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Abstract

Context Cougars (Puma concolor) have been recol-
onizing Midwestern North America during the past
3 decades with>950 cougar confirmations east of
established populations. Due to an increase in confir-
mations east of current breeding populations, evalua-
tion of cougar habitat suitability and connectivity is
needed. However, few studies have assessed the habi-
tat potential for cougar recolonization in the eastern
portion of their former range.

Objectives We used various habitat quality thresh-
olds to model potential cougar habitats and dispersal
corridors throughout eastern North America.
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Methods Based on expert opinion, we used landcover,
slope, human density, distance to roads, and distance to
water as model variables. Least-cost path methods were
used to model dispersal corridors from western popula-
tions to potential eastern habitat patches.

Results Patches of suitable habitat ranged in size
from 3868 km? (Ozark Mountains) to>2,490,850
km? (central and eastern Canada). Potential habi-
tats were predominantly forest and shrubland, con-
tained little anthropogenic development, and had high
stream densities. Dispersal corridors were present
throughout the study area. Corridors largely consisted
of forested and cultivated landscapes and had higher
road densities than habitat patches.

Conclusions Our research provides conservationists
with insights into areas suitable for cougar recolonization
so they may proactively plan for potential cougar popula-
tions east of their current range. This work also provides
a framework for evaluating multiple levels of landscape
suitability for recolonizing species.

Keywords Range expansion - Habitat modelling -
Habitat availability - Landscape structure - Wildlife
corridors

Introduction

Cougars, pumas, catamounts, or mountain lions (here-

after called cougars; Puma concolor) were the most
widely distributed wild land mammal in the Americas
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(Sunquist and Sunquist 2002; Gill 2009; Cougar
Network 2021). Their historical range spanned from
northern Yukon territory to southern Chile. However,
they have since been extirpated from much of their
range in North America; largely due to human driven
habitat loss, persecution, and overexploitation of prey
species (Cardoza and Langlois 2002; Gill 2009). By
the late 1800s, most cougar populations had been
extirpated from the mid-Atlantic and southern coastal
states (Cardoza and Langlois 20022; Gill 2009). Dur-
ing the early 1900s, the last few eastern populations
in the Appalachian Mountains, New England, and
Ontario were extirpated (Cardoza and Langlois 2002;
Gill 2009). By 2000, remaining cougar populations
were restricted to western North America and south-
ern Florida. The Florida cougar population was des-
ignated as a distinct population and federally listed as
Endangered in 1967 (USFWS 2008; Gill 2009).

In response to declines in predator populations
and changes in wildlife management philosophy,
cougars were reclassified from bounty animals to
big game species during the mid-twentieth century
(Ross et al. 1996; Sweanor et al. 2000; Gill 2009).
In North America, bounty animals refer to species
where compensation is provided for each individual
killed. Big game species, however, refers to species
where harvest laws such as take limits and harvest
seasons are in place. Changes in cougar classifica-
tion, management, and the recovery of ungulate
prey increased cougar numbers throughout west-
ern North America (Knopff et al. 2014b). Cougars
began recolonizing eastern portions of their histori-
cal range, with>950 confirmations (e.g., carcasses
and camera photographs) recorded east of their cur-
rent range since 1990 (Nielsen et al. 2006; LaRue
and Nielsen 2008, 2011; Cougar Network 2011;
LaRue et al. 2012). Currently, 3 distinct breeding
populations of cougars exist in the Midwest (LaRue
et al. 2012, 2019) and are located in the South
Dakota Black Hills, North Dakota Badlands, and
northwestern Nebraska. The Black Hills population
is the closest to western cougar populations. Immi-
gration of western cougars into the Black Hills pop-
ulation makes the region a source for the Badlands
and Nebraska populations through stepping-stone
dispersal (Stoner et al. 2008; Beier 2009; Thompson
and Jenks 2010; Wilson et al. 2010; LaRue et al.
2012, 2019; Hawley et al. 2016). Stepping-stone
dispersal assumes dispersing animals move through
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a mosaic of habitats from one suitable habitat patch
to another (Baum et al. 2004; Kramer-Schadt et al.
2011; Saura et al. 2014). Cougars fit the stepping-
stone dispersal model as females disperse at lower
rates and in shorter distances than males (Sweanor
et al. 2000; Maehr et al. 2002; LaRue et al. 2012).

