
From: Guinotte, John
To: ddscott@avalanchemapping.org
Subject: Re: avalanche chute database for CO
Date: Thursday, January 19, 2017 1:04:06 PM
Attachments: 2013BiolConsVol166WolverineMetapopulationConservationPrioritiesWesternUS.pdf

Hi Doug,

Would you be willing to provide me with your shapefiles for known chutes in areas across the
western US where they overlap with our known wolverine habitat areas? What I'd like to do is
use your shapefiles for validation of slope cutoffs I'm going to use in the 10m DEMs to try and
tease out a rough idea of where potential chutes are across the range of the wolverine. The
habitat areas I'm talking about are in figure 3 of the attached paper. I've emailed Inman asking
if I can pass on his fig 3 shapefile to you...if you are willing.

Thanks John
                  

On Tue, Jan 17, 2017 at 9:23 AM, Guinotte, John <john_guinotte@fws.gov> wrote:
Hi Doug,

I appreciate the info you gave me on the phone. We are working with NOAA/CU to develop
predictive snow pack models for areas surrounding Rocky Mountain National Park and
Glacier National Park. This effort is meant to help inform the species status assessment for
the wolverine across its range. Wolverines den in avalanche chutes and we'd like to have a
database of known chutes in our study areas so we can take a closer look at these areas with
respect to future snow projections. I've attached two shapefiles with both of our study areas
if you have any info that may help.

Many thanks,
John

John Guinotte, PhD
Fish and Wildlife Biologist
Ecological Services
U.S. Fish and Wildlife Service
Mountain Prairie Region 6
134 Union Blvd., Lakewood, CO 80228
303-236-4264
john_guinotte@fws.gov
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Wildlife populations are often influenced by multiple political jurisdictions. This is particularly true for
wide-ranging, low-density carnivores whose populations have often contracted and remain threatened,
heightening the need for geographically coordinated priorities at the landscape scale. Yet even as modern
policies facilitate species recoveries, gaps in knowledge of historical distributions, population capacities,
and potential for genetic exchange inhibit development of population-level conservation priorities. Wol-
verines are an 8–18 kg terrestrial weasel (Mustelidae) that naturally exist at low densities (�5/1000 km2)
in cold, often snow-covered areas. Wolverines were extirpated, or nearly so, from the contiguous United
States by 1930. We used a resource selection function to (1) predict habitat suitable for survival, repro-
duction and dispersal of wolverines across the western US, (2) make a rough estimate of population
capacity, and (3) develop conservation priorities at the metapopulation scale. Primary wolverine habitat
(survival) existed in island-like fashion across the western US, and we estimated capacity to be 644 wol-
verines (95% CI = 506–1881). We estimated current population size to be approximately half of capacity.
Areas we predicted suitable for male dispersal linked all patches, but some potential core areas appear to
be relatively isolated for females. Reintroduction of wolverines to the Southern Rockies and Sierra-
Nevadas has the potential to increase population size by >50% and these regions may be robust to climate
change. The Central Linkage Region is an area of great importance for metapopulation function, thus war-
ranting collaborative strategies for maintaining high survival rates, high reproductive rates, and dispersal
capabilities. Our analysis can help identify dispersal corridors, release locations for reintroductions, and
monitoring targets. The process we used can serve as an example for developing collaborative, landscape-
scale, conservation priorities for data-sparse metapopulations.


� 2013 Elsevier Ltd. All rights reserved.

1. Introduction


As human populations expanded across the globe, many wild-
life species, especially carnivores, experienced significant range
loss (Fanshawe et al., 1991; Kang et al., 2010; Paquet and Carbyn,
2003). More recently, attitudes and policies have shifted to facili-
tate species conservation so that expansions into historical range
are possible, often through reintroductions (e.g., Bangs et al.,
1998; Clark et al., 2002; Raesly, 2001). Reintroductions have the



http://crossmark.dyndns.org/dialog/?doi=10.1016/j.biocon.2013.07.010&domain=pdf

http://dx.doi.org/10.1016/j.biocon.2013.07.010

mailto:robert.michael.inman@gmail.com

mailto:bbrock@craigheadresearch.org

mailto:bbrock@craigheadresearch.org

mailto:kinman@wcs.org

mailto:Shawn_Sartorius@fws.gov

mailto:Shawn_Sartorius@fws.gov

mailto:baber@idfg.idaho.gov

mailto:bgiddings@mt.gov

mailto:bgiddings@mt.gov

mailto:Steve_Cain@nps.gov

mailto:ormems@gmail.com

mailto:jfrederick@fs.fed.us

mailto:bob.oakleaf@wgf.state.wy.us

mailto:altwildlife@yahoo.com

mailto:eric.odell@state.co.us

mailto:gchapron@carnivoreconservation.org

mailto:gchapron@carnivoreconservation.org

http://dx.doi.org/10.1016/j.biocon.2013.07.010

http://www.sciencedirect.com/science/journal/00063207

http://www.elsevier.com/locate/biocon





Fig. 1. Locations of wolverines (solid circles) and random points (x’s) used to
develop a resource selection function model of first order habitat selection, Greater
Yellowstone Ecosystem of Montana, Idaho, and Wyoming, USA, 2001–2010.
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potential to improve viability of endangered species (Hebblewhite
et al., 2011) and provide many other ecological benefits (Beyer
et al., 2007; Dickman et al., 2009). However, in the case of wide-
ranging, low-density carnivores whose populations are often
threatened, they and the areas where they can exist are often man-
aged by multiple political jurisdictions whose authorities and
objectives can differ. In these situations, great gains in conserva-
tion success and financial efficiency could be made by developing
geographically coordinated priorities at the scale of a viable popu-
lation (Slotow and Hunter, 2009). Unfortunately, timing of range
loss often occurred prior to establishment of accurate definitions
of species distribution, and information on potential population
numbers is simply unknown. As a result, gaps in knowledge of suit-
able habitat, population capacities, and potential for genetic ex-
change across a metapopulation can inhibit development of the
most effective landscape-level priorities for aiding species recov-
ery. The need to address these landscape-scale issues is becoming
more pressing as climate change threatens to increase fragmenta-
tion of many populations (Opdam and Wascher, 2004).


The wolverine (Gulo gulo) is a large, terrestrial weasel (Musteli-
dae) weighing 8–18 kg that has an Holarctic distribution. This fac-
ultative scavenger occupies a cold, low-productivity niche
(Copeland et al., 2010; Inman et al., 2012a,b) that results in sparse
population densities (�5/1000 km2) and low reproductive rates
(0.7 young/female > 3 yrs/yr) across its range (Golden et al., 2007;
Inman et al., 2012a; Lofroth and Krebs, 2007; Persson et al.,
2006). As a result, wolverine populations are relatively vulnerable
due to their small size and limited capacity for growth (Brøseth
et al., 2010; Persson et al., 2009). Wolverines were extirpated, or
nearly so, from their historical distribution within the contiguous
US by about 1930 and unregulated human-caused mortality was
likely responsible (Aubry et al., 2007). Wolverines have recovered
to a considerable degree (Anderson and Aune, 2008; Aubry et al.,
2007; Aubry et al., 2010; Copeland, 1996; Inman et al., 2012a),
however the species will face a new set of habitat-related chal-
lenges in the 21st Century such as rural sprawl, roads, recreation,
and climate change (Gude et al., 2007; Krebs et al., 2007; McKelvey
et al., 2011; Packila et al., 2007). Wolverines were recently desig-
nated a candidate for listing in the contiguous US under the US
Endangered Species Act (US Fish and Wildlife Service, 2010; US
Fish and Wildlife Service, 2013).


Wolverine habitat in the contiguous US appears to consist of
disjunct patches of mountainous, high alpine areas inhabited at
low densities and requiring dispersal across intervening areas
(Copeland et al., 2010; Inman et al., 2012a), likely a prime example
of a metapopulation (Hanski and Gaggiotti, 2004). The metapopu-
lation concept has evolved from island biogeographic theory (Mac-
Arthur and Wilson, 1967) into complex estimates of population
viability that are based on the spatial arrangement of habitat
patches, habitat quality within and between patches, demographic
rates, and dispersal (Akçakaya and Atwood, 1997; Haines et al.,
2006). By linking demography to habitat in a spatial framework,
metapopulation analytical tools allow scenario assessments such
as gauging the relative effect of one management activity vs. an-
other on viability. However, these approaches require an abun-
dance of data that are difficult to obtain, especially in the case of
rare, cryptic species such as many endangered carnivores.


While there has been much recent progress in understanding
wolverine distribution and ecology in the contiguous US (Cegelski
et al., 2006; Copeland et al., 2010; Inman et al., 2012a; Ruggiero
et al., 2007; Schwartz et al., 2009), habitat-related tools remain
coarse and estimates of potential or current population size do
not exist. It is also unclear which patches of wolverine habitat in
the contiguous US are capable of female interchange, male inter-
change, or both. A better understanding of the capacity of areas
of historical distribution that remain unoccupied and the degree

to which they are likely to be naturally recolonized would aid deci-
sions on whether reintroductions are warranted and, if so, which
areas to prioritize. Without a more complete understanding of
the spatial arrangement of habitats, their function for wolverines,
and potential population numbers therein, these and other meta-
population-level conservation priorities will remain undefined,
leaving a host of agencies and conservation organizations without
clear roles in what must be a coordinated effort across a vast geo-
graphic area (Inman et al., 2012a).


Our objective was to develop a metapopulation framework for
wolverines at the scale necessary to conserve the species in the
western contiguous US. To do this we: (1) modeled relative habitat
quality at the level of species distribution; (2) identified areas suit-
able for specific wolverine uses that are biologically important and
valuable for management purposes (survival, reproduction, dis-
persal); and (3) related population size to predicted habitat quality
in order to estimate potential and current distribution and abun-
dance. We then use this information to identify spatially-explicit
population-level conservation priorities across jurisdictions for
this candidate threatened or endangered species.

2. Study area


Our field research occurred in the Yellowstone Ecosystem of
Idaho, Montana, and Wyoming at approximately 45� north latitude
(Fig. 1). Elevations in the study area ranged from 1400 to 4200 m.
Precipitation increased with elevation and varied from 32 to
126 cm per year (National Oceanic and Atmospheric Administra-
tion, 2007). Snow usually fell as dry powder and depths at higher
elevations were often in excess of 350 cm. A variety of vegetative
communities were present (Despain, 1990). Low-elevation valleys
contained short-grass prairie or sagebrush communities. The low-
er-timberline transition to forest occurred with lodgepole pine
(Pinus contorta) or Douglas fir (Pseudotsuga menziesii). Engelmann
spruce (Picea engelmannii), subalpine fir (Abies lasiocarpa), and
whitebark pine (Pinus albicaulis) became more common with
increasing elevation. Mixed forest types were common and all for-
est types were interspersed with grass, forb, or shrub meadows.
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The highest elevations were alpine tundra or talus fields where
snow was present to some degree for 9 months of the year. A di-
verse fauna included a variety of ungulates and large carnivores
(Bailey, 1930; Streubel, 1989).

3. Materials and methods


3.1. Species location data


During 2001–2010 we captured 38 wolverines (23$, 15#) and
equipped each with an intra-peritoneal VHF radio-transmitter
(Inman et al., 2012a). The study was approved by the Animal Care
and Use Committee of Montana Department of Fish, Wildlife and
Parks (MFWP). We attempted to relocate wolverines from the air
at an approximate 10-day interval. We estimated VHF telemetry
error to be �300 m (Inman et al., 2012a). We also opportunistically
fit 18 of these wolverines (11F, 7M) with a global positioning sys-
tem (GPS) collar for periods of �3 months. These collars typically
collected locations at 2-h intervals for periods of a few months.
We used an approach similar to Hebblewhite et al. (2011) to fit
habitat models (see below) using 2257 VHF radio telemetry loca-
tions of wolverines resident to the Madison, Gravelly, Henry’s Lake,
and Teton mountain ranges. We did not use GPS collar data in the
model selection process because they did not obtain locations on
�50% of attempts and this could have been related to habitat fea-
tures (D’Eon et al., 2002; Mattisson et al., 2010). We used locations
of wolverines whose data were not utilized to fit models as part of
selecting a final model for use and testing the accuracy of predic-
tions as described below.

3.2. Environmental predictors


We developed a list of habitat features we believed important
for wolverines (Table S1) based on our field observations and re-
ports of food habits (Copeland and Whitman, 2003; Lofroth et al.,
2007), mortality sources (Boles, 1977; Krebs et al., 2004), den sites
(Magoun and Copeland, 1998), and general habitat characteristics
including the potential for avoidance of humans (Carroll et al.,
2001; Copeland et al., 2007, 2010; Hornocker and Hash, 1981;
Rowland et al., 2003). We also considered the importance of cach-
ing behavior (Inman et al., 2012b; May, 2007), and our observa-
tions of reproductive females frequently preying on marmots
(Marmota flaviventris). We developed a set of GIS grids capable of
representing these features in a first order analysis (Johnson,
1980) and available across the western US (Table 1). We resampled
grids to 90-m resolution (Arponen et al., 2012) and calculated

Table 1
Environmental predictors used in developing a first order resource selection function m
Wolverine location data for the logistic regression were obtained in the Greater Yellows
negative (�) predicted associations are noted along with the relevance of each covariate
Geographic information system (GIS) data sources, resolution, and references are provided


Habitat covariate Predicted association Relevance


Latitude-adjusted elevation (LAE) + More low tempera
Terrain ruggedness index (TRI) + More cliffs, boulde
April 1 snow depth (SNOW) + More deep, long-la
�Tree cover (TREE) + More forest and st
�Forest edge (EDGE) + More alpine mead
�High-elevation talus (HITAL) + More cold, rocky t
Road density (ROAD) � More human pres
Interpolated human density (POP) � More human activ
Dist. to tree cover (DTREE) � Farther from fores
Dist. to Apr 1 snow > 2.5 cm (DSNOW) � Farther from fami
Dist. to high-elevation talus (DHITAL) � Farther from fami


a Data sources: 1 = National Elevation Dataset, US Geological Survey, Sioux Falls, SD, US
CO, USA; 3 = National Land Cover Dataset, Earth Resources Observation and Science Dat

mean values of covariates using a 300-m window based on telem-
etry error.


