  to  changes in  fo rest s tru c tu re  
a n d  te n d  to  avo id  fo res t o pen ings (Koehler, 1990; Squires e t  al., 
2010). The e x te n t to  w h ich  frag m en ta tio n  from  roads an d  u rb a n i
za tio n  can  im p ac t con n ec tiv ity  o f  m eso -ca rn iv o re  p o p u latio n s 
likely d ep en d s  on  th e  physical desig n  o f h ighw ay  im p rovem en ts, 
th e  su rro u n d in g  en v iro n m en ta l featu res , th e  d en sity  o f  increased  
u rb an iza tio n , a n d  th e  in creased  traffic  v o lu m e (C levenger and  
W altho , 2005; Grilo e t al., 2009). C arnivores a re  especially  v u ln e r
ab le  to  h ig h w ay -cau sed  m o rta lity  in a reas w ith  d en se  a n d  high- 
traffic  v o lu m e roadw ays (C levenger e t al., 2001). For exam ple, 
20% o f m o rta lities  (13 o u t o f 65) o f re in tro d u ced  lynx in  C olorado 
w e re  d u e  to  veh ic le  collisions (D evineau  e t  al., 2010), as w ell as 
19% (16 o u t o f  83) o f  re in tro d u ced  lynx  in  th e  A dirondack  
M o un ta ins o f N ew  York (A ubry e t al., 2000). In G erm any, 45% of 
th e  m o rta litie s  o f su b ad u lt E urasian  lynx (Lynx lynx) a re  caused  
by traffic  acc id en ts (K ram er-Schad t e t  al., 2004). In ad ja ce n t so u th 
e a s te rn  B ritish Colum bia, lynx  avo ided  crossing  h ighw ays w ith in  
th e ir  h o m e ranges (Apps, 2000).

W e d o c u m e n ted  44  rad ioco lla red  lynx  w ith  h o m e  ranges w ith in  
a n  8 km  b u ffer o f 2 -lan e  h ighw ays; on ly  12 o f th e se  ind iv iduals 
c ro ssed  th e  h ighw ay  (Squires, u n p u b lish ed  da ta). A lthough  th e  ex 
ac t c rossing  loca tions w e re  u n k n o w n , s tra ig h t lines b e tw e e n  su b 
se q u e n t te le m e try  locations all b isec ted  th e  h ighw ay  w ith in  a 
10 km  s tre tc h  p red ic ted  by o u r  m odel as a  likely c rossing  area. 
T hese  obse rv a tio n s in crease  o u r  confidence  in o u r  p red ic ted  c ro ss
ing zones o f h ighw ays th a t  b isect lynx  p u ta tiv e  co rrido rs in  th e  
N o rth e rn  Rockies. G iven th a t  in creased  traffic  a n d  u rb an iza tio n  
a re  p ro jec ted  for th e  N o rth e rn  Rockies (H ansen  e t al., 2002), m iti
g a tio n  su ch  as lan d  pu rch ases a n d  co n se rv a tio n  e asem en ts  m ay  be 
necessa ry  to  p reserv e  con n ec tiv ity  am o n g  lynx p o pu lations. If tra f 
fic v o lu m e g rea tly  increases across corridors, th e  c o n stru c tio n  of 
w ild life  crossing  s tru c tu re s  m ay  b e  a n  a p p ro p ria te  co n se rv a tio n  
stra teg y ; h o w ev er th e  d eg ree  to  w h ich  th ese  s tru c tu re s  effectively

co n n ec t lynx  po p u la tio n s is cu rre n tly  u n k n o w n  (C levenger and  
W altho , 2005).
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