Cougar range expansion, however, is contingent
upon the presence of these stepping-stone habitats.
LaRue and Nielsen (2011) modeled potential hab-
itat for cougars in the Midwest, finding 8% of the
region contained highly suitable cougar habitat.
LaRue et al. (2012) found 62% and 79% of reported
cougar confirmations (Cougar Network 2011) were
within 20 km and 50 km of modeled potential habi-
tat, respectively. Given the capability of long-range
dispersal, confirmed sightings east of the Rockies,
and establishment of new breeding populations in
previously extirpated regions, cougar recolonization
in eastern North America is likely (Taverna et al.
1999; LaRue and Nielsen 2008, 2011; Henaux et al.
2011; LaRue et al. 2012). Cougars are expected to
recolonize areas in the Midwest by 2040, creating
stepping-stones for further dispersal into eastern
North America (LaRue and Nielsen 2016; LaRue
et al. 2019).

Previous research evaluating regional availabil-
ity of cougar habitat east of their historical range
has found evidence of cougar habitat throughout the
region (Houser 2002; Thatcher et al. 2006; Laun-
dré 2013; Glick 2014; O’Niel et al. 2014; Gantchoff
et al. 2021). Although smaller-scale studies on cou-
gar habitat suitability in this region have been con-
ducted, no studies have modeled potential habitats
and dispersal corridors for the entire cougar former
range east of the Rocky Mountains. Such information
is valuable to assist wildlife managers in predicting
where cougar populations may become established
and corridors they may use as range expansion and
recolonization continues. Our objective was to model
potential habitat patches and dispersal corridors for
cougars throughout their historic range in eastern
North America. These models provide geographi-
cal insights for managers should cougars recolonize
unpopulated regions of the study area (Thatcher et al.
2006; LaRue and Nielsen 2008, 2011; Smith et al.
2015).
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Methods
Study area
Our study area (Fig. 1) was all of Canada and the

United States east of currently established cougar
populations.

LR

Recently Recolonized Populations
X North Dakota Badlands
X  Black Hills 0
1 Northwest Nebraska

m Current Range

250 500

This region (>12,263,257 kmz) included all 41
states and 10 Canadian provinces from the Rocky
Mountains eastward to the Atlantic Ocean. Landscape
and topography varied greatly across regions. The
western portion of the study area is dominated by the
Rocky Mountains. The central Midwest is dominated
by plains and agriculture and the Northern Midwest
is comprised of boreal forests. The eastern region

N
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Fig. 1 Study area for potential cougar habitat and dispersal corridor modelling in eastern North America. The current cougar range
is represented by black crosshatch. The recently recolonized Midwestern populations are indicated by colored pins
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consists of the densely vegetated Appalachian Moun-
tains, with Piedmont forests and coastal swamplands
occurring to the east and south.

Climate also varies greatly in the study area. The
northern region has harsh winters with temperatures
reaching -24 °C during winter and 11 °C during sum-
mer. Mean precipitation in the northern region aver-
ages 3.2 m of snowfall and 2.5 cm of rain each year
(NOAA 2020). The southern region has mild winters
and humid summers with mean winter temperatures
ranging from 9.3 to 1.8 °C and summer temperatures
ranging from 26.7 to 23.2 °C (NOAA 2020). Mean
precipitation in the southern region ranges from
40.5 cm of rainfall during summer to 0.0 to 1.58 m of
snowfall during winter (NOAA 2020).

Human development is also variable across the
study area. Human densities in the study area range
from <1 persons/km?® in remote western and north-
ern portions to > 38,000 persons/km? in metropolitan
areas. Paved road densities range from 0.1 to 2.8 km/
km? (Government of Canada 2016; U.S. Bureau of
Transportation 2016).

Potential habitats

Methods of estimating potential habitat often rely on
GPS or VHF location datasets for model building and
testing (Maiorano et al. 2019; Hemmingmoore et al.
2020; Poor et al. 2020). However, when these data-
sets are unavailable, expert opinion surveys are used
(Liu et al. 2018; Stricker et al. 2019; Crawford et al.
2020). Empirical cougar datasets are not available for
the majority of our study area and inconsistencies in
available cougar locations are prevalent. Some cou-
gar sightings, DNA, and carcasses do exist; however,
these may not be reliable datasets for habitat mod-
eling. These data are often sparse across years and
locations, creating a low-quality dataset. The sparse-
ness of these data would create large uncertainty in
habitats selected by animals between locations to
accurately represent potential habitat and dispersal
routes. Therefore, we used expert opinion survey to
develop our models.