We derived topographic-related covariates from 30-m National
Elevation Data (Caruso, 1987). Because the model was targeted for
a broad region, we used ‘Latitude-adjusted Elevation’ (Brock and
Inman, 2006). We developed an index of ‘Terrain Ruggedness’ fol-
lowing Riley et al. (1999). Based on our observations of frequent
use of alpine talus, we believed this variable, or distance to it, could
function as a parsimonious explanation of wolverine presence; we
represented ‘High-elevation Talus’ by selecting all areas where lat-
itude-adjusted elevation was >2300 m and terrain ruggedness was
>100; these values differentiated rocky areas occurring in low ele-
vation grasslands vs. alpine areas. We also measured ‘Distance to
High-elevation Talus.’ We derived vegetation-related covariates
from 30-m National Land-cover Dataset (NLCD; Homer et al.,
2001). We calculated ‘Tree Cover’ by summing the number of treed
pixels within 300 m of each grid cell. We also measured ‘Distance
to Tree Cover.’ We calculated ‘Forest Edge’ by reclassifying NLCD
into 3 categories: forest (deciduous, evergreen, mixed, and woody
wetlands), natural non-forest (shrub-scrub, grassland-herbaceous,
barren land, open water, ice–snow, and herbaceous wetland), or
other (developed and agricultural), and identifying cells where for-
est and natural non-forest were adjacent. We derived climate-
related variables from the Snow Data Assimilation System (Barrett,
2003). We mapped ‘Snow Depth’ by averaging values for April 1
2004 and April 1 2005 because this date generally coincides with
maximum snow depth for the year. We did not include tempera-
ture as a covariate because broad trends in temperature are cap-
tured by latitude-adjusted elevation (Brock and Inman, 2006).
We calculated ‘Distance to Snow’ based on the nearest cell where
April 1 snow depth was >2.5 cm (minimum snow presence). We
used GIS layers developed by Carroll et al. (2001) to represent
‘Road Density’ and ‘Interpolated Human Population Density.’ Inter-
polation provided an approximation for the effects of human use in
areas closer to urban centers (Merrill et al., 1999).


3.3. Resource selection function (RSF) modeling


We estimated first order resource selection of the species at the
edge of its distribution with logistic regression by comparing envi-
ronmental predictors at 2257 places where the species was de-
tected to those of 6771 (3�) random locations within the area
where the species could have been detected (Carroll et al., 2001;
Hebblewhite et al., 2011; Johnson, 1980; Manly et al., 2002). We
delineated the area where the species could have been detected
(available) with a 34.8-km buffer around our trap locations
(Fig. 1), which was the average maximum distance that wolverines

odel predicting relative wolverine habitat quality across the western United States.
tone Ecosystem of Montana, Idaho, and Wyoming, USA, 2001–2010. Positive (+) or
for representing key habitat features we believed to influence wolverine presence.
. Covariates noted with � were not retained by the most supported model.


Sourcea Resolution References


tures and alpine meadows 1 30 m Brock and Inman (2006)
rs/talus, structure 1 30 m Riley et al. (1999)
sting snow cover 2 1 km Barrett (2003)
ructure 3 30 m Homer et al. (2001)
ow and structure 3 30 m Homer et al. (2001)
errain 1 30 m This study
ence 4 1 km Carroll et al. (2001)
ity 4 1 km Carroll et al. (2001)
t, structure, escape cover 3 30 m Homer et al. (2001)
liar feature 2 1 km Barrett (2003)
liar feature 1 30 m This study


A; 2 = Snow Data Assimilation System, National Snow and Ice Data Center, Boulder,
a Center, Sioux Falls, SD, USA; 4 = US Geological Survey, Reston, VA, USA.
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were located from their initial point of capture. That area was well
within the regular movement capabilities of the species but did not
include large areas where we had not attempted to capture wol-
verines and thus did not sample for species use. Because we were
at the southern edge of distribution, the available area included
areas that were not likely to be suitable habitat (Inman et al.,
2012a), allowing differentiation of suitable and unsuitable charac-
teristics for the species.


We used the following approach in an attempt to model habitat
with biologically meaningful terms, avoid over-fitting, and achieve
adequate predictive accuracy. Because of the reasonable possibility
for both non-linear responses (e.g., snow depth) and interactions
between variables, we considered inclusion of all quadratic terms
and two-way interactions. However, we reduced the set of poten-
tial models for consideration by (1) eliminating main variables cor-
related >0.70 (Wiens et al., 2008), and (2) carefully considering
whether each potential quadratic and interaction was both biolog-
ically relevant and explainable (Burnham and Anderson, 2002).
This resulted in the retention of 10 main variables, 3 quadratic
terms, and 9 interactions for further consideration. To determine
models with equivalent support among candidates we used a for-
ward and backward stepwise selection using the stepAIC function
in R statistical software (R Development Core Team, 2012;
Venables and Ripley, 2002). We specified the Bayesian Information
Criterion (BIC) option to evaluate candidate models because BIC
penalizes more for over-fitting than AIC (Boyce et al., 2002;
Schwartz, 1978). We considered models with differences in BIC
scores <2 to have equivalent support (Burnham and Anderson,
2002) and used additional wolverine location datasets to select a
best model for use from among these final candidates and their
weighted average.


3.4. Using additional species locations to test predictive ability and
select a best model among supported final candidates


We evaluated predictive ability and selected a best model for
use by comparing the capability of the final candidates to score
known wolverine locations from 5 test datasets that were not used
to fit models (Table 2). First, we withheld all 2835 GPS collar loca-
tions of the resident animals used to fit models and tested each
model’s predictive capacity within the area where it was devel-
oped. Second, we also withheld 1165 VHF and GPS locations of 9
wolverines who we captured in the Madison/Teton study area,
but who dispersed beyond this area (Inman et al., 2012a). This test
set included locations both within and beyond the area of model
development, including areas �500 km south (Colorado). The
remaining three datasets were independent of the model develop-
ment area and we used them as out-of-sample validation sets for
testing predictive ability beyond the area of development. These
were 365 VHF and GPS collar locations of 5 resident wolverines
we captured in the Anaconda Range �150–300 km northwest of

Table 2
Summary and predictive ability of wolverine location datasets used to (A) develop resource
(B) test the predictive ability of the those models garnering support along with their weig


Dataset Years collected


(A) Model development
Resident VHF telemetry 2001–2010


(B) Model validation testing
GPS collar locations of residents used to fit models 2004–2008
Disperser VHF and GPS locations 2001–2009
Anaconda Range resident VHF and GPS locations 2008–2009
Contemporary Montana Records 1975–2005
Historical Records (Aubry et al., 2007) 1870–1960


a Highest scoring model for each test dataset.

the main study area, 321 wolverine mortality locations provided
by MFWP, and 157 historical wolverine records (1870–1960) from
the western US (Aubry et al., 2007). We examined overall and rel-
ative predictive ability as follows. We applied the coefficients for
each final candidate model back into the GIS to obtain grids of pre-
dicted relative habitat quality on a scale from 0–1 across the wes-
tern US. We then determined an appropriate area of comparison
for each independent dataset, e.g., the western US for historical
locations, and binned each grid into 10 equal areas (km2) to deter-
mine bin thresholds similar to the k-folds procedure (Boyce et al.,
2002; Hebblewhite et al., 2011). We then determined the percent-
age of locations from each test dataset that fell within each bin. The
bin with the highest quality predicted habitat was bin 10 and low-
est was bin 1. We multiplied percentage of locations in the bin by
the bin number such that a habitat prediction where 100% of test
dataset locations fell within the highest scoring predicted habitat
(bin 10) would receive the maximum score of 1000. A minimum
score of 100 would occur in the case where all test locations fell
within the lowest scoring habitat. We considered scores from
100–550 to be a poor model, 551–750 to be fair, 750–900 to be
good, and 901–1000 to be excellent.


3.5. Identifying areas suitable for survival, reproduction, and dispersal


We partitioned relative habitat quality into biologically mean-
ingful categories that are also informative for management. Vari-
ous approaches for partitioning have been used (Aldridge et al.,
2012; Haines et al., 2006). We defined primary wolverine habitat
as areas suitable for long-term survival (use by resident adults)
by setting the decision threshold at a sensitivity (correct prediction
of presence) of 0.95. This threshold is conservative in that it would
tend to avoid excluding potential habitat (Pearson et al., 2004). In
order to capture some of the variability in predicted habitat quality
at maternal sites, we delineated areas suitable for use by reproduc-
tive females by determining the average habitat score within
800 m of 31 maternal sites (reproductive dens and rendezvous
sites; Inman et al., 2012b) and then using the 25th percentile as
our cutoff. We delineated areas suitable for use by dispersing wol-
verines (used briefly, i.e. on the order of days or weeks rather than
months or years, while moving between patches of primary habi-
tat) to be those areas scoring higher than the lowest observed hab-
itat value used during documented dispersal movements by each
sex (4$, 5#; dispersal was delineated via radio-telemetry [Inman
et al., 2012a]).


3.6. Estimating species distribution and abundance


We estimated potential and current distribution and abundance
of wolverines by linking the RSF to an estimate of wolverine pop-
ulation size occurring in a portion of Greater Yellowstone where
wolverines were reproducing and habitats appeared to be satu-

selection function models of relative habitat quality at Johnson’s (1980) first order, or
hted average, Western contiguous United States, 2001–2010.


# Locations Predictive ability (100–1000)


Model 1 Model 2 Weighted average


2257 rs = 0.983 rs = 0.986


2835 911a 876 912
1165 884 890a 884


365 842 857a 847
321 925 928a 925
157 918 920a 918







Ta
bl


e
3


W
ol


ve
ri


ne
re


so
ur


ce
se


le
ct


io
n


fu
nc


ti
on


(R
SF


)
m


od
el


re
su


lt
s


fo
r


fi
rs


t
or


de
r


pr
ed


ic
ti


on
of


re
la


ti
ve


ha
bi


ta
t


qu
al


it
y.


Th
e


fi
ve


m
od


el
s


w
it


h
m


os
t


su
pp


or
t


ar
e


co
m


pa
re


d
in


ad
di


ti
on


to
th


e
gl


ob
al


m
od


el
(a


ll
co


va
ri


at
es


),
th


e
nu


ll
m


od
el


,a
nd


se
ve


ra
l


si
m


pl
e


in
tu


it
iv


e
po


te
nt


ia
lm


od
el


s,
G


re
at


er
Ye


llo
w


st
on


e
Ec


os
ys


te
m


of
M


on
ta


na
,I


da
ho


,a
nd


W
yo


m
in


g,
U


SA
,2


00
1–


20
10


.P
re


di
ct


iv
e


en
vi


ro
nm


en
ta


lv
ar


ia
bl


es
re


ta
in


ed
w


er
e


la
ti


tu
de


-a
dj


us
te


d
el


ev
at


io
n


(L
A


E)
,t


er
ra


in
ru


gg
ed


ne
ss


in
de


x
(T


RI
),


A
pr


il
1


sn
ow


de
pt


h
(S


N
O


W
),


ro
ad


de
ns


it
y


(R
O


A
D


),
in


te
rp


ol
at


ed
hu


m
an


de
ns


it
y


(P
O


P)
,d


is
ta


nc
e


to
hi


gh
-e


le
va


ti
on


ta
lu


s
(D


H
IT


A
L)


,d
is


ta
nc


e
to


tr
ee


co
ve


r
(D


TR
EE


),
di


st
an


ce
to


A
pr


il
1


sn
ow


>2
.5


cm
(D


SN
O


W
)a


lo
ng


w
it


h
th


ei
r


qu
ad


ra
ti


c
te


rm
s


an
d


in
te


ra
ct


io
ns


.


R
an


k/
m


od
el


K
B


IC
D


B
IC


W
ei


gh
t


1
LA


E
+


TR
I+


SN
O


W
+


R
O


A
D


+
PO


P
+


D
H


IT
A


L
+


D
TR


EE
+


D
SN


O
W


+
TR


I2
+


LA
E:


R
O


A
D


+
LA


E:
D


TR
EE


+
SN


O
W


:P
O


P
13


68
56


.7
1


–
0.


70
2


LA
E


+
TR


I+
SN


O
W


+
R


O
A


D
+


PO
P


+
D


H
IT


A
L


+
D


TR
EE


+
D


SN
O


W
+


TR
I2


+
LA


E:
R


O
A


D
+


LA
E:


D
TR


EE
+


SN
O


W
:P


O
P


+
SN


O
W


2
14


68
58


.4
1


1.
71


0.
30


3
LA


E
+


TR
I+


SN
O


W
+


R
O


A
D


+
PO


P
+


D
H


IT
A


L
+


D
TR


EE
+


D
SN


O
W


+
TR


I2
+


LA
E:


R
O


A
D


+
LA


E:
D


TR
EE


+
SN


O
W


:P
O


P
+


SN
O


W
2


+
H


IT
A


L
15


68
67


.2
2


10
.5


1
0.


00
4


LA
E


+
TR


I+
SN


O
W


+
R


O
A


D
+


PO
P


+
D


H
IT


A
L


+
D


TR
EE


+
D


SN
O


W
+


TR
I2


+
LA


E:
R


O
A


D
+


LA
E:


D
TR


EE
+


SN
O


W
:P


O
P


+
SN


O
W


2
+


H
IT


A
L


+
H


IT
A


L:
D


TR
EE


16
68


67
.2


2
19


.0
1


0.
00


5
LA


E
+


TR
I+


SN
O


W
+


R
O


A
D


+
PO


P
+


D
H


IT
A


L
+


D
TR


EE
+


D
SN


O
W


+
TR


I2
+


LA
E:


R
O


A
D


+
LA


E:
D


TR
EE


+
SN


O
W


:P
O


P
+


SN
O


W
2


+
H


IT
A


L
+


H
IT


A
L:


D
TR


EE
+


TR
I:


D
TR


EE
17


68
67


.2
2


24
.7


2
0.


00
G


lo
ba


l
m


od
el


23
69


31
74


–
LA


E
+


TR
I+


SN
O


W
+


LA
E2


+
TR


I2
+


SN
O


W
2


7
70


58
20


2
–


LA
E


+
LA


E2
3


76
75


81
8


–
LA


E
2


77
26


86
9


–
TR


I+
TR


I2
3


81
92


1,
33


5
–


TR
I


2
84


36
1,


57
9


–
SN


O
W


+
SN


O
W


2
3


91
95


2,
33


8
–


SN
O


W
2


97
06


2,
84


9
–


N
u


ll
m


od
el


1
10


16
3


3,
30


6
–


280 R.M. Inman et al. / Biological Conservation 166 (2013) 276–286

rated or nearly so with resident adult territories (Inman et al.,
2012a). Following Boyce and McDonald (1999) and Hebblewhite
et al. (2011), we determined total RSF predicted relative probabil-
ities for the Yellowstone area where Inman et al. (2012a) estimated
wolverine population size (which included residents and
subadults/transients) and calculated total RSF-predicted habitat
per wolverine. We then summed total predicted relative probabil-
ities for each individual patch of primary wolverine habitat (as de-
fined by the cutoff values described above) within the western US
that was >100 km2, i.e., the approximate minimum female home
range size (Copeland, 1996; Hornocker and Hash, 1981; Inman
et al., 2012a). Finally, we estimated the potential number of
wolverines possible in each of these >100-km2 patches using the
following equation:


RŵðxÞYellowstone


NYellowstone
¼ RŵðxÞPatch


NPatch


where NYellowstone is the wolverine population estimate from Yellow-
stone (known/measured),


P
ŵ(x)Yellowstone is the sum of predicted


relative habitat probabilities within the Yellowstone population
estimate area, and


P
ŵ(x)Patch is the sum of predicted relative hab-


itat probabilities for the wolverine habitat patch where wolverine
population capacity (NPatch) was to be estimated. We rounded the
number of wolverines estimated for each patch down to the nearest
integer prior to summing by region and across the western US. By
using the 100 km2 minimum patch size, this method could predict
wolverines in areas too small for males. However female use of
these areas could be important (Dias, 1996; Boughton, 1999), so
we checked our potential to over-predict by removing estimated
wolverines from patches that were <400 km2 and >10 km from a
400 km2 patch; this was based on resident male home range size
and movements between patches (Persson et al., 2010; Inman
et al., 2012a).


