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Abstract
The Adirondack-to-Laurentians (A2L) transboundary wildlife linkage connects wilderness areas in the northeastern United 
States with southeastern Canada. However, land conversion is putting wolf habitat amount and functional connectivity at 
risk. With the exception of protected areas, hunting and trapping of wolves and coyotes are permitted within the Québec and 
Ontario portions, while hunting and trapping coyotes are permitted within the New York portion where wolves have been 
extirpated. Thus, the fear of humans strongly influences wolf habitat selection in this region. We assessed the impact of land 
conversion on wolf habitat amount, habitat fragmentation, and functional connectivity in the A2L between 2000 and 2015 
and identified potential suitable habitat patches and corridors for protection. Suitable habitat patch area decreased by 18,245 
 km2 (27%), with losses of 28% in the Québec portion, 95% in the Ontario portion, but only 0.3% in the New York portion. 
Habitat fragmentation, as measured by the effective mesh size, substantially increased in the Québec and Ontario portions, 
but only slightly in the New York portion. Functional connectivity significantly decreased, with mean distances and the cost 
of traveling these distances more than doubling. We propose nine recommendations centered on extensive habitat restoration 
and protected area expansion in the Québec and Ontario portions of the study area. Wolf recovery within the A2L will require 
collaborative and coordinated transboundary conservation and the protection of suitable habitat patches and corridors, or 
the legal protection of both wolves and coyotes within the suitable habitat patches and corridors, to ensure that wolves are 
not harvested as they disperse and colonize new locations.
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Introduction

The majority of large terrestrial carnivores have experi-
enced substantial population declines and geographic range 
contractions over the past two centuries (Wolf and Ripple 
2017). Large carnivores face a wide variety of anthropogenic 
threats including persecution, hunting and trapping, habitat 
loss and degradation, and depletion of prey base (Crooks 
et al. 2011; Ripple et al. 2014; Wolf and Ripple 2016). Con-
sequently, large carnivore populations are small, restricted 
to isolated habitat fragments, and predominantly occur only 
within protected areas (Woodroffe and Ginsberg 1998).

The wolf, once ranging across most of North America, 
Europe, and Asia, exhibited the largest geographical range 
of any terrestrial mammal other than humans (Mech and 
Boitani 2003). However, persecution, hunting and trapping, 
and habitat loss reduced their range considerably (Young 
and Goldman 1944, Mech 1995). In North America, the 
wolf was extirpated from most of southern Canada, Mexico, 
and the 48 contiguous United States, except for northern 
Minnesota, by 1970 (Mech and Boitani 2003). Today, large 
wolf populations (i.e., greater than 5000 individuals) are 
only found in Canada and Alaska (Musiani and Paquets 
2004). However, in Europe and the United States, wolves are 
re-colonizing their former range in regions where they and 
their habitat have been granted legal protection (Chapron 
et al. 2014; Smith et al. 2016). This re-colonization of 
parts of their historical range could potentially restore the 
important regulatory role wolves and other large carnivores 
play within food webs and ecosystems (Estes et al. 2011; 
Ripple et al. 2014).

Wolves regulate ecosystem structure and function through 
both density-mediated and behaviorally mediated effects on 
prey and meso-predator populations and their associated 
trophic cascades (Estes et al. 2011; Ripple et al. 2014). 
Wolves typically occupy areas with high prey density, 
i.e., moose