We used ArcGIS (Esri 2011, version 10.7), the
Analytical Hierarchy Process (AHP; Saaty 1980),
and geospatial data to model potential habitat for cou-
gars in eastern North America (Clevenger et al. 2002;
LaRue and Nielsen 2008, 2011; Laundré 2013; Glick
2014). Using cougar habitat requirement rankings
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from LaRue and Nielsen (2008), land cover, slope,
human density, distance from streams, and distance
from roads datasets were used to build the models
(Houser 2002; LaRue and Nielsen 2008, 2011; Laun-
dré 2013; Glick 2014; Smith et al. 2015; Table 1).

These datasets were converted to 5 distinct 90 m
pixel raster layers. We used 90 m pixels to obtain the
smallest resolution possible with the large datasets
and constraints of the software used. Land cover data
were collected from the 2015 North America Land
Cover Dataset (CEC 2015) and reclassified from the
19 original classes into the following 8 categories
based on LaRue and Nielsen (2008): barren/devel-
oped and open water, deciduous forest, evergreen for-
est, mixed forest, agricultural, grasslands, shrublands,
and wetlands. Slope data were derived from digital
elevation model (DEM) data (USGS 2007), calcu-
lated as percent rise, and ranked. The DEM dataset
was used to create the streams variable for Canada
using the Hydrology tool. The output Canada streams
layer was combined with the 2020 USGS Hydrogra-
phy dataset (USGS 2020) and buffered based on the
distances associated with the expert surveys. Popula-
tion density data (U.S. Census Bureau 2010; Statistics
Canada 2016) were based on the most recent census
surveys and added to census tract and county shape-
files. Individual province and state paved road data-
sets were combined into one single layer (Govern-
ment of Canada 2016; U.S. Bureau of Transportation
2016) and buffered based on distances assigned by
the expert opinion surveys.

To create a final weighted layer, we assigned
mean weights to the 5 raster layers for each pixel
(Table 1; LaRue and Nielsen 2008) using Map
Algebra in ArcToolbox (Esri 2011). This base
model depicted potential cougar habitat from which
4 models of potential contiguous habitat (Mod-
els A, B, C, D) were created. We developed these
models using different combinations of area and
suitability thresholds to better suit the variability in
current cougar habitat conditions and uncertainty
regarding potential habitat. For suitability thresh-
olds, we defined cut-off percentages, ranging from
0 to 100%, for “highly suitable” habitat using exist-
ing populations as a guideline (LaRue and Nielsen
2011). Habitat suitability for the cougar population
in the Black Hills region of South Dakota aver-
aged>75% (LaRue and Nielsen 2011). Thus, we
considered pixels with a suitability score of >75%
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Table 1 Habitat factors for
modeling potential cougar

habitat in eastern North
America, 2021

Variables are ranked based
on expert opinion survey
results (LaRue and Nielsen
2008)

Factor Variable Rank Weight
Land cover type Mixed forest 4 1.8
Deciduous 3
Evergreen 3
Shrublands 3
Wetlands 2
Grasslands 2
Cultivated 1
Barren/developed/open 1
Human density Low (<5 persons/km?) 4 1.2
Medium-low (6-10 persons/km?) 3
Medium-high (11-19 persons/km?) 2
High (> 20 persons/km? 1
Distance to paved roads Long (>5 km) 4 0.9
Medium (0.3-5 km) 3
Short (< 0.3 km) 2
Zero 1
Slope Steep (> 15°) 4 0.6
Moderate (5-15°) 3
Gentle (<5°) 2
Zero 1
Distance to water Short (< 1 km) 4 0.5
Medium (1-5 km) 3
Long (>5 km) 2

as highly favorable habitat known to support a via-
ble cougar population. To better suit lower quality
habitats used by breeding cougar populations, the
northwestern Nebraska population was used to set
a lower suitability threshold (Beier 1995; Hoffman
and Genoways 2005; Wilson et al. 2010; LaRue
and Nielsen 2011). Based on pixel values, the aver-
age habitat suitability score in the Nebraska popu-
lation range was > 69%. Thus, we considered pix-
els with a suitability score of >69% as also having
favorable habitat for cougars. For area thresholds,
a larger region area of >2500 km? and smaller area
of >1100 km? were used. These thresholds were
based on the smallest female cougar home range
recorded in an existing breeding population per-
sisting without immigration in the Black Hills and
Florida, respectively (Beier 1993; Thatcher et al.
2006; Dellinger et al. 2020). Models A and B had
75% suitability scores and area sizes of >2500
km?, and > 1100 km?, respectively. Models C and D
had 69% suitability scores and area sizes of >2500
km?, and > 1100 km?, respectively.