We also used the above estimation technique to predict current
population size for the area where male and female wolverines are
likely well-distributed across available habitat. This assumed hab-
itat occupation at similar densities to the study area of Inman et al.
(2012a) which appeared reasonable for our purposes based on the
history of available wolverine records, evidence of reproduction,
and contemporary studies (Anderson and Aune, 2008; Aubry
et al., 2007, 2010, Copeland, 1996, Copeland and Yates, 2008, In-
man et al., 2012a, Murphy et al., 2011; Newby and Wright, 1955;
Newby and McDougal, 1964; Squires et al., 2007). We did not in-
clude areas with isolated or dispersing individuals that may occur
in places that were not likely to be reproducing as part of the larger
population (Inman et al., 2009, Magoun et al., 2011; Moriarty et al.,
2009, Murphy et al., 2011). In order to facilitate discussion of land-
scape-level management strategies, we subjectively categorized
patches of primary habitat >100 km2 into regions based on posi-
tion, degree of connectivity, and the nature of ownership (public/
private).

4. Results


4.1. Predicting relative habitat quality and testing with independent
location data


Two models garnered support with DBIC scores <2 (Table 3).
These models performed much better than the null model, global
model, and several simple and intuitive models (Table 3). Model
2 differed from model 1 only by the inclusion of ‘Snow Depth’ as
a quadratic term. We used model 2 as our final model because it
tested best overall with the additional wolverine location datasets
relative to model 1 and the weighted average of models 1 and 2
(Table 2). The k-fold cross validation score for the locations used
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to fit model 2 indicated an excellent fit (rs = 0.986, SE = 0.003,
Fig. S1). Model 2 also scored good or excellent with all test datasets
suggesting its predictive capability was sufficient for use (Table 2).
In general, wolverines were distributed in areas of higher eleva-
tion, where there was steeper terrain, more snow, fewer roads, less
human activity, and which were closer to high elevation talus, tree
cover, and areas with April 1 snow cover (Table S2).


4.2. Identifying areas suitable for survival, reproduction, and dispersal


Using model 2, predicted habitat scores P0.967 represented
primary wolverine habitat, i.e., areas suitable for survival and use
by resident adults (Fig. 2). We classified a total of 164,125 km2 as
primary habitat in the western US. Ninety-three percent of primary
habitat existed in 111 patches >100 km2 that were distributed

Fig. 2. Areas of the western United States predicted to be maternal wolverine habitat
survival, i.e., use by resident adults), female dispersal habitat (suitable for relatively brief f
male dispersal movements) based on resource selection function modeling developed wi
Idaho, and Wyoming, USA, 2001–2010.

across 10 of the 11 western states (Fig. 3). Seven patches were
>5000 km2 and occurred in the Northern Continental Divide,
Salmon-Selway, Greater Yellowstone, Southern Rockies, Northern
Cascades, and Sierra-Nevada regions (Fig. 3). We classified areas
scoring P0.968 as maternal habitat (Fig. 2). Small differences in
scores categorizing habitat classes were the result of the 0–1 scale
used in the GIS and mapped across the entire western US; some
habitats were so poor for wolverines that meaningful differences
for wolverines all occurred at the upper end of the scale. The total
area of predicted maternal habitat was 48% of the area classified as
primary habitat. For patches of primary habitat >100 km2, the
quality of habitat differed internally such that percent of a patch
classified as maternal habitat ranged from 0% to 84% (Table S3).
The lowest habitat value used by dispersing wolverines was
0.966 for females and 0.933 for males, and we used these to map

(suitable for use by reproductive females), primary wolverine habitat (suitable for
emale dispersal movements), and male dispersal habitat (suitable for relatively brief
th wolverine telemetry locations in the Greater Yellowstone Ecosystem, of Montana,







Table 4
Estimates of wolverine population capacity and current population size by region (as
in Fig. 3) in the western contiguous United States based on resource selection function
habitat modeling of wolverine telemetry data collected in the Yellowstone region
2001–2010.


Region Population capacity
estimate (95% CI)a


Current population
estimate (95% CI)a


Northern Cascade 48 (37–138) 37 (29–103)
N. Continental Divide 49 (38–138) 49 (38–138)
Salmon–Selway 124 (97–352) 119 (93–338)
Central Linkage 50 (38–173) 50 (38–172)
Greater Yellowstone 146 (119–412) 63 (51–175)
Southern Rockies 137 (108–390) 0
Sierra–Nevada 45 (35–128) 0
Uinta 21 (17–58) 0
Bighorn 12 (10–35) 0
Great Basin 11 (6–48) 0
Oregon Cascade 1 (1–9) 0
Western United States 644 (506–1881) 318 (249–926)


a Estimate of capacity within each primary habitat patch >100 km2 was rounded
down to the nearest integer and then summed by region. Estimates based on model
2 and a population size of 15.2 wolverines (95% CI = 12.3–42.0) in the Yellowstone
study area where 11 individuals were known to be on the area and 20 was con-
sidered a reasonable upper limit (Inman et al., 2012a).


Fig. 3. Major blocks (>100 km2) of primary wolverine habitat (suitable for use by resident adults) in the western United States as predicted with a first order (species
distribution) logistic regression and grouped into useful management regions. Current distribution of breeding populations based on contemporary records are also depicted
with the dashed line.
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areas suitable for dispersal for each sex (Fig. 2). Areas we predicted
suitable for male dispersal linked all primary habitat patches
>100 km2 but this was not the case for females.

4.3. Estimating distribution and abundance


Using model 2, we estimated the potential wolverine popula-
tion capacity in the western contiguous US to be 644 wolverines
(95% CI = 506–1881) in the hypothetical case where all available
primary habitat patches >100 km2 were occupied at densities mea-
sured in Greater Yellowstone (Table 4, Fig. 3). We note that Inman
et al. (2012a) suggested a reasonable upper limit for the population

estimate was approximately half the upper 95% CI (Table 4). The
potential to overestimate due to patches being smaller than a male
home range was negligible overall (639 vs. 644) and concentrated
in the Great Basin Region (Table S3). Fifty-seven percent of total
population capacity occurred in the combined Greater Yellow-
stone, Salmon-Selway, Central Linkage, and Northern Continental
Divide ecosystems (Table 4, Fig. 3). Estimated population capacity
for individual patches ranged from 0 to 88 (Table S3). We esti-
mated that the Southern Rockies represent 21% of total population
capacity. We estimated current population size to be 318 wolver-
ines (95% CI = 249–926) in the Northern Continental Divide and
portions of the Salmon-Selway, Central Linkage, Greater Yellow-
stone, and Northern Cascade ecosystems (Table 4, Fig. 3). Esti-
mated population capacities were similar under model 1 and the
weighted average model with the exception of the Sierra-Nevadas
(Table S4).

5. Discussion


We developed a prediction of relative habitat quality for a data-
sparse carnivore that had been eliminated from much of its histor-
ical range prior to clear establishment of distribution and potential
population capacity. Our prediction of habitat tested well with
independent location datasets suggesting it is robust to extrapola-
tion and useful for developing collaborative conservation strategies
across the large geographic area necessary for conserving the spe-
cies in the western contiguous US. The method we used could be
applied to a wide variety of species where information on historical
range, population capacity, or relative connectivity of habitat
patches is lacking but needed to make conservation decisions. This
may be particularly true at the periphery of a species distribution
where suitable habitats may become more fragmented.


We defined primary habitat as areas suitable for survival/use by
resident adults, which we believe is a good approximation for
historical distribution of wolverines in the Western contiguous
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US. All additional areas where wolverine populations have been
studied with radio-telemetry in the Western US contained signifi-
cant areas of predicted primary habitat (Aubry et al., 2010; Cope-
land, 1996; Copeland and Yates, 2008; Hornocker and Hash,
1981; Murphy et al., 2011; Squires et al., 2007). We predicted suit-
able habitat in areas as far south as northern New Mexico, support-
ing the conclusion of Frey (2006). Our estimate of primary habitat
and the spring snow model of Copeland et al. (2010) matched well,
concurring across >96% of the western US. This level of agreement
derived from different approaches, i.e., a global-scale bioclimatic
envelope and a regional telemetry-based RSF, suggests that distri-
bution of wolverine habitat is fairly well described. The major dif-
ference between the two models occurs in the Pacific Coastal
Ranges of Oregon and northern California. Here the spring snow
model suggests there are areas large enough to hold female territo-
ries in nearly continuous fashion from the Canadian border into
southern California (Figure 8a in Copeland et al. (2010), Figure 2B
in McKelvey et al. (2011)) and the patches are certainly within ob-
served dispersal range of males and females. Our estimate of pri-
mary habitat is more conservative in this area (Fig. 2), likely due
to the relatively low latitude-adjusted elevations of these areas
and general lack of steep, rocky terrain despite their being snow-
covered in May. The presence of only 2 historical records of wol-
verines from Oregon and northern California (compared to 29 from
Washington and 58 from the Sierra-Nevadas) lends some support
to the more conservative prediction (Aubry et al., 2007). While pre-
vious genetic analyses suggested the Sierra-Nevadas were isolated
for >2000 years (Schwartz et al., 2007), other analyses suggest that
may not be the case (McKelvey et al., submitted for publication).
Additional information on the ability of habitats within western
Oregon and northern California to sustain reproducing wolverines
or not would benefit efforts to conserve the species in the western
US.


Maternal sites occurred in areas of higher quality habitat sug-
gesting potential utility in distinguishing among patches more or
less suitable for reproduction. Patch quality in terms of reproduc-
tive capacity could have important implications for metapopula-
tion conservation strategies. For instance, the Nevada and
Elkhorn mountains sit in a central position relative to 3 major
blocks of habitat in the northern US Rockies and could play an
important role in gene flow among these areas. This would be par-
ticularly true if reproduction is occurring there because dispersing
young could be a vector for genetic exchange among the major
blocks of habitat. However, the amount of high-quality maternal
habitat in these ranges is limited enough that reproduction may
not occur there. If this were the case, taking management action
to emphasize the ability of these ranges to produce dispersers
could be futile. Differences in proportion of maternal habitat could
help identify and prioritize linkage corridors throughout the meta-
population by factoring in the reproductive capacity of individual
patches in order to better represent potential gene flow. Similar
information on other species could help prioritize actions that
would help maintain guild-level gene-flow.


Male biased dispersal is typical for carnivores (Dobson, 1982;
Greenwood, 1980; Pusey, 1987), and male wolverines tend to dis-
perse more frequently and farther than females (Flagstad et al.,
2004; Inman et al., 2012a; Vangen et al., 2001). Our sample sizes
were small, however we observed males using lower scoring areas
than females even though our results could have shown that fe-
males used as low or lower quality areas as males. This may have
been related to our distance-related variables and males being
more inclined to disperse. It is also possible that with additional
data the extent of female dispersal habitat could increase. Based
on our current results, all primary habitat patches fell within the
limits of male dispersal that we estimated (Fig. 2). However, this
was not the case for females. Nearly all primary habitat patches

in Montana, Idaho, western Wyoming, and Utah were connected
or very nearly so for females (<5 km; Fig. 2). But 3 large patches
of primary habitat appear isolated for females based on the cur-
rently available data, the Bighorn Range of northeastern Wyoming,
the Southern Rockies of Colorado, and the Sierra-Nevadas of Cali-
fornia (Figs. 2 and 3). Our results suggest that there are no areas
of complete redundancy (all are linked for males), but of course
other factors such as distance and degree of isolation would influ-
ence the rate at which exchange might occur. Our result also sug-
gests that natural range expansion to the Sierra-Nevadas, Southern
Rockies, and Bighorns may be limited if possible at all for females.


We grouped patches of wolverine habitat into regions based on
capacity, connectivity, and land ownership pattern, all of which
would tend to result in similar management issues at a regional
scale (Fig. 3). It appears that 6 areas can likely function as major
population cores where primary habitats exist as large blocks of
relatively contiguous, publically-owned lands that include signifi-
cant portions of designated wilderness or national park and are
capable of supporting �50+ wolverines; these were the Northern
Cascade, Northern Continental Divide, Salmon-Selway, Greater Yel-
lowstone, Southern Rockies, and Sierra-Nevada Regions (Fig. 3).
While the Northern Cascades Region contained only 7% of esti-
mated population capacity and does not appear to be well-linked
to other major cores in the US, it is contiguous with large areas
of wolverine habitat in British Columbia. However, these areas of
British Columbia were rated as low quality wolverine habitat
(Lofroth and Krebs, 2007). The Uinta and Bighorn Regions may
function as minor population cores. The Central Linkage, Great Ba-
sin, and Oregon Cascades Regions consisted of smaller patches of
primary habitat (<10 wolverines per individual patch) where inter-
vening areas are often in private ownership or connectivity for fe-
males was limited (Figs. 2 and 3). Total capacity of the Central
Linkage Region is as large as a major core.


Suitable habitat for resident adults and reproduction occurs in
island-like fashion here at the southern periphery of the species
distribution, and it is clear that wolverines are dependent on dis-
persal among patches of habitat across a vast geographic scale.
The small wolverine metapopulation of the western contiguous
US is subject to the cumulative influences of numerous jurisdic-
tional authorities, therefore coordinated planning and manage-
ment to achieve specific functions at the landscape-scale is
warranted. For example, the Central Linkage Region (CLR) consists
of a large number of fairly small habitat patches that contain repro-
ductive females and sit between the major ecosystems of the
northern US Rockies. Maintaining high adult female survival and
reproductive rates in the CLR would likely benefit metapopulation
connectivity and gene flow. Recent changes to wolverine trapping
regulations in Montana were designed with this landscape-level
goal in mind. However, successfully achieving gene flow in the
northern US Rockies could also depend on other jurisdictions act-
ing upon the same objective. For example, public land managers
in the CLR could need to address winter recreation management
(Krebs et al., 2007) such that reproductive rates are not encum-
bered, and a multitude of entities may need to secure the natural
areas and highway crossings that would allow for successful dis-
persal movements through the CLR decades from now. Clearly,
geographically coordinated goals will be key to successfully con-
serving this wolverine metapopulation.