To generate models A—D, we reclassified the out-
put weights as 0 and 1. Values <75% were classi-
fied as 0 and values >75% were classified as 1. We
used the Region Group tool (Esri 2011) for 1 values
to identify contiguous areas at the higher threshold.
Regions < 1100 km? were deleted from the dataset
and regions > 1100 km? were exported into a new
layer to represent the lower area and upper suitabil-
ity scores. Regions>2500 km? were exported to
represent the upper area and suitability score. This
process was repeated for the lower suitability score
(69%) to generate the remaining threshold com-
binations. We calculated mean area of contiguous
potential habitat patches for each model, number of
distinct patches, and habitat characteristics of those
patches.

Dispersal corridors
We used least-cost path (LCP) methods to be con-

sistent with prior cougar dispersal corridor modeling
efforts (LaRue and Nielsen 2008; Menke 2008; Li

@ Springer



Landsc Ecol

et al. 2010; Kershenbaum et al. 2014) and use in other
taxa (Davidson et al. 2013; Sutherland et al. 2014,
Almasieh et al. 2016; Liang et al. 2018; Moham-
madi et al. 2018). While other methods of modeling
dispersal corridors such as circuit theory (McRae
et al. 2008; Hanks and Hooten 2013; Dickson et al.
2018) exist, studies have indicated similarity between
circuit theory and LCP techniques (Poor et al. 2012;
McClure et al. 2016; Diniz et al. 2019). We attempted
to use program Circuitscape (Gnarly Landscape Utili-
ties 2021) to compare circuit theory and LCP model
outputs. However, due to the large datasets used in
this study and limitations to Circuitscape software,
we were unable to successfully use the circuit theory
approach.

We used the same habitat suitability requirements
and original cost surface raster as our habitat model.
However, instead of delineating contiguous habi-
tats, we calculated inverse pixel values of the habitat
suitability model to create a cost surface raster. Cost
surface rasters associate favorable habitat with low
pixel values, or cost, and unfavorable habitat with
high pixel values. The cost surface raster was used to
create cost-weighted distance and direction rasters.
These rasters connected low-cost pixels from source
areas (i.e., existing western cougar populations) to
each of the individual contiguous patches, creating an
LCP. This was repeated for all models. We calculated
the number of routes and total length of each route
for all models. We also applied a 1-km buffer around
all LCPs to evaluate the habitat characteristics of each
dispersal route. A 1-km buffer was used because pre-
vious research has shown 1 km is a sufficient width
for cougar movement between habitats (Beier 1995;
LaRue and Nielsen 2008).

Results
Potential habitats

All models consistently indicated areas of highest-
suitable habitat in central and eastern Canada, the
Upper Peninsula of Michigan, northern Minnesota
and Wisconsin, Ouachita mountains, Ozark moun-
tains, Great Smoky Mountains National Park, central
and northern Texas, and eastern Montana and Wyo-
ming (Figs. 2, 3).
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Eastern North America was comprised of 40.2%
(£6%) contiguous potential cougar habitats (Table 2).

Using the >69% suitability threshold increased
available habitats by an average of 23%. Using
the>1100 km? area threshold increased available
habitats by an average of 1.6%. Model D contained
the largest amount of available habitat (5,618,872
km?) while model A contained the least (4,255,512
km?; Table 2).

Area thresholds had a larger impact on number of
potential habitat patches than suitability thresholds.
Models using the > 1100 km? area threshold increased
the number of habitat patches by 54% for>75% suit-
ability thresholds and 46% for>69% suitability
thresholds (Table 2). Increasing suitability thresholds
from >69% to>75% decreased the number of habi-
tat patches by 1% for> 1100 km? area thresholds and
16% for >2500 km? area thresholds (Table 2). When
using the lower suitability threshold, mean habi-
tat patch size increased by 24% for>1100 km? area
thresholds and 35% for>2500 km? area thresholds
(Table 2).

Landscape characteristics averaged across all mod-
els showed 64.8% (60-70%) of the identified cougar
habitat was forested, 22% (21.5-22.3%) shrublands,
4.1% (2.7-5.5%) wetland, 7% (3.5-10.7%) grassland,
2.1% (1.5-2.6%) developed and 0.2% (0.1-0.2%) cul-
tivated (Table 3).

Mean human density was 80.2 persons/km?, road
density was 8.1 m/km?, and stream density was
282.2 m/km?. Although individual habitat patch qual-
ity varied across all models, using the >75% suitabil-
ity threshold lowered human and road densities and
increased forest landcover (Table 3).

Dispersal corridors

Potential dispersal corridors to cougar habitat were
found throughout the Appalachian Mountains, Okla-
homa, and the northern Midwest (Fig. 4).

For all models, corridors from Florida popula-
tions to northeastern habitat followed the Appala-
chian Mountains. From western populations to central
and northern habitats, corridors crossed Oklahoma,
northern North Dakota, and Minnesota. Origins for
these corridors were from the Pine Ridge region of
Nebraska and Theodore Roosevelt National Park
region of North Dakota populations. However, in
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Fig. 2 Potential cougar habitat in eastern North America, 2021. Maps show expert-assisted habitat suitability scores ranging from
0% (low; white) to 100% (high; black) and current range as red crosshatch

easternmost North America, the origin for dispersal
was the Florida panther population.

Dispersal corridors from model A had the largest
percentage of forest landcover (53.3%) while model
D had the lowest (48.4%, Table 4).

Dispersal corridors from models C and D had a
higher percentage of cultivated landcover, human
density, and road density than corridors made by
models A and B (Table 4). All dispersal corridors
passed through a matrix of unsuitable and suitable
habitats with most unsuitable habitats largely found

in the Midwest and East Coast. Models that used
both the smaller area and >69% suitability thresholds
increased available dispersal corridors by 182.6% in
comparison to models using the larger area and >75%
suitability thresholds. Dispersal corridors in model D
had the highest total length (53,643 km) and number
of corridors (77) compared to other models. Dispersal
corridors in model C had the lowest total length of
corridors (15,663 km) and number of corridors (25,
Table 4).
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(a) Model A
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Fig. 3 Potential cougar habitat in eastern North America with
a>75% suitability and >2500 km? area threshold (Model A),
b>75% suitability and > 1100 km? area threshold (Model B),
¢>69% suitability and >2500 km? area threshold (Model C)
Discussion

Potential cougar habitats

We developed the first models of potential habitats
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(b) Model B
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(d) Model D
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and d>69% suitability and> 1100 km? area threshold, 2021
(Model D). Areas of potential habitats are in dark blue and cur-
rent range is in red crosshatch

and dispersal corridors for cougars in their entire
former range in eastern North America. These mod-
els provide insight into potential habitat for conser-
vationists to consider when proactively planning for
potential recolonization. Central and eastern Canada
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Table 2 Mean values of habitat patches and overall area for each threshold combination of contiguous potential cougar habitat in

eastern North America, 2021

Model Suitability Area threshold Contiguous Percentage (%) con- Number of potential ~ Mean potential habi-
threshold (%) (km?) area (km?) tiguous habitat habitat patches tat patch size (km?)

A >75 >2500 4,255,512 34.7 56 75,991

B >75 >1100 4,325,982 353 103 42,000

C >69 >2500 5,527,310 45.1 47 117,602

D >69 >1100 5,618,872 45.8 102 55,087

contained the largest portion of contiguous habitat
across all models. The region is comprised of large
areas of minimal anthropogenic development and
dense mixed and boreal forests, making them suitable
for cougars. Small cougar populations in the Cypress
Hills region of Saskatchewan have recolonized in the
past decade making it the easternmost Canadian pop-
ulation of cougars (Watkins 2005). Increased cougar
confirmations in Manitoba indicate breeding popula-
tions may soon be established there as well (Maehr
et al. 2002; Watkins 2005; Morrison et al. 2015; Cou-
gar Network 2021). Increasing cougar populations,
nearby source populations, and large contiguous
tracts of potential habitat make central and eastern
Canada likely to receive dispersing subadult cougars.