Given the accelerated development of private lands in valley
bottoms across the western US in recent decades (Brown et al.,
2005; Gude et al., 2007, 2008; Johnson and Beale, 1994), maintain-
ing a network of natural areas among the patches of suitable repro-
ductive habitat will be critical for natural, long-term wolverine
persistence. While there is no indication that dispersal is currently
being limited by human development in a manner that has nega-
tive consequences for the wolverine metapopulation, it is reason-
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able to assume that willingness to disperse through developed
areas and/or survival of dispersers moving through developed
areas would be impacted by increasing road and housing densities
at some point. Road density was retained in a negative relationship
with wolverine occurrence. Because housing developments and
roads are relatively permanent and unregulated compared to hu-
man activities that might affect survival and reproductive rates,
e.g., trapping and winter recreation (Krebs et al., 2004, 2007),
developing incentives for maintaining natural areas on privately
owned lands needs to be a priority. The CLR is a natural starting
point for these efforts given its unique location and ownership pat-
tern. Establishing connectivity for wolverines would also benefit
many other species including mountain lions (Puma concolor),
black bears (Ursus americanus), and grizzly bears (Ursus arctos) be-
cause of the large scale at which wolverines require connectivity
and that fact that doing so would link much of the forested public
land of Idaho, Montana, and Wyoming. Further work on dispersal is
needed to improve our understanding of factors limiting these crit-
ical movements for wolverines and other species.


Restoring wolverines to unoccupied areas of historical range
could substantially increase population size, genetic diversity,
and resiliency and could function to establish refugia for the spe-
cies as climate change occurs. Our analysis suggests that the South-
ern Rockies represent 21% of total wolverine population capacity,
and it does not appear to be currently occupied by a breeding pop-
ulation (Aubry et al., 2007). The northern tier of states (MT, ID, WA)
have yielded fairly consistent records of wolverines since the
1940s (Aubry et al., 2007), but wolverine presence was not con-
firmed for nearly a century within Colorado, Utah, or California
(Aubry et al., 2007). Recent records of wolverines in California dur-
ing 2008 and Colorado during 2009 were both instances of individ-
ual males that were either documented via camera and DNA
(Moriarty et al., 2009) or radio-tracked while dispersing (Inman
et al., 2009). While these dispersal events suggest the possibility
of natural recolinization, it is important to consider that female
wolverines have not been documented in either California or Colo-
rado for nearly a century, and our analysis suggests that female
dispersal to either is likely to be so infrequent (if possible) that it
may be of limited value in establishing or maintaining populations
(Fig. 2). As such, active restorations would likely be required to re-
occupy these areas and could be viewed as proactive steps toward
wolverine recovery in the contiguous US. Given the restricted
number of haplotypes in the northern US Rockies (Schwartz
et al., 2009), restorations could greatly improve genetic composi-
tion relative to natural recolinization. While climate change will
not likely improve the suitability of wolverine habitat in the South-
ern Rockies or Sierra-Nevadas, it is possible that by 2100 these
areas may be some of the best remaining wolverine habitat within
the contiguous US (McKelvey et al., 2011; Peacock, 2011).


Despite the relatively vulnerable position that wolverines are
in, our knowledge of fundamental population characteristics such
as current distribution of reproductive females and population tra-
jectory is lacking or based on sparse data. For instance, during the
11-yr period 1995–2005 only 15 verifiable records of wolverine
occurrence that did not arise from opportunistic telemetry studies
exist from within the states of Washington, Idaho, and Wyoming
(Aubry et al., 2007). Because wolverines naturally exist at such
low densities and inhabit rugged, remote terrain, even drastic
changes in population size would likely go unnoticed for years if
the current level of monitoring were to continue. Clearly there is
a need for an effective monitoring program that is designed at
the metapopulation level to inform specific management actions.
Because such a program would require a sampling effort distrib-
uted across several western states/provinces in extremely rugged
and remote terrain that is accessed during winter, it must be
well-designed and highly coordinated. Our analysis provides an

initial hypothesis for wolverine distribution and abundance
(Table S3) that can be refined by future surveys.

6. Conclusion


We used telemetry data and an RSF to identify metapopulation
conservation priorities for a candidate threatened or endangered
species that had been extirpated from its historical range prior to
establishment of distribution or population numbers. Wolverine
habitat in the western contiguous US exists in island-like fashion
distributed across 10 states (�2.5 million km2) and appears to have
the capacity for approximately 650 individuals. Because the geo-
graphic scale for conserving this metapopulation is so large, man-
agement actions must be conceived and implemented across
multiple states and numerous management jurisdictions. We sug-
gest conservation priorities are (1) Securing connectivity in the
Central Linkage Region, (2) Restoring populations to (a) the
Southern Rockies and (b) the Sierra-Nevadas, and (3) establishing
a metapopulation monitoring program. The Central Linkage Region
is a logical priority for securing connectivity because of the nature
of its habitat and land ownership along with the fact that the
Northern US Rockies include most of the major core areas, the
majority of the current population, and connections to larger pop-
ulations in Canada. Our model can facilitate efforts to identify and
prioritize connectivity by providing a base layer that accounts for
habitat features occurring between patches of primary habitat.
Because of the scale over which wolverine connectivity needs to
be maintained and the fact that doing so would link much of the
public land of the western US, developing incentives for retaining
private lands in a state that facilitates animal movement is impor-
tant and would likely benefit numerous terrestrial species. Our
estimate of current population size was approximately half of
capacity and was limited to portions of four states. Restoration of
wolverines to the Southern Rockies and Sierra-Nevadas could in-
crease current population size by an estimated 57% along with
improving the redundancy, resiliency, and genetic diversity of
the metapopulation. Our analysis can help identify potential re-
lease sites based on habitat quality. Our analysis also provides an
initial hypothesis for wolverine distribution and abundance within
the western contiguous US that can aid development of a collabo-
rative metapopulation monitoring program. The process we used
may serve as an example for developing conservation priorities
for other data-sparse metapopulations where range contractions
have likely occurred.
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Table S2. Coefficients and standard errors for wolverine model 2 resource selection function for 
relative habitat quality at the first order developed in the Greater Yellowstone Ecosystem of 
Montana, Idaho, and Wyoming, USA, 2001–2010. Predictive environmental variables were 
Latitude-adjusted Elevation (LAE), Terrain Ruggedness Index (TRI), Snow Depth (SNOW), 
Road Density (ROAD), Interpolated Human Density (POP), Distance to High-elevation Talus 
(DHITAL), Distance to Tree Cover (DTREE), Distance to Snow >2.5 cm (DSNOW). 
_____________________________________ 
 
Coefficient Estimate SE 
_____________________________________ 
 
LAE 2.036e-03 1.454e-04  
TRI 2.355e-02 3.167e-03  
SNOW 1.220e-03 3.499e-04  
ROAD -2.940e+00 6.998e-01 
POP -3.255e-01 1.024e-01  
DHITAL -1.217e-04 1.538e-05  
DTREE -1.480e-02 2.990e-03  
DSNOW -1.428e-03 7.737e-04  
TRI2 -7.477e-05 1.576e-05  
SNOW2 -4.598e-7 1.725e-07 
LAE:ROAD 1.250e-03 2.931e-04  
LAE:DTREE 4.445e-06 1.047e-06  
SNOW:POP 2.375e-04 7.674e-05  
_____________________________________  
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Table S3.  Estimates of wolverine population capacity and proportion maternal habitat by region 
and primary habitat patch in the western contiguous United States based on resource selection 
function habitat modeling of wolverine radio-telemetry data collected in the Yellowstone region 
2001–2010.  Numbers presented here are based on model 2 and a population estimate of 15.2 
wolverines (95% CI = 12.3–42.0) from the Yellowstone study area of Inman et al. (2012a) where 
11 individuals were known to be on the area and 20 was considered a reasonable upper limit.  
The estimate of capacity within each primary habitat patch >100 km2 was rounded down to the 
nearest integer and then summed by region. Patches that were smaller than minimum male home 
range size (400 km2) and >10 km from a 400 km2 patch are noted with an *.   
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 


 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Bighorn 12 (10–35)  


Bighorn Range 12 (10–35) 0.36 
Central Linkage  50 (38–173)  


Anaconda-Sapphire Ranges 7 (5–20) 0.33 
Beaverhead Mountains Central 0 (0–1) 0.19 
Beaverhead Mountains North 3 (2–9) 0.39 
Beaverhead Mountains South 1 0 (0–2) 0.05 
Beaverhead Mountains South 2 2 (2–7) 0.15 
*Big Belt Mountains 0 (0–2) 0.30 
*Big Snowy Range 0 (0–1) 0.17 
Bloody Dick Range 0 (0–1) 0.11 
*Bridger Range 0 (0–1) 0.33 
Cabinet Mountains East 2 (2–6) 0.50 
Cabinet Mountains West 2 (2–7) 0.62 
Centennial Range 2 (1–6) 0.43 
*Crazy Mountains 1 (1–3) 0.38 
*Elkhorn Mountains 0 (0–2) 0.14 
Flint Creek Range 2 (1–6) 0.42 
Gravelly Range 2 (1–6) 0.26 
Greenhorn Range 0 (0–1) 0.05 
Gypsy Peak 1 (1–4) 0.29 
John Long Mountains 0 (0–1) 0.13 
Lemhi Range 7 (5–19) 0.23 
Little Belt Mountains 2 (2–7) 0.14 
Lost River Range Central 2 (1–5) 0.43 
Lost River Range North 0 (0–2) 0.11 
Lost River Range South 0 (0–2) 0.17 
Lost Trail 0 (0–1) 0.06 
Mission Mountains 3 (2–9) 0.54 
*Nevada Mountains 0 (0–1) 0.08 
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Table S3 continued… 
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 


 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Central Linkage…  


Pioneer Range East 2 (2–7) 0.34 
Pioneer Range West 3 (2–8) 0.15 
*Purcell Mountains 0 (0–1) 0.30 
Rattlesnake Mountains 1 (1–4) 0.69 
Selkirk Range 3 (3–10) 0.38 
Snowcrest Range 1 (1–4) 0.18 
South Anaconda 0 (0–2) 0.06 
Tobacco Root Range 2 (1–5) 0.53 


Great Basin 11 (6–48)  
Bear River Range 2 (2–8) 0.46 
*Blowhard Mountain 1 (0–2) 0.73 
*Jarbridge Mountains 1 (0–2) 0.24 
*La Sal Mountains 0 (0–1) 0.37 
*Monroe Peak 0 (0–1) 0.12 
*Mount Belknap 1 (1–4) 0.38 
*Mount Terrel 0 (0–1) 0.37 
*Ruby Mountains 0 (0–2) 0.29 
*Schell Creek Range 0 (0–2) 0.39 
*Strawberry Peak 0 (0–1) 0.06 
Wasatch Central 2 (1–6) 0.84 
*Wasatch North East 0 (0–1) 0.27 
*Wasatch North West 0 (0–2) 0.57 
Wasatch Plateau East 0 (0–1) 0.10 
Wasatch Plateau West 3 (2–9) 0.37 
*Wasatch South East 0 (0–2) 0.09 
*Wasatch South West 1 (0–3) 0.44 


Greater Yellowstone 146 (119–412)  
Absaroka-Teton Ranges 88 (71–244) 0.54 
Henrys Lake Mountains 0 (0–2) 0.32 
Madison-Gallatin  Ranges 22 (18–63) 0.43 
Wind River Range 22 (18–62) 0.54 
Wyoming-Salt Ranges 14 (12–41) 0.57 


Northern Cascade 48 (37–138)  
Gilbert Peak 1 (0–3) 0.57 
Mount Aix 1 (1–3) 0.60 
Mount Baker 7 (5–20) 0.72 
Mount Rainier 4 (3–12) 0.84 
Mount Stewart 5 (4–16) 0.46 
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Table S3 continued… 
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 


 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Northern Cascade… 


*Olympic Mountains 0 (0–1) 0.10 
Pasayten 29 (23–80) 0.55 
Tiffany Mountain 1 (1–3) 0.07 


Northern Continental Divide  49 (38–138)  
Bob Marshall Wilderness 36 (29–100) 0.68 
Bob Marshall Wilderness 2 0 (0–1) 0.36 
Glacier National Park 9 (7–26) 0.47 
Whitefish Range North 3 (2–9) 0.52 
Whitefish Range South 1 (0–2) 0.05 


Coastal Oregon 1 (1–9)  
*Diamond Peak 0 (0–1) 0.25 
*Mount Mazama 1 (1–4) 0.52 
*Mount Shasta 0 (0–2) 0.75 
*Sister Mountains 0 (0–2) 0.35 


S Rockies 137 (108–390)  
Bald Mountain 1 (0–2) 0.02 
Blanca Peak 1 (0–2) 0.35 
Culebra Range 3 (2–8) 0.35 
Flat Top Mountains 8 (6–23) 0.50 
Front Range 59 (48–165) 0.47 
Grand Mesa 3 (2–9) 0.40 
Huntsman Mountain 0 (0–1) 0.27 
*Pikes Peak 0 (0–1) 0.14 
San Juan Range 43 (35–120) 0.62 
Sangre de Christo Range 3 (2–8) 0.28 
Santa Fe Mountains 1 (1–5) 0.24 
Sierra Madre Range 11 (9–32) 0.51 
Snowy Range 3 (2–10) 0.38 
Twin Cone 1 (1–3) 0.03 
Venado Peak 0 (0–1) 0.00 


Sierra-Nevada 45 (35–128)  
John Muir Wilderness North 0 (0–1) 0.60 
John Muir Wilderness South 7 (5–19) 0.72 
Kings Canyon 1 (1–4) 0.80 
Sequoia 8 (6–23) 0.58 
Tahoe 0 (0–1) 0.84 
Yosemite 29 (23–80) 0.76 
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Table S3 continued… 
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 


 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Salmon-Selway 124 (97–352) 


Allen Mountain 2 (2–7) 0.12 
Bitterroot Range 19 (15–54) 0.45 
Clearwater 16 (13–45) 0.63 
Farrow Mountain 0 (0–1) 0.00 
Gospel Hump Mountains 0 (0–1) 0.01 
Salmon Mountain 1 (1–4) 0.06 
Salmon-Smoky Mountains 72 (58–200) 0.50 
Seven Devils Mountains 1 (0–2) 0.04 
Soldier Mountains 1 (0–2) 0.25 
Trinity Mountain 1 (0–3) 0.51 
Wallawa Mountains 5 (4–14) 0.58 
War Eagle Mountain 2 (1–6) 0.15 
Widow Mountain 1 (1–5) 0.63 
Yellowjacket Mountains 3 (2–8) 0.05 


Uinta  21 (17–58)  
Uinta 21 (17–58) 0.68 


 
Western Contiguous United States 644 (506–1881)   
______________________________________________________________________________  
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Table S4.  Comparison of estimates of wolverine population capacity resulting from resource 
selection function models with ΔBIC scores <2 and their weighted averages by region (as in Fig. 
3) in the western contiguous United States.  Habitat models based on wolverine telemetry data 
collected in the Yellowstone region 2001–2010.   
______________________________________________________________________________ 
 
                Population capacity estimate (95% CI) a 
 
Region Model 2 Model 1 WtdAvg 
______________________________________________________________________________ 
 
Northern Cascade 48 (37–138) 35 (27–105) 32 (24–99) 
N. Continental Divide 49 (38–138) 51 (41–143) 52 (42–147) 
Salmon–Selway 124 (97–352) 105 (84–310) 105 (85–314) 
Central Linkage 50 (38–173) 75 (53–236) 73 (52–237) 
Greater Yellowstone 146 (119–412) 135 (109–381) 141(113–395) 
Southern Rockies 137 (108–390) 131 (104–387) 134 (105–396) 
Sierra–Nevada 45 (35–128) 7 (5–29) 5 (3–20) 
Uinta 21 (17–58) 19 (15–52) 19 (16–54) 
Bighorn 12 (10–35) 15 (12–42) 15 (12–43) 
Great Basin 11 (6–48) 7 (4–39) 7 (4–41) 
Oregon Cascade 1 (1–9) 0 (0–0) 0 (0–0) 
Western United States 644 (506–1881) 580 (454–1724) 583 (456–1746) 
_____________________________________________________________________________ 
a Estimate of capacity within each primary habitat patch >100 km2 was rounded down to the 
nearest integer and then summed by region.  Estimates based on population size of 15.2 
wolverines (95% CI = 12.3–42.0) in the Yellowstone study area where 11 individuals were 
known to be on the area and 20 was considered a reasonable upper limit (Inman et al. 2012a).   