The United States also had large tracts of poten-
tial habitats across all models. However, modeled
habitats were not as contiguous as in Canada. The
United States has more developed lands and higher
human densities than Canada, which may reduce the
overall availability of potential cougar habitat relative
to Canada. Despite this, recolonization events have
occurred in the Pine Ridge region of Nebraska and
the Badlands of North Dakota (Hoffman and Geno-
ways 2005; Wilson et al. 2010; LaRue et al. 2019).
Continued recolonization is possible from western
cougar populations into potential habitats such as we
have modeled (LaRue et al. 2016, 2019). Although
smaller patches of potential habitats were considered
too small to maintain a viable population (Beier 1993;
Thatcher et al. 2006) existed throughout the study
area, these small areas may still be used by dispersing
cougars (Beier 1995; Kautz et al. 2006; LaRue and
Nielsen 2016).

Dispersal corridors

The LCP models created may be useful predictors of
general areas cougars may use for dispersal. However,
due to individual behavior and small-scale barriers
not accounted for by our large-scale models, these
corridors are not delineations of exact cougar disper-
sal paths (Walker and Craighead 1997; LaRue and
Nielsen 2008). Our models depict areas of low resist-
ance in which cougars may travel through unsuitable
matrices to more suitable habitat patches. These low
resistant paths contain fewer barriers, thereby reduc-
ing time spent traveling and increasing survival
(Taylor et al. 1993; Gloyne and Clevenger 2001).
However, areas of unsuitable habitat exist within the
modeled dispersal routes and were largely found in
the Midwest and East Coast. These regions contained
dense roadways, large cities, and agricultural land-
scapes which present higher mortality risk for dis-
persing cougars but does not fully impede movement
(Lidicker 1999; Fahrig 2007). While paved roads may
reduce movement and increase mortality (Maehr et al.
1991; Murphy et al. 1999), cougars may cross major
roadways while dispersing (Dickson et al. 2006).
Wildlife crossings and temporal variation in roadway
traffic may permit cougars to move more easily across
roads (Gloyne and Clevenger 2001; Dickinson et al.
2012). Cougars also do not completely avoid devel-
oped areas such as suburban housing blocks and city
parks (Beier 1995; Dickson and Beier 2002; LaRue
and Nielsen 2008). The LCP models appeared to
have reflected this as some corridors traversed more
populated areas when unsuitable habitat dominated
the area. Cougar confirmations have been reported in
metropolitan areas such as Chicago, Illinois (Hénaux
et al. 2011), and Milford, Connecticut (Hawley et al.
2016), giving strong evidence that eastward dispers-
ing cougars may occasionally use unsuitable habitat.
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- All modeled corridors were well within known
= cougar dispersal capabilities. Subadult cougars
'c'é g°€ © R can disperse>1340 km and travel over>10 km/
SRS - day (Beier 1995; Sweanor et al. 2000; Thompson
> and Jenks 2005, 2010; Stoner et al. 2008; Henaux
% N‘_é et al. 2011). Across all models, corridors had mean
; % lengths < 1000 km. Florida panther populations have
E 2 SRS shown reduced dispersal capability due to intense
=S RR2E anthropogenic  development in central Florida
(Thatcher et al. 2006). However, they are still capable
ié of reaching potential habitat patches in the Southeast
% ‘g cleegg based on distances between modeled suitable habitat
588|888 patches.
=]
& Assumptions
%
g p é E Our models were created under multiple assumptions
regarding the overall conservative nature of the mod-
% els, use of expert opinion surveys, lack of competing
S 1= predator and prey inclusion in the model, and model
a % N 0 o extent. The suitability thresholds we used were con-
§ ® SRS IRSIRS servative as cougars can inhabit lower quality habitats
g - and will cross lower quality habitat matrices to more
; § suitable habitat (Hoffman and Genoways 2005; Wil-
é § ~ = o son et al. 2010; Smith et al. 2015). For example, the
£ ® A A0 Pine Ridge Region of Nebraska was initially thought
2z | to be unsuitable for sustaining viable cougar popula-
; § tions, however cougars successfully recolonized the
8|5 region (Hoffman and Genoways 2005; Wilson et al.
E § Zzz2g 2010; LaRue et al. 2019). Our dispersal corridor
g models are thus also conservative as dispersing ani-
§ § mals do not always choose the most optimal path and
= L% 2> s are unaware of their destination. However, least-cost
g & ceen path models are still useful for providing estimates for
ool = likely dispersal routes of animals (Elbroch et al. 2016;
gﬂ %* Marrotte and Bowman 2017; Diniz et al. 2019).
% E We used methods adopted from LaRue and
5 = nn e < Nielsen (2008, 2011) where potential cougar habi-
2| tat models were created for the Midwest based on
§ S expert surveys. Although expert surveys focused
Y E E L (el = . . . . . .
SlgS g = < = on the Midwest, we believe using similar crite-
5|< B ALAL AL A ria for potential habitat is valid for eastern North
é < America. Experts surveyed were from throughout
2|25 North America including Florida and western states
g ;g 2 - " o o with cougar populations (LaRue and Nielsen 2008,
§ 2 g NN 2011). Also, th.e lower habitat .su.ltablllty threshold
- was derived directly from existing cougar popu-
2 % lations on the eastern edge of their range. Loca-
El=s < moUA tions of cougar confirmations (n=1079; Cougar
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Fig. 4 Potential dispersal corridors for cougars in eastern
North America from current range (red crosshatch) to identi-
fied potential habitat (dark blue) based on a model A thresh-