Figure S1. Plots of k-fold cross-validation assessment of model fit for data used to develop the 
resource selection function model, Greater Yellowstone Ecosystem of Montana, Idaho, and 
Wyoming, USA, 2001–2010.         
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a b s t r a c t

Wildlife populations are often influenced by multiple political jurisdictions. This is particularly true for
wide-ranging, low-density carnivores whose populations have often contracted and remain threatened,
heightening the need for geographically coordinated priorities at the landscape scale. Yet even as modern
policies facilitate species recoveries, gaps in knowledge of historical distributions, population capacities,
and potential for genetic exchange inhibit development of population-level conservation priorities. Wol-
verines are an 8–18 kg terrestrial weasel (Mustelidae) that naturally exist at low densities (�5/1000 km2)
in cold, often snow-covered areas. Wolverines were extirpated, or nearly so, from the contiguous United
States by 1930. We used a resource selection function to (1) predict habitat suitable for survival, repro-
duction and dispersal of wolverines across the western US, (2) make a rough estimate of population
capacity, and (3) develop conservation priorities at the metapopulation scale. Primary wolverine habitat
(survival) existed in island-like fashion across the western US, and we estimated capacity to be 644 wol-
verines (95% CI = 506–1881). We estimated current population size to be approximately half of capacity.
Areas we predicted suitable for male dispersal linked all patches, but some potential core areas appear to
be relatively isolated for females. Reintroduction of wolverines to the Southern Rockies and Sierra-
Nevadas has the potential to increase population size by >50% and these regions may be robust to climate
change. The Central Linkage Region is an area of great importance for metapopulation function, thus war-
ranting collaborative strategies for maintaining high survival rates, high reproductive rates, and dispersal
capabilities. Our analysis can help identify dispersal corridors, release locations for reintroductions, and
monitoring targets. The process we used can serve as an example for developing collaborative, landscape-
scale, conservation priorities for data-sparse metapopulations.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

As human populations expanded across the globe, many wild-
life species, especially carnivores, experienced significant range
loss (Fanshawe et al., 1991; Kang et al., 2010; Paquet and Carbyn,
2003). More recently, attitudes and policies have shifted to facili-
tate species conservation so that expansions into historical range
are possible, often through reintroductions (e.g., Bangs et al.,
1998; Clark et al., 2002; Raesly, 2001). Reintroductions have the
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potential to improve viability of endangered species (Hebblewhite
et al., 2011) and provide many other ecological benefits (Beyer
et al., 2007; Dickman et al., 2009). However, in the case of wide-
ranging, low-density carnivores whose populations are often
threatened, they and the areas where they can exist are often man-
aged by multiple political jurisdictions whose authorities and
objectives can differ. In these situations, great gains in conserva-
tion success and financial efficiency could be made by developing
geographically coordinated priorities at the scale of a viable popu-
lation (Slotow and Hunter, 2009). Unfortunately, timing of range
loss often occurred prior to establishment of accurate definitions
of species distribution, and information on potential population
numbers is simply unknown. As a result, gaps in knowledge of suit-
able habitat, population capacities, and potential for genetic ex-
change across a metapopulation can inhibit development of the
most effective landscape-level priorities for aiding species recov-
ery. The need to address these landscape-scale issues is becoming
more pressing as climate change threatens to increase fragmenta-
tion of many populations (Opdam and Wascher, 2004).

The wolverine (Gulo gulo) is a large, terrestrial weasel (Musteli-
dae) weighing 8–18 kg that has an Holarctic distribution. This fac-
ultative scavenger occupies a cold, low-productivity niche
(Copeland et al., 2010; Inman et al., 2012a,b) that results in sparse
population densities (�5/1000 km2) and low reproductive rates
(0.7 young/female > 3 yrs/yr) across its range (Golden et al., 2007;
Inman et al., 2012a; Lofroth and Krebs, 2007; Persson et al.,
2006). As a result, wolverine populations are relatively vulnerable
due to their small size and limited capacity for growth (Brøseth
et al., 2010; Persson et al., 2009). Wolverines were extirpated, or
nearly so, from their historical distribution within the contiguous
US by about 1930 and unregulated human-caused mortality was
likely responsible (Aubry et al., 2007). Wolverines have recovered
to a considerable degree (Anderson and Aune, 2008; Aubry et al.,
2007; Aubry et al., 2010; Copeland, 1996; Inman et al., 2012a),
however the species will face a new set of habitat-related chal-
lenges in the 21st Century such as rural sprawl, roads, recreation,
and climate change (Gude et al., 2007; Krebs et al., 2007; McKelvey
et al., 2011; Packila et al., 2007). Wolverines were recently desig-
nated a candidate for listing in the contiguous US under the US
Endangered Species Act (US Fish and Wildlife Service, 2010; US
Fish and Wildlife Service, 2013).

Wolverine habitat in the contiguous US appears to consist of
disjunct patches of mountainous, high alpine areas inhabited at
low densities and requiring dispersal across intervening areas
(Copeland et al., 2010; Inman et al., 2012a), likely a prime example
of a metapopulation (Hanski and Gaggiotti, 2004). The metapopu-
lation concept has evolved from island biogeographic theory (Mac-
Arthur and Wilson, 1967) into complex estimates of population
viability that are based on the spatial arrangement of habitat
patches, habitat quality within and between patches, demographic
rates, and dispersal (Akçakaya and Atwood, 1997; Haines et al.,
2006). By linking demography to habitat in a spatial framework,
metapopulation analytical tools allow scenario assessments such
as gauging the relative effect of one management activity vs. an-
other on viability. However, these approaches require an abun-
dance of data that are difficult to obtain, especially in the case of
rare, cryptic species such as many endangered carnivores.

While there has been much recent progress in understanding
wolverine distribution and ecology in the contiguous US (Cegelski
et al., 2006; Copeland et al., 2010; Inman et al., 2012a; Ruggiero
et al., 2007; Schwartz et al., 2009), habitat-related tools remain
coarse and estimates of potential or current population size do
not exist. It is also unclear which patches of wolverine habitat in
the contiguous US are capable of female interchange, male inter-
change, or both. A better understanding of the capacity of areas
of historical distribution that remain unoccupied and the degree

to which they are likely to be naturally recolonized would aid deci-
sions on whether reintroductions are warranted and, if so, which
areas to prioritize. Without a more complete understanding of
the spatial arrangement of habitats, their function for wolverines,
and potential population numbers therein, these and other meta-
population-level conservation priorities will remain undefined,
leaving a host of agencies and conservation organizations without
clear roles in what must be a coordinated effort across a vast geo-
graphic area (Inman et al., 2012a).

Our objective was to develop a metapopulation framework for
wolverines at the scale necessary to conserve the species in the
western contiguous US. To do this we: (1) modeled relative habitat
quality at the level of species distribution; (2) identified areas suit-
able for specific wolverine uses that are biologically important and
valuable for management purposes (survival, reproduction, dis-
persal); and (3) related population size to predicted habitat quality
in order to estimate potential and current distribution and abun-
dance. We then use this information to identify spatially-explicit
population-level conservation priorities across jurisdictions for
this candidate threatened or endangered species.

2. Study area

Our field research occurred in the Yellowstone Ecosystem of
Idaho, Montana, and Wyoming at approximately 45� north latitude
(Fig. 1). Elevations in the study area ranged from 1400 to 4200 m.
Precipitation increased with elevation and varied from 32 to
126 cm per year (National Oceanic and Atmospheric Administra-
tion, 2007). Snow usually fell as dry powder and depths at higher
elevations were often in excess of 350 cm. A variety of vegetative
communities were present (Despain, 1990). Low-elevation valleys
contained short-grass prairie or sagebrush communities. The low-
er-timberline transition to forest occurred with lodgepole pine
(Pinus contorta) or Douglas fir (Pseudotsuga menziesii). Engelmann
spruce (Picea engelmannii), subalpine fir (Abies lasiocarpa), and
whitebark pine (Pinus albicaulis) became more common with
increasing elevation. Mixed forest types were common and all for-
est types were interspersed with grass, forb, or shrub meadows.

Fig. 1. Locations of wolverines (solid circles) and random points (x’s) used to
develop a resource selection function model of first order habitat selection, Greater
Yellowstone Ecosystem of Montana, Idaho, and Wyoming, USA, 2001–2010.
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The highest elevations were alpine tundra or talus fields where
snow was present to some degree for 9 months of the year. A di-
verse fauna included a variety of ungulates and large carnivores
(Bailey, 1930; Streubel, 1989).

3. Materials and methods

3.1. Species location data

During 2001–2010 we captured 38 wolverines (23$, 15#) and
equipped each with an intra-peritoneal VHF radio-transmitter
(Inman et al., 2012a). The study was approved by the Animal Care
and Use Committee of Montana Department of Fish, Wildlife and
Parks (MFWP). We attempted to relocate wolverines from the air
at an approximate 10-day interval. We estimated VHF telemetry
error to be �300 m (Inman et al., 2012a). We also opportunistically
fit 18 of these wolverines (11F, 7M) with a global positioning sys-
tem (GPS) collar for periods of �3 months. These collars typically
collected locations at 2-h intervals for periods of a few months.
We used an approach similar to Hebblewhite et al. (2011) to fit
habitat models (see below) using 2257 VHF radio telemetry loca-
tions of wolverines resident to the Madison, Gravelly, Henry’s Lake,
and Teton mountain ranges. We did not use GPS collar data in the
model selection process because they did not obtain locations on
�50% of attempts and this could have been related to habitat fea-
tures (D’Eon et al., 2002; Mattisson et al., 2010). We used locations
of wolverines whose data were not utilized to fit models as part of
selecting a final model for use and testing the accuracy of predic-
tions as described below.

3.2. Environmental predictors

We developed a list of habitat features we believed important
for wolverines (Table S1) based on our field observations and re-
ports of food habits (Copeland and Whitman, 2003; Lofroth et al.,
2007), mortality sources (Boles, 1977; Krebs et al., 2004), den sites
(Magoun and Copeland, 1998), and general habitat characteristics
including the potential for avoidance of humans (Carroll et al.,
2001; Copeland et al., 2007, 2010; Hornocker and Hash, 1981;
Rowland et al., 2003). We also considered the importance of cach-
ing behavior (Inman et al., 2012b; May, 2007), and our observa-
tions of reproductive females frequently preying on marmots
(Marmota flaviventris). We developed a set of GIS grids capable of
representing these features in a first order analysis (Johnson,
1980) and available across the western US (Table 1). We resampled
grids to 90-m resolution (Arponen et al., 2012) and calculated

mean values of covariates using a 300-m window based on telem-
etry error.

We derived topographic-related covariates from 30-m National
Elevation Data (Caruso, 1987). Because the model was targeted for
a broad region, we used ‘Latitude-adjusted Elevation’ (Brock and
Inman, 2006). We developed an index of ‘Terrain Ruggedness’ fol-
lowing Riley et al. (1999). Based on our observations of frequent
use of alpine talus, we believed this variable, or distance to it, could
function as a parsimonious explanation of wolverine presence; we
represented ‘High-elevation Talus’ by selecting all areas where lat-
itude-adjusted elevation was >2300 m and terrain ruggedness was
>100; these values differentiated rocky areas occurring in low ele-
vation grasslands vs. alpine areas. We also measured ‘Distance to
High-elevation Talus.’ We derived vegetation-related covariates
from 30-m National Land-cover Dataset (NLCD; Homer et al.,
2001). We calculated ‘Tree Cover’ by summing the number of treed
pixels within 300 m of each grid cell. We also measured ‘Distance
to Tree Cover.’ We calculated ‘Forest Edge’ by reclassifying NLCD
into 3 categories: forest (deciduous, evergreen, mixed, and woody
wetlands), natural non-forest (shrub-scrub, grassland-herbaceous,
barren land, open water, ice–snow, and herbaceous wetland), or
other (developed and agricultural), and identifying cells where for-
est and natural non-forest were adjacent. We derived climate-
related variables from the Snow Data Assimilation System (Barrett,
2003). We mapped ‘Snow Depth’ by averaging values for April 1
2004 and April 1 2005 because this date generally coincides with
maximum snow depth for the year. We did not include tempera-
ture as a covariate because broad trends in temperature are cap-
tured by latitude-adjusted elevation (Brock and Inman, 2006).
We calculated ‘Distance to Snow’ based on the nearest cell where
April 1 snow depth was >2.5 cm (minimum snow presence). We
used GIS layers developed by Carroll et al. (2001) to represent
‘Road Density’ and ‘Interpolated Human Population Density.’ Inter-
polation provided an approximation for the effects of human use in
areas closer to urban centers (Merrill et al., 1999).

3.3. Resource selection function (RSF) modeling

We estimated first order resource selection of the species at the
edge of its distribution with logistic regression by comparing envi-
ronmental predictors at 2257 places where the species was de-
tected to those of 6771 (3�) random locations within the area
where the species could have been detected (Carroll et al., 2001;
Hebblewhite et al., 2011; Johnson, 1980; Manly et al., 2002). We
delineated the area where the species could have been detected
(available) with a 34.8-km buffer around our trap locations
(Fig. 1), which was the average maximum distance that wolverines

Table 1
Environmental predictors used in developing a first order resource selection function model predicting relative wolverine habitat quality across the western United States.
Wolverine location data for the logistic regression were obtained in the Greater Yellowstone Ecosystem of Montana, Idaho, and Wyoming, USA, 2001–2010. Positive (+) or
negative (�) predicted associations are noted along with the relevance of each covariate for representing key habitat features we believed to influence wolverine presence.
Geographic information system (GIS) data sources, resolution, and references are provided. Covariates noted with � were not retained by the most supported model.

Habitat covariate Predicted association Relevance Sourcea Resolution References

Latitude-adjusted elevation (LAE) + More low temperatures and alpine meadows 1 30 m Brock and Inman (2006)
Terrain ruggedness index (TRI) + More cliffs, boulders/talus, structure 1 30 m Riley et al. (1999)
April 1 snow depth (SNOW) + More deep, long-lasting snow cover 2 1 km Barrett (2003)
�Tree cover (TREE) + More forest and structure 3 30 m Homer et al. (2001)
�Forest edge (EDGE) + More alpine meadow and structure 3 30 m Homer et al. (2001)
�High-elevation talus (HITAL) + More cold, rocky terrain 1 30 m This study
Road density (ROAD) � More human presence 4 1 km Carroll et al. (2001)
Interpolated human density (POP) � More human activity 4 1 km Carroll et al. (2001)
Dist. to tree cover (DTREE) � Farther from forest, structure, escape cover 3 30 m Homer et al. (2001)
Dist. to Apr 1 snow > 2.5 cm (DSNOW) � Farther from familiar feature 2 1 km Barrett (2003)
Dist. to high-elevation talus (DHITAL) � Farther from familiar feature 1 30 m This study

a Data sources: 1 = National Elevation Dataset, US Geological Survey, Sioux Falls, SD, USA; 2 = Snow Data Assimilation System, National Snow and Ice Data Center, Boulder,
CO, USA; 3 = National Land Cover Dataset, Earth Resources Observation and Science Data Center, Sioux Falls, SD, USA; 4 = US Geological Survey, Reston, VA, USA.
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were located from their initial point of capture. That area was well
within the regular movement capabilities of the species but did not
include large areas where we had not attempted to capture wol-
verines and thus did not sample for species use. Because we were
at the southern edge of distribution, the available area included
areas that were not likely to be suitable habitat (Inman et al.,
2012a), allowing differentiation of suitable and unsuitable charac-
teristics for the species.

We used the following approach in an attempt to model habitat
with biologically meaningful terms, avoid over-fitting, and achieve
adequate predictive accuracy. Because of the reasonable possibility
for both non-linear responses (e.g., snow depth) and interactions
between variables, we considered inclusion of all quadratic terms
and two-way interactions. However, we reduced the set of poten-
tial models for consideration by (1) eliminating main variables cor-
related >0.70 (Wiens et al., 2008), and (2) carefully considering
whether each potential quadratic and interaction was both biolog-
ically relevant and explainable (Burnham and Anderson, 2002).
This resulted in the retention of 10 main variables, 3 quadratic
terms, and 9 interactions for further consideration. To determine
models with equivalent support among candidates we used a for-
ward and backward stepwise selection using the stepAIC function
in R statistical software (R Development Core Team, 2012;
Venables and Ripley, 2002). We specified the Bayesian Information
Criterion (BIC) option to evaluate candidate models because BIC
penalizes more for over-fitting than AIC (Boyce et al., 2002;
Schwartz, 1978). We considered models with differences in BIC
scores <2 to have equivalent support (Burnham and Anderson,
2002) and used additional wolverine location datasets to select a
best model for use from among these final candidates and their
weighted average.

3.4. Using additional species locations to test predictive ability and
select a best model among supported final candidates

We evaluated predictive ability and selected a best model for
use by comparing the capability of the final candidates to score
known wolverine locations from 5 test datasets that were not used
to fit models (Table 2). First, we withheld all 2835 GPS collar loca-
tions of the resident animals used to fit models and tested each
model’s predictive capacity within the area where it was devel-
oped. Second, we also withheld 1165 VHF and GPS locations of 9
wolverines who we captured in the Madison/Teton study area,
but who dispersed beyond this area (Inman et al., 2012a). This test
set included locations both within and beyond the area of model
development, including areas �500 km south (Colorado). The
remaining three datasets were independent of the model develop-
ment area and we used them as out-of-sample validation sets for
testing predictive ability beyond the area of development. These
were 365 VHF and GPS collar locations of 5 resident wolverines
we captured in the Anaconda Range �150–300 km northwest of

the main study area, 321 wolverine mortality locations provided
by MFWP, and 157 historical wolverine records (1870–1960) from
the western US (Aubry et al., 2007). We examined overall and rel-
ative predictive ability as follows. We applied the coefficients for
each final candidate model back into the GIS to obtain grids of pre-
dicted relative habitat quality on a scale from 0–1 across the wes-
tern US. We then determined an appropriate area of comparison
for each independent dataset, e.g., the western US for historical
locations, and binned each grid into 10 equal areas (km2) to deter-
mine bin thresholds similar to the k-folds procedure (Boyce et al.,
2002; Hebblewhite et al., 2011). We then determined the percent-
age of locations from each test dataset that fell within each bin. The
bin with the highest quality predicted habitat was bin 10 and low-
est was bin 1. We multiplied percentage of locations in the bin by
the bin number such that a habitat prediction where 100% of test
dataset locations fell within the highest scoring predicted habitat
(bin 10) would receive the maximum score of 1000. A minimum
score of 100 would occur in the case where all test locations fell
within the lowest scoring habitat. We considered scores from
100–550 to be a poor model, 551–750 to be fair, 750–900 to be
good, and 901–1000 to be excellent.

3.5. Identifying areas suitable for survival, reproduction, and dispersal

We partitioned relative habitat quality into biologically mean-
ingful categories that are also informative for management. Vari-
ous approaches for partitioning have been used (Aldridge et al.,
2012; Haines et al., 2006). We defined primary wolverine habitat
as areas suitable for long-term survival (use by resident adults)
by setting the decision threshold at a sensitivity (correct prediction
of presence) of 0.95. This threshold is conservative in that it would
tend to avoid excluding potential habitat (Pearson et al., 2004). In
order to capture some of the variability in predicted habitat quality
at maternal sites, we delineated areas suitable for use by reproduc-
tive females by determining the average habitat score within
800 m of 31 maternal sites (reproductive dens and rendezvous
sites; Inman et al., 2012b) and then using the 25th percentile as
our cutoff. We delineated areas suitable for use by dispersing wol-
verines (used briefly, i.e. on the order of days or weeks rather than
months or years, while moving between patches of primary habi-
tat) to be those areas scoring higher than the lowest observed hab-
itat value used during documented dispersal movements by each
sex (4$, 5#; dispersal was delineated via radio-telemetry [Inman
et al., 2012a]).

3.6. Estimating species distribution and abundance

We estimated potential and current distribution and abundance
of wolverines by linking the RSF to an estimate of wolverine pop-
ulation size occurring in a portion of Greater Yellowstone where
wolverines were reproducing and habitats appeared to be satu-

Table 2
Summary and predictive ability of wolverine location datasets used to (A) develop resource selection function models of relative habitat quality at Johnson’s (1980) first order, or
(B) test the predictive ability of the those models garnering support along with their weighted average, Western contiguous United States, 2001–2010.

Dataset Years collected # Locations Predictive ability (100–1000)

Model 1 Model 2 Weighted average

(A) Model development
Resident VHF telemetry 2001–2010 2257 rs = 0.983 rs = 0.986

(B) Model validation testing
GPS collar locations of residents used to fit models 2004–2008 2835 911a 876 912
Disperser VHF and GPS locations 2001–2009 1165 884 890a 884
Anaconda Range resident VHF and GPS locations 2008–2009 365 842 857a 847
Contemporary Montana Records 1975–2005 321 925 928a 925
Historical Records (Aubry et al., 2007) 1870–1960 157 918 920a 918

a Highest scoring model for each test dataset.
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rated or nearly so with resident adult territories (Inman et al.,
2012a). Following Boyce and McDonald (1999) and Hebblewhite
et al. (2011), we determined total RSF predicted relative probabil-
ities for the Yellowstone area where Inman et al. (2012a) estimated
wolverine population size (which included residents and
subadults/transients) and calculated total RSF-predicted habitat
per wolverine. We then summed total predicted relative probabil-
ities for each individual patch of primary wolverine habitat (as de-
fined by the cutoff values described above) within the western US
that was >100 km2, i.e., the approximate minimum female home
range size (Copeland, 1996; Hornocker and Hash, 1981; Inman
et al., 2012a). Finally, we estimated the potential number of
wolverines possible in each of these >100-km2 patches using the
following equation:

RŵðxÞYellowstone

NYellowstone
¼ RŵðxÞPatch

NPatch

where NYellowstone is the wolverine population estimate from Yellow-
stone (known/measured),

P
ŵ(x)Yellowstone is the sum of predicted

relative habitat probabilities within the Yellowstone population
estimate area, and

P
ŵ(x)Patch is the sum of predicted relative hab-

itat probabilities for the wolverine habitat patch where wolverine
population capacity (NPatch) was to be estimated. We rounded the
number of wolverines estimated for each patch down to the nearest
integer prior to summing by region and across the western US. By
using the 100 km2 minimum patch size, this method could predict
wolverines in areas too small for males. However female use of
these areas could be important (Dias, 1996; Boughton, 1999), so
we checked our potential to over-predict by removing estimated
wolverines from patches that were <400 km2 and >10 km from a
400 km2 patch; this was based on resident male home range size
and movements between patches (Persson et al., 2010; Inman
et al., 2012a).

We also used the above estimation technique to predict current
population size for the area where male and female wolverines are
likely well-distributed across available habitat. This assumed hab-
itat occupation at similar densities to the study area of Inman et al.
(2012a) which appeared reasonable for our purposes based on the
history of available wolverine records, evidence of reproduction,
and contemporary studies (Anderson and Aune, 2008; Aubry
et al., 2007, 2010, Copeland, 1996, Copeland and Yates, 2008, In-
man et al., 2012a, Murphy et al., 2011; Newby and Wright, 1955;
Newby and McDougal, 1964; Squires et al., 2007). We did not in-
clude areas with isolated or dispersing individuals that may occur
in places that were not likely to be reproducing as part of the larger
population (Inman et al., 2009, Magoun et al., 2011; Moriarty et al.,
2009, Murphy et al., 2011). In order to facilitate discussion of land-
scape-level management strategies, we subjectively categorized
patches of primary habitat >100 km2 into regions based on posi-
tion, degree of connectivity, and the nature of ownership (public/
private).

4. Results

4.1. Predicting relative habitat quality and testing with independent
location data

Two models garnered support with DBIC scores <2 (Table 3).
These models performed much better than the null model, global
model, and several simple and intuitive models (Table 3). Model
2 differed from model 1 only by the inclusion of ‘Snow Depth’ as
a quadratic term. We used model 2 as our final model because it
tested best overall with the additional wolverine location datasets
relative to model 1 and the weighted average of models 1 and 2
(Table 2). The k-fold cross validation score for the locations usedTa

bl
e

3
W

ol
ve

ri
ne

re
so

ur
ce

se
le

ct
io

n
fu

nc
ti

on
(R

SF
)

m
od

el
re

su
lt

s
fo

r
fi

rs
t

or
de

r
pr

ed
ic

ti
on

of
re

la
ti

ve
ha

bi
ta

t
qu

al
it

y.
Th

e
fi

ve
m

od
el

s
w

it
h

m
os

t
su

pp
or

t
ar

e
co

m
pa

re
d

in
ad

di
ti

on
to

th
e

gl
ob

al
m

od
el

(a
ll

co
va

ri
at

es
),

th
e

nu
ll

m
od

el
,a

nd
se

ve
ra

l
si

m
pl

e
in

tu
it

iv
e

po
te

nt
ia

lm
od

el
s,

G
re

at
er

Ye
llo

w
st

on
e

Ec
os

ys
te

m
of

M
on

ta
na

,I
da

ho
,a

nd
W

yo
m

in
g,

U
SA

,2
00

1–
20

10
.P

re
di

ct
iv

e
en

vi
ro

nm
en

ta
lv

ar
ia

bl
es

re
ta

in
ed

w
er

e
la

ti
tu

de
-a

dj
us

te
d

el
ev

at
io

n
(L

A
E)

,t
er

ra
in

ru
gg

ed
ne

ss
in

de
x

(T
RI

),
A

pr
il

1
sn

ow
de

pt
h

(S
N

O
W

),
ro

ad
de

ns
it

y
(R

O
A

D
),

in
te

rp
ol

at
ed

hu
m

an
de

ns
it

y
(P

O
P)

,d
is

ta
nc

e
to

hi
gh

-e
le

va
ti

on
ta

lu
s

(D
H

IT
A

L)
,d

is
ta

nc
e

to
tr

ee
co

ve
r

(D
TR

EE
),

di
st

an
ce

to
A

pr
il

1
sn

ow
>2

.5
cm

(D
SN

O
W

)a
lo

ng
w

it
h

th
ei

r
qu

ad
ra

ti
c

te
rm

s
an

d
in

te
ra

ct
io

ns
.

R
an

k/
m

od
el

K
B

IC
D

B
IC

W
ei

gh
t

1
LA

E
+

TR
I+

SN
O

W
+

R
O

A
D

+
PO

P
+

D
H

IT
A

L
+

D
TR

EE
+

D
SN

O
W

+
TR

I2
+

LA
E:

R
O

A
D

+
LA

E:
D

TR
EE

+
SN

O
W

:P
O

P
13

68
56

.7
1

–
0.

70
2

LA
E

+
TR

I+
SN

O
W

+
R

O
A

D
+

PO
P

+
D

H
IT

A
L

+
D

TR
EE

+
D

SN
O

W
+

TR
I2

+
LA

E:
R

O
A

D
+

LA
E:

D
TR

EE
+

SN
O

W
:P

O
P

+
SN

O
W

2
14

68
58

.4
1

1.
71

0.
30

3
LA

E
+

TR
I+

SN
O

W
+

R
O

A
D

+
PO

P
+

D
H

IT
A

L
+

D
TR

EE
+

D
SN

O
W

+
TR

I2
+

LA
E:

R
O

A
D

+
LA

E:
D

TR
EE

+
SN

O
W

:P
O

P
+

SN
O

W
2

+
H

IT
A

L
15

68
67

.2
2

10
.5

1
0.

00
4

LA
E

+
TR

I+
SN

O
W

+
R

O
A

D
+

PO
P

+
D

H
IT

A
L

+
D

TR
EE

+
D

SN
O

W
+

TR
I2

+
LA

E:
R

O
A

D
+

LA
E:

D
TR

EE
+

SN
O

W
:P

O
P

+
SN

O
W

2
+

H
IT

A
L

+
H

IT
A

L:
D

TR
EE

16
68

67
.2

2
19

.0
1

0.
00

5
LA

E
+

TR
I+

SN
O

W
+

R
O

A
D

+
PO

P
+

D
H

IT
A

L
+

D
TR

EE
+

D
SN

O
W

+
TR

I2
+

LA
E:

R
O

A
D

+
LA

E:
D

TR
EE

+
SN

O
W

:P
O

P
+

SN
O

W
2

+
H

IT
A

L
+

H
IT

A
L:

D
TR

EE
+

TR
I:

D
TR

EE
17

68
67

.2
2

24
.7

2
0.