Network 2021) fell within suitable habitat identi-
fied by the models 26.7-68.3% of the time when
buffered by mean female cougar home range size
(40 km?; Spreadbury et al. 1996; Sweanor et al.
2000; Grigione et al. 2002; Lendrum et al. 2014;
Elbrock et al. 2016; Smereka et al. 2021). Identified

(b) Model B
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- Contiguous Suitable Habitat o
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(d) Model D
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0 250 500 1,000 1,500

olds, b model B thresholds, ¢ model C thresholds, and d model
D thresholds, 2021. Dispersal corridors shown in yellow

potential habitats also aligned with current popula-
tion locations. Other studies using similar ranking
methods found comparable habitats in the north-
eastern United States (Laundre 2013; Glick et al.
2014), Upper Peninsula of the Great Lakes Region
(O’Neil et al. 2014), Florida (Thatcher et al. 2006),
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Table 4 Landscape structure of dispersal corridors to contiguous potential cougar habitat in eastern North America, 2021

Stream Human Road

% Grass-
land

% Wetland % Shrub-

% Devel- % Forest % Culti-
oped

Number
of cor-
ridors

Corridor
length
(km)

Area

Model Suitability

density (m/

km?)

density (m/ density

land
km?)

vated

threshold
(km?)

threshold

(%)

(persons/
km?)

136.7
129.8
204.3

194.2
196.7
201.4

10.2

8.9
9.9
5.8
6.7

6.3

15.6

53.3

5.7

25

23,447
37,195
15,663
53,643

>2500

22.0

9.4
10.5

6.6
9.7

14.3

52.6

74
6.3

> 1100 44

>75

389

18.3

49.3

49

>2500

160.3

31.1

196.8

14.7

8.5

16.0

5.7 48.4

77

>1100

69

and central Appalachians (Taverna et al. 1999) as
our models, further validating our approach.

We did not include prey or competing predator
species abundances in these models, given (1) reli-
able datasets that encompass the full study area were
unavailable and (2) such datasets are not the best
predictors for successful large carnivore recoloniza-
tion (Mladenoff et al. 1995). Primary prey is strongly
linked with forest cover, which was an important vari-
able in our models. Deer (Odocoileus spp.) are the
primary prey of cougars in North America (Acker-
man et al. 1984; Cooley et al. 2010; Wielgus 2017)
and white-tailed deer (Odocoileus virginianus) would
be important prey for cougars in the East given their
abundance and distribution regionally (Hirth 1977;
Waller and Alverson 1997; Rooney and Waller 2003).
Abundance of white-tailed deer is positively associ-
ated with forest cover (Kohn and Mooty 1971; Larson
et al. 1978; Rouleau et al. 2002; Munro et al. 2012),
thus we indirectly accounted for prey abundance in
our analysis. Furthermore, in regions where white-
tailed deer densities are low, other staples of cougar
diet (i.e., raccoons [Procyon lotor], rabbits [Sylvila-
gus floridanus)], beavers [Castor canadensis]) are
present, providing ample prey throughout the study
region (Sweanor et al. 2000; Sunquist and Sunquist
2002; Knopff et al. 2010). Abundant prey availability
in eastern North America may limit cougar density,
but not restrict cougar recolonization of the region
(Riley and Malecki 2001; Cooley et al. 2010). Cur-
rently, cougars overlap in ranges with black bears
(Urus americanus), grizzly bears (Ursus arctos hor-
riblis), and wolves (Canis lupus) in western North
America. While direct competition does occur,
resource partitioning is known to allow coexistence
(Murphy et al. 1998; Atwood et al. 2006; Kortello
et al. 2007; Stahler et al. 2020). Ample prey abun-
dances in eastern North America will likely permit
similar coexistence among large carnivores should
cougars recolonize the region.