00
G

lo
ba

l
m

od
el

23
69

31
74

–
LA

E
+

TR
I+

SN
O

W
+

LA
E2

+
TR

I2
+

SN
O

W
2

7
70

58
20

2
–

LA
E

+
LA

E2
3

76
75

81
8

–
LA

E
2

77
26

86
9

–
TR

I+
TR

I2
3

81
92

1,
33

5
–

TR
I

2
84

36
1,

57
9

–
SN

O
W

+
SN

O
W

2
3

91
95

2,
33

8
–

SN
O

W
2

97
06

2,
84

9
–

N
u

ll
m

od
el

1
10

16
3

3,
30

6
–

280 R.M. Inman et al. / Biological Conservation 166 (2013) 276–286



to fit model 2 indicated an excellent fit (rs = 0.986, SE = 0.003,
Fig. S1). Model 2 also scored good or excellent with all test datasets
suggesting its predictive capability was sufficient for use (Table 2).
In general, wolverines were distributed in areas of higher eleva-
tion, where there was steeper terrain, more snow, fewer roads, less
human activity, and which were closer to high elevation talus, tree
cover, and areas with April 1 snow cover (Table S2).

4.2. Identifying areas suitable for survival, reproduction, and dispersal

Using model 2, predicted habitat scores P0.967 represented
primary wolverine habitat, i.e., areas suitable for survival and use
by resident adults (Fig. 2). We classified a total of 164,125 km2 as
primary habitat in the western US. Ninety-three percent of primary
habitat existed in 111 patches >100 km2 that were distributed

across 10 of the 11 western states (Fig. 3). Seven patches were
>5000 km2 and occurred in the Northern Continental Divide,
Salmon-Selway, Greater Yellowstone, Southern Rockies, Northern
Cascades, and Sierra-Nevada regions (Fig. 3). We classified areas
scoring P0.968 as maternal habitat (Fig. 2). Small differences in
scores categorizing habitat classes were the result of the 0–1 scale
used in the GIS and mapped across the entire western US; some
habitats were so poor for wolverines that meaningful differences
for wolverines all occurred at the upper end of the scale. The total
area of predicted maternal habitat was 48% of the area classified as
primary habitat. For patches of primary habitat >100 km2, the
quality of habitat differed internally such that percent of a patch
classified as maternal habitat ranged from 0% to 84% (Table S3).
The lowest habitat value used by dispersing wolverines was
0.966 for females and 0.933 for males, and we used these to map

Fig. 2. Areas of the western United States predicted to be maternal wolverine habitat (suitable for use by reproductive females), primary wolverine habitat (suitable for
survival, i.e., use by resident adults), female dispersal habitat (suitable for relatively brief female dispersal movements), and male dispersal habitat (suitable for relatively brief
male dispersal movements) based on resource selection function modeling developed with wolverine telemetry locations in the Greater Yellowstone Ecosystem, of Montana,
Idaho, and Wyoming, USA, 2001–2010.
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areas suitable for dispersal for each sex (Fig. 2). Areas we predicted
suitable for male dispersal linked all primary habitat patches
>100 km2 but this was not the case for females.

4.3. Estimating distribution and abundance

Using model 2, we estimated the potential wolverine popula-
tion capacity in the western contiguous US to be 644 wolverines
(95% CI = 506–1881) in the hypothetical case where all available
primary habitat patches >100 km2 were occupied at densities mea-
sured in Greater Yellowstone (Table 4, Fig. 3). We note that Inman
et al. (2012a) suggested a reasonable upper limit for the population

estimate was approximately half the upper 95% CI (Table 4). The
potential to overestimate due to patches being smaller than a male
home range was negligible overall (639 vs. 644) and concentrated
in the Great Basin Region (Table S3). Fifty-seven percent of total
population capacity occurred in the combined Greater Yellow-
stone, Salmon-Selway, Central Linkage, and Northern Continental
Divide ecosystems (Table 4, Fig. 3). Estimated population capacity
for individual patches ranged from 0 to 88 (Table S3). We esti-
mated that the Southern Rockies represent 21% of total population
capacity. We estimated current population size to be 318 wolver-
ines (95% CI = 249–926) in the Northern Continental Divide and
portions of the Salmon-Selway, Central Linkage, Greater Yellow-
stone, and Northern Cascade ecosystems (Table 4, Fig. 3). Esti-
mated population capacities were similar under model 1 and the
weighted average model with the exception of the Sierra-Nevadas
(Table S4).

5. Discussion

We developed a prediction of relative habitat quality for a data-
sparse carnivore that had been eliminated from much of its histor-
ical range prior to clear establishment of distribution and potential
population capacity. Our prediction of habitat tested well with
independent location datasets suggesting it is robust to extrapola-
tion and useful for developing collaborative conservation strategies
across the large geographic area necessary for conserving the spe-
cies in the western contiguous US. The method we used could be
applied to a wide variety of species where information on historical
range, population capacity, or relative connectivity of habitat
patches is lacking but needed to make conservation decisions. This
may be particularly true at the periphery of a species distribution
where suitable habitats may become more fragmented.

We defined primary habitat as areas suitable for survival/use by
resident adults, which we believe is a good approximation for
historical distribution of wolverines in the Western contiguous

Table 4
Estimates of wolverine population capacity and current population size by region (as
in Fig. 3) in the western contiguous United States based on resource selection function
habitat modeling of wolverine telemetry data collected in the Yellowstone region
2001–2010.

Region Population capacity
estimate (95% CI)a

Current population
estimate (95% CI)a

Northern Cascade 48 (37–138) 37 (29–103)
N. Continental Divide 49 (38–138) 49 (38–138)
Salmon–Selway 124 (97–352) 119 (93–338)
Central Linkage 50 (38–173) 50 (38–172)
Greater Yellowstone 146 (119–412) 63 (51–175)
Southern Rockies 137 (108–390) 0
Sierra–Nevada 45 (35–128) 0
Uinta 21 (17–58) 0
Bighorn 12 (10–35) 0
Great Basin 11 (6–48) 0
Oregon Cascade 1 (1–9) 0
Western United States 644 (506–1881) 318 (249–926)

a Estimate of capacity within each primary habitat patch >100 km2 was rounded
down to the nearest integer and then summed by region. Estimates based on model
2 and a population size of 15.2 wolverines (95% CI = 12.3–42.0) in the Yellowstone
study area where 11 individuals were known to be on the area and 20 was con-
sidered a reasonable upper limit (Inman et al., 2012a).

Fig. 3. Major blocks (>100 km2) of primary wolverine habitat (suitable for use by resident adults) in the western United States as predicted with a first order (species
distribution) logistic regression and grouped into useful management regions. Current distribution of breeding populations based on contemporary records are also depicted
with the dashed line.
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US. All additional areas where wolverine populations have been
studied with radio-telemetry in the Western US contained signifi-
cant areas of predicted primary habitat (Aubry et al., 2010; Cope-
land, 1996; Copeland and Yates, 2008; Hornocker and Hash,
1981; Murphy et al., 2011; Squires et al., 2007). We predicted suit-
able habitat in areas as far south as northern New Mexico, support-
ing the conclusion of Frey (2006). Our estimate of primary habitat
and the spring snow model of Copeland et al. (2010) matched well,
concurring across >96% of the western US. This level of agreement
derived from different approaches, i.e., a global-scale bioclimatic
envelope and a regional telemetry-based RSF, suggests that distri-
bution of wolverine habitat is fairly well described. The major dif-
ference between the two models occurs in the Pacific Coastal
Ranges of Oregon and northern California. Here the spring snow
model suggests there are areas large enough to hold female territo-
ries in nearly continuous fashion from the Canadian border into
southern California (Figure 8a in Copeland et al. (2010), Figure 2B
in McKelvey et al. (2011)) and the patches are certainly within ob-
served dispersal range of males and females. Our estimate of pri-
mary habitat is more conservative in this area (Fig. 2), likely due
to the relatively low latitude-adjusted elevations of these areas
and general lack of steep, rocky terrain despite their being snow-
covered in May. The presence of only 2 historical records of wol-
verines from Oregon and northern California (compared to 29 from
Washington and 58 from the Sierra-Nevadas) lends some support
to the more conservative prediction (Aubry et al., 2007). While pre-
vious genetic analyses suggested the Sierra-Nevadas were isolated
for >2000 years (Schwartz et al., 2007), other analyses suggest that
may not be the case (McKelvey et al., submitted for publication).
Additional information on the ability of habitats within western
Oregon and northern California to sustain reproducing wolverines
or not would benefit efforts to conserve the species in the western
US.

Maternal sites occurred in areas of higher quality habitat sug-
gesting potential utility in distinguishing among patches more or
less suitable for reproduction. Patch quality in terms of reproduc-
tive capacity could have important implications for metapopula-
tion conservation strategies. For instance, the Nevada and
Elkhorn mountains sit in a central position relative to 3 major
blocks of habitat in the northern US Rockies and could play an
important role in gene flow among these areas. This would be par-
ticularly true if reproduction is occurring there because dispersing
young could be a vector for genetic exchange among the major
blocks of habitat. However, the amount of high-quality maternal
habitat in these ranges is limited enough that reproduction may
not occur there. If this were the case, taking management action
to emphasize the ability of these ranges to produce dispersers
could be futile. Differences in proportion of maternal habitat could
help identify and prioritize linkage corridors throughout the meta-
population by factoring in the reproductive capacity of individual
patches in order to better represent potential gene flow. Similar
information on other species could help prioritize actions that
would help maintain guild-level gene-flow.

Male biased dispersal is typical for carnivores (Dobson, 1982;
Greenwood, 1980; Pusey, 1987), and male wolverines tend to dis-
perse more frequently and farther than females (Flagstad et al.,
2004; Inman et al., 2012a; Vangen et al., 2001). Our sample sizes
were small, however we observed males using lower scoring areas
than females even though our results could have shown that fe-
males used as low or lower quality areas as males. This may have
been related to our distance-related variables and males being
more inclined to disperse. It is also possible that with additional
data the extent of female dispersal habitat could increase. Based
on our current results, all primary habitat patches fell within the
limits of male dispersal that we estimated (Fig. 2). However, this
was not the case for females. Nearly all primary habitat patches

in Montana, Idaho, western Wyoming, and Utah were connected
or very nearly so for females (<5 km; Fig. 2). But 3 large patches
of primary habitat appear isolated for females based on the cur-
rently available data, the Bighorn Range of northeastern Wyoming,
the Southern Rockies of Colorado, and the Sierra-Nevadas of Cali-
fornia (Figs. 2 and 3). Our results suggest that there are no areas
of complete redundancy (all are linked for males), but of course
other factors such as distance and degree of isolation would influ-
ence the rate at which exchange might occur. Our result also sug-
gests that natural range expansion to the Sierra-Nevadas, Southern
Rockies, and Bighorns may be limited if possible at all for females.

We grouped patches of wolverine habitat into regions based on
capacity, connectivity, and land ownership pattern, all of which
would tend to result in similar management issues at a regional
scale (Fig. 3). It appears that 6 areas can likely function as major
population cores where primary habitats exist as large blocks of
relatively contiguous, publically-owned lands that include signifi-
cant portions of designated wilderness or national park and are
capable of supporting �50+ wolverines; these were the Northern
Cascade, Northern Continental Divide, Salmon-Selway, Greater Yel-
lowstone, Southern Rockies, and Sierra-Nevada Regions (Fig. 3).
While the Northern Cascades Region contained only 7% of esti-
mated population capacity and does not appear to be well-linked
to other major cores in the US, it is contiguous with large areas
of wolverine habitat in British Columbia. However, these areas of
British Columbia were rated as low quality wolverine habitat
(Lofroth and Krebs, 2007). The Uinta and Bighorn Regions may
function as minor population cores. The Central Linkage, Great Ba-
sin, and Oregon Cascades Regions consisted of smaller patches of
primary habitat (<10 wolverines per individual patch) where inter-
vening areas are often in private ownership or connectivity for fe-
males was limited (Figs. 2 and 3). Total capacity of the Central
Linkage Region is as large as a major core.

Suitable habitat for resident adults and reproduction occurs in
island-like fashion here at the southern periphery of the species
distribution, and it is clear that wolverines are dependent on dis-
persal among patches of habitat across a vast geographic scale.
The small wolverine metapopulation of the western contiguous
US is subject to the cumulative influences of numerous jurisdic-
tional authorities, therefore coordinated planning and manage-
ment to achieve specific functions at the landscape-scale is
warranted. For example, the Central Linkage Region (CLR) consists
of a large number of fairly small habitat patches that contain repro-
ductive females and sit between the major ecosystems of the
northern US Rockies. Maintaining high adult female survival and
reproductive rates in the CLR would likely benefit metapopulation
connectivity and gene flow. Recent changes to wolverine trapping
regulations in Montana were designed with this landscape-level
goal in mind. However, successfully achieving gene flow in the
northern US Rockies could also depend on other jurisdictions act-
ing upon the same objective. For example, public land managers
in the CLR could need to address winter recreation management
(Krebs et al., 2007) such that reproductive rates are not encum-
bered, and a multitude of entities may need to secure the natural
areas and highway crossings that would allow for successful dis-
persal movements through the CLR decades from now. Clearly,
geographically coordinated goals will be key to successfully con-
serving this wolverine metapopulation.

Given the accelerated development of private lands in valley
bottoms across the western US in recent decades (Brown et al.,
2005; Gude et al., 2007, 2008; Johnson and Beale, 1994), maintain-
ing a network of natural areas among the patches of suitable repro-
ductive habitat will be critical for natural, long-term wolverine
persistence. While there is no indication that dispersal is currently
being limited by human development in a manner that has nega-
tive consequences for the wolverine metapopulation, it is reason-
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able to assume that willingness to disperse through developed
areas and/or survival of dispersers moving through developed
areas would be impacted by increasing road and housing densities
at some point. Road density was retained in a negative relationship
with wolverine occurrence. Because housing developments and
roads are relatively permanent and unregulated compared to hu-
man activities that might affect survival and reproductive rates,
e.g., trapping and winter recreation (Krebs et al., 2004, 2007),
developing incentives for maintaining natural areas on privately
owned lands needs to be a priority. The CLR is a natural starting
point for these efforts given its unique location and ownership pat-
tern. Establishing connectivity for wolverines would also benefit
many other species including mountain lions (Puma concolor),
black bears (Ursus americanus), and grizzly bears (Ursus arctos) be-
cause of the large scale at which wolverines require connectivity
and that fact that doing so would link much of the forested public
land of Idaho, Montana, and Wyoming. Further work on dispersal is
needed to improve our understanding of factors limiting these crit-
ical movements for wolverines and other species.

Restoring wolverines to unoccupied areas of historical range
could substantially increase population size, genetic diversity,
and resiliency and could function to establish refugia for the spe-
cies as climate change occurs. Our analysis suggests that the South-
ern Rockies represent 21% of total wolverine population capacity,
and it does not appear to be currently occupied by a breeding pop-
ulation (Aubry et al., 2007). The northern tier of states (MT, ID, WA)
have yielded fairly consistent records of wolverines since the
1940s (Aubry et al., 2007), but wolverine presence was not con-
firmed for nearly a century within Colorado, Utah, or California
(Aubry et al., 2007). Recent records of wolverines in California dur-
ing 2008 and Colorado during 2009 were both instances of individ-
ual males that were either documented via camera and DNA
(Moriarty et al., 2009) or radio-tracked while dispersing (Inman
et al., 2009). While these dispersal events suggest the possibility
of natural recolinization, it is important to consider that female
wolverines have not been documented in either California or Colo-
rado for nearly a century, and our analysis suggests that female
dispersal to either is likely to be so infrequent (if possible) that it
may be of limited value in establishing or maintaining populations
(Fig. 2). As such, active restorations would likely be required to re-
occupy these areas and could be viewed as proactive steps toward
wolverine recovery in the contiguous US. Given the restricted
number of haplotypes in the northern US Rockies (Schwartz
et al., 2009), restorations could greatly improve genetic composi-
tion relative to natural recolinization. While climate change will
not likely improve the suitability of wolverine habitat in the South-
ern Rockies or Sierra-Nevadas, it is possible that by 2100 these
areas may be some of the best remaining wolverine habitat within
the contiguous US (McKelvey et al., 2011; Peacock, 2011).

Despite the relatively vulnerable position that wolverines are
in, our knowledge of fundamental population characteristics such
as current distribution of reproductive females and population tra-
jectory is lacking or based on sparse data. For instance, during the
11-yr period 1995–2005 only 15 verifiable records of wolverine
occurrence that did not arise from opportunistic telemetry studies
exist from within the states of Washington, Idaho, and Wyoming
(Aubry et al., 2007). Because wolverines naturally exist at such
low densities and inhabit rugged, remote terrain, even drastic
changes in population size would likely go unnoticed for years if
the current level of monitoring were to continue. Clearly there is
a need for an effective monitoring program that is designed at
the metapopulation level to inform specific management actions.
Because such a program would require a sampling effort distrib-
uted across several western states/provinces in extremely rugged
and remote terrain that is accessed during winter, it must be
well-designed and highly coordinated. Our analysis provides an

initial hypothesis for wolverine distribution and abundance
(Table S3) that can be refined by future surveys.

6. Conclusion

We used telemetry data and an RSF to identify metapopulation
conservation priorities for a candidate threatened or endangered
species that had been extirpated from its historical range prior to
establishment of distribution or population numbers. Wolverine
habitat in the western contiguous US exists in island-like fashion
distributed across 10 states (�2.5 million km2) and appears to have
the capacity for approximately 650 individuals. Because the geo-
graphic scale for conserving this metapopulation is so large, man-
agement actions must be conceived and implemented across
multiple states and numerous management jurisdictions. We sug-
gest conservation priorities are (1) Securing connectivity in the
Central Linkage Region, (2) Restoring populations to (a) the
Southern Rockies and (b) the Sierra-Nevadas, and (3) establishing
a metapopulation monitoring program. The Central Linkage Region
is a logical priority for securing connectivity because of the nature
of its habitat and land ownership along with the fact that the
Northern US Rockies include most of the major core areas, the
majority of the current population, and connections to larger pop-
ulations in Canada. Our model can facilitate efforts to identify and
prioritize connectivity by providing a base layer that accounts for
habitat features occurring between patches of primary habitat.
Because of the scale over which wolverine connectivity needs to
be maintained and the fact that doing so would link much of the
public land of the western US, developing incentives for retaining
private lands in a state that facilitates animal movement is impor-
tant and would likely benefit numerous terrestrial species. Our
estimate of current population size was approximately half of
capacity and was limited to portions of four states. Restoration of
wolverines to the Southern Rockies and Sierra-Nevadas could in-
crease current population size by an estimated 57% along with
improving the redundancy, resiliency, and genetic diversity of
the metapopulation. Our analysis can help identify potential re-
lease sites based on habitat quality. Our analysis also provides an
initial hypothesis for wolverine distribution and abundance within
the western contiguous US that can aid development of a collabo-
rative metapopulation monitoring program. The process we used
may serve as an example for developing conservation priorities
for other data-sparse metapopulations where range contractions
have likely occurred.
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Table S2. Coefficients and standard errors for wolverine model 2 resource selection function for 
relative habitat quality at the first order developed in the Greater Yellowstone Ecosystem of 
Montana, Idaho, and Wyoming, USA, 2001–2010. Predictive environmental variables were 
Latitude-adjusted Elevation (LAE), Terrain Ruggedness Index (TRI), Snow Depth (SNOW), 
Road Density (ROAD), Interpolated Human Density (POP), Distance to High-elevation Talus 
(DHITAL), Distance to Tree Cover (DTREE), Distance to Snow >2.5 cm (DSNOW). 
_____________________________________ 
 
Coefficient Estimate SE 
_____________________________________ 
 
LAE 2.036e-03 1.454e-04  
TRI 2.355e-02 3.167e-03  
SNOW 1.220e-03 3.499e-04  
ROAD -2.940e+00 6.998e-01 
POP -3.255e-01 1.024e-01  
DHITAL -1.217e-04 1.538e-05  
DTREE -1.480e-02 2.990e-03  
DSNOW -1.428e-03 7.737e-04  
TRI2 -7.477e-05 1.576e-05  
SNOW2 -4.598e-7 1.725e-07 
LAE:ROAD 1.250e-03 2.931e-04  
LAE:DTREE 4.445e-06 1.047e-06  
SNOW:POP 2.375e-04 7.674e-05  
_____________________________________  
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Table S3.  Estimates of wolverine population capacity and proportion maternal habitat by region 
and primary habitat patch in the western contiguous United States based on resource selection 
function habitat modeling of wolverine radio-telemetry data collected in the Yellowstone region 
2001–2010.  Numbers presented here are based on model 2 and a population estimate of 15.2 
wolverines (95% CI = 12.3–42.0) from the Yellowstone study area of Inman et al. (2012a) where 
11 individuals were known to be on the area and 20 was considered a reasonable upper limit.  
The estimate of capacity within each primary habitat patch >100 km2 was rounded down to the 
nearest integer and then summed by region. Patches that were smaller than minimum male home 
range size (400 km2) and >10 km from a 400 km2 patch are noted with an *.   
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 

 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Bighorn 12 (10–35)  

Bighorn Range 12 (10–35) 0.36 
Central Linkage  50 (38–173)  

Anaconda-Sapphire Ranges 7 (5–20) 0.33 
Beaverhead Mountains Central 0 (0–1) 0.19 
Beaverhead Mountains North 3 (2–9) 0.39 
Beaverhead Mountains South 1 0 (0–2) 0.05 
Beaverhead Mountains South 2 2 (2–7) 0.15 
*Big Belt Mountains 0 (0–2) 0.30 
*Big Snowy Range 0 (0–1) 0.17 
Bloody Dick Range 0 (0–1) 0.11 
*Bridger Range 0 (0–1) 0.33 
Cabinet Mountains East 2 (2–6) 0.50 
Cabinet Mountains West 2 (2–7) 0.62 
Centennial Range 2 (1–6) 0.43 
*Crazy Mountains 1 (1–3) 0.38 
*Elkhorn Mountains 0 (0–2) 0.14 
Flint Creek Range 2 (1–6) 0.42 
Gravelly Range 2 (1–6) 0.26 
Greenhorn Range 0 (0–1) 0.05 
Gypsy Peak 1 (1–4) 0.29 
John Long Mountains 0 (0–1) 0.13 
Lemhi Range 7 (5–19) 0.23 
Little Belt Mountains 2 (2–7) 0.14 
Lost River Range Central 2 (1–5) 0.43 
Lost River Range North 0 (0–2) 0.11 
Lost River Range South 0 (0–2) 0.17 
Lost Trail 0 (0–1) 0.06 
Mission Mountains 3 (2–9) 0.54 
*Nevada Mountains 0 (0–1) 0.08 
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Table S3 continued… 
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 

 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Central Linkage…  

Pioneer Range East 2 (2–7) 0.34 
Pioneer Range West 3 (2–8) 0.15 
*Purcell Mountains 0 (0–1) 0.30 
Rattlesnake Mountains 1 (1–4) 0.69 
Selkirk Range 3 (3–10) 0.38 
Snowcrest Range 1 (1–4) 0.18 
South Anaconda 0 (0–2) 0.06 
Tobacco Root Range 2 (1–5) 0.53 

Great Basin 11 (6–48)  
Bear River Range 2 (2–8) 0.46 
*Blowhard Mountain 1 (0–2) 0.73 
*Jarbridge Mountains 1 (0–2) 0.24 
*La Sal Mountains 0 (0–1) 0.37 
*Monroe Peak 0 (0–1) 0.12 
*Mount Belknap 1 (1–4) 0.38 
*Mount Terrel 0 (0–1) 0.37 
*Ruby Mountains 0 (0–2) 0.29 
*Schell Creek Range 0 (0–2) 0.39 
*Strawberry Peak 0 (0–1) 0.06 
Wasatch Central 2 (1–6) 0.84 
*Wasatch North East 0 (0–1) 0.27 
*Wasatch North West 0 (0–2) 0.57 
Wasatch Plateau East 0 (0–1) 0.10 
Wasatch Plateau West 3 (2–9) 0.37 
*Wasatch South East 0 (0–2) 0.09 
*Wasatch South West 1 (0–3) 0.44 

Greater Yellowstone 146 (119–412)  
Absaroka-Teton Ranges 88 (71–244) 0.54 
Henrys Lake Mountains 0 (0–2) 0.32 
Madison-Gallatin  Ranges 22 (18–63) 0.43 
Wind River Range 22 (18–62) 0.54 
Wyoming-Salt Ranges 14 (12–41) 0.57 

Northern Cascade 48 (37–138)  
Gilbert Peak 1 (0–3) 0.57 
Mount Aix 1 (1–3) 0.60 
Mount Baker 7 (5–20) 0.72 
Mount Rainier 4 (3–12) 0.84 
Mount Stewart 5 (4–16) 0.46 
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Table S3 continued… 
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 

 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Northern Cascade… 

*Olympic Mountains 0 (0–1) 0.10 
Pasayten 29 (23–80) 0.55 
Tiffany Mountain 1 (1–3) 0.07 

Northern Continental Divide  49 (38–138)  
Bob Marshall Wilderness 36 (29–100) 0.68 
Bob Marshall Wilderness 2 0 (0–1) 0.36 
Glacier National Park 9 (7–26) 0.47 
Whitefish Range North 3 (2–9) 0.52 
Whitefish Range South 1 (0–2) 0.05 

Coastal Oregon 1 (1–9)  
*Diamond Peak 0 (0–1) 0.25 
*Mount Mazama 1 (1–4) 0.52 
*Mount Shasta 0 (0–2) 0.75 
*Sister Mountains 0 (0–2) 0.35 

S Rockies 137 (108–390)  
Bald Mountain 1 (0–2) 0.02 
Blanca Peak 1 (0–2) 0.35 
Culebra Range 3 (2–8) 0.35 
Flat Top Mountains 8 (6–23) 0.50 
Front Range 59 (48–165) 0.47 
Grand Mesa 3 (2–9) 0.40 
Huntsman Mountain 0 (0–1) 0.27 
*Pikes Peak 0 (0–1) 0.14 
San Juan Range 43 (35–120) 0.62 
Sangre de Christo Range 3 (2–8) 0.28 
Santa Fe Mountains 1 (1–5) 0.24 
Sierra Madre Range 11 (9–32) 0.51 
Snowy Range 3 (2–10) 0.38 
Twin Cone 1 (1–3) 0.03 
Venado Peak 0 (0–1) 0.00 

Sierra-Nevada 45 (35–128)  
John Muir Wilderness North 0 (0–1) 0.60 
John Muir Wilderness South 7 (5–19) 0.72 
Kings Canyon 1 (1–4) 0.80 
Sequoia 8 (6–23) 0.58 
Tahoe 0 (0–1) 0.84 
Yosemite 29 (23–80) 0.76 
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Table S3 continued… 
______________________________________________________________________________ 
 
Region                                                             Population   Proportion 

 Primary habitat patch >100 km2        capacity  (95% CI) maternal habitat 
______________________________________________________________________________ 
 
Salmon-Selway 124 (97–352) 

Allen Mountain 2 (2–7) 0.12 
Bitterroot Range 19 (15–54) 0.45 
Clearwater 16 (13–45) 0.63 
Farrow Mountain 0 (0–1) 0.00 
Gospel Hump Mountains 0 (0–1) 0.01 
Salmon Mountain 1 (1–4) 0.06 
Salmon-Smoky Mountains 72 (58–200) 0.50 
Seven Devils Mountains 1 (0–2) 0.04 
Soldier Mountains 1 (0–2) 0.25 
Trinity Mountain 1 (0–3) 0.51 
Wallawa Mountains 5 (4–14) 0.58 
War Eagle Mountain 2 (1–6) 0.15 
Widow Mountain 1 (1–5) 0.63 
Yellowjacket Mountains 3 (2–8) 0.05 

Uinta  21 (17–58)  
Uinta 21 (17–58) 0.68 

 
Western Contiguous United States 644 (506–1881)   
______________________________________________________________________________  
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Table S4.  Comparison of estimates of wolverine population capacity resulting from resource 
selection function models with ΔBIC scores <2 and their weighted averages by region (as in Fig. 
3) in the western contiguous United States.  Habitat models based on wolverine telemetry data 
collected in the Yellowstone region 2001–2010.   
______________________________________________________________________________ 
 
                Population capacity estimate (95% CI) a 
 
Region Model 2 Model 1 WtdAvg 
______________________________________________________________________________ 
 
Northern Cascade 48 (37–138) 35 (27–105) 32 (24–99) 
N. Continental Divide 49 (38–138) 51 (41–143) 52 (42–147) 
Salmon–Selway 124 (97–352) 105 (84–310) 105 (85–314) 
Central Linkage 50 (38–173) 75 (53–236) 73 (52–237) 
Greater Yellowstone 146 (119–412) 135 (109–381) 141(113–395) 
Southern Rockies 137 (108–390) 131 (104–387) 134 (105–396) 
Sierra–Nevada 45 (35–128) 7 (5–29) 5 (3–20) 
Uinta 21 (17–58) 19 (15–52) 19 (16–54) 
Bighorn 12 (10–35) 15 (12–42) 15 (12–43) 
Great Basin 11 (6–48) 7 (4–39) 7 (4–41) 
Oregon Cascade 1 (1–9) 0 (0–0) 0 (0–0) 
Western United States 644 (506–1881) 580 (454–1724) 583 (456–1746) 
_____________________________________________________________________________ 
a Estimate of capacity within each primary habitat patch >100 km2 was rounded down to the 
nearest integer and then summed by region.  Estimates based on population size of 15.2 
wolverines (95% CI = 12.3–42.0) in the Yellowstone study area where 11 individuals were 
known to be on the area and 20 was considered a reasonable upper limit (Inman et al. 2012a).   



Figure S1. Plots of k-fold cross-validation assessment of model fit for data used to develop the 
resource selection function model, Greater Yellowstone Ecosystem of Montana, Idaho, and 
Wyoming, USA, 2001–2010.         
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