Our models included regions north of histori-
cal cougar ranges in Canada (Cardoza and Langol-
ois 2002; Sunquist and Sunquist 2002; Gill 2009).
However, as climate change continues to shift the
landscape over time, this region of the study area is
likely to be impacted as such to improve habitat suit-
ability and prey densities for cougars (Rustad et al.
2012; Dawe and Boutin 2016). Changes in forest
composition due to warming temperatures, increased
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fire occurrence and severity, and timber harvest has
shifted much of northern old growth forests to early
seral and deciduous forest (Weber and Flannigan
1997; Wittmer et al. 2007; Gergel et al. 2017). This
change in forest structure has facilitated the range
expansion of white-tailed deer (Seip 1992; Dawe
2011; Dawe and Boutin 2016). White-tailed deer
populations are expected to continue to advance
to the north in coming years, providing higher prey
abundances in regions originally not inhabited by
cougars (Dawe 2011; Dawe and Boutin 2016; Knopff
et al. 2014a, b). Changes in forest structure to mixed
forests, which are preferred by cougars, may also
improve habitat availability in regions not histori-
cally inhabited by cougars (LaRue and Nielsen 2011;
Knopff et al. 2014a, b). Furthermore, human densities
in the northern extent of the study area are also low,
increasing cougar habitat suitability.

Conclusions

Our models inform conservationists of areas of
eastern North America that may receive dispersing
cougars in the coming decades (Suchant et al. 2003;
LaRue and Nielsen 2011). As cougars continue to
expand into previously extirpated habitat, having
multiple model predictions based on habitat quality
may aid in adaptive planning. Conservation agen-
cies must be adaptive in their management practices
to understand the potential for cougar recolonization
(Davenport et al. 2010; LaRue and Nielsen 2011;
Gilbert et al. 2017; Greenspan et al. 2021). Pre-
dicted habitats and dispersal corridors may be pro-
tected or at least monitored (e.g., via camera traps;
Soria-Diaz et al. 2010; Burton et al. 2015; Alexan-
der and Gese 2018) for cougar presence. Deciding
which model best fits management objectives for
local use depends on regional landscape structure.
Some regions may be more isolated within highly
developed and densely-populated landscapes. Thus,
the higher-threshold models may prove more ben-
eficial for localized management planning. The dis-
persal corridors modeled can assist with identifying
barriers to dispersal. Adaptive management plans
to protect these corridors may enhance gene flow
among source populations and newly established

populations in potential habitats. Identifying these
corridors can also assist with understanding where
bottlenecks for dispersal may exist as a dispersing
cougar is not aware of their destination or the habi-
tat therein (LaRue and Nielsen 2008).

All models predicted many regions in the study
area will contain enough contiguous habitats to sup-
port breeding populations of cougars. Many of these
regions have not had breeding populations since the
emergence of modern wildlife management, which
presents novel management obstacles for these
regions, particularly when managing cougar-human
conflict. Proactively planning for cougar recoloniza-
tion may help reduce cougar-human conflict and ulti-
mately determine the success of recolonization (Smith
et al. 2014, 2015). Our models can provide manag-
ers with focal points for educational programs for the
public. These programs can be focused on increasing
public knowledge of how to live and recreate respon-
sibly in large carnivore habitat (LaRue and Nielsen
2011; Smith et al. 2014) and identify focal areas
to address future potential human-cougar conflict
(LaRue and Nielsen 2011; LaRue et al. 2019). Adap-
tive management in western states has facilitated the
range expansion of cougars into previously extirpated
habitats (Anderson and Lindzey 2005; Cooley et al.
2009). The recovery of these populations implies
when legislation is proactive in addressing both the
ecological and social implications of cougar presence,
recolonization can occur (Smith et al. 2015). Models
that predict potential habitats that supports breeding
populations of cougars can prove valuable to adaptive
management practices to facilitate recolonization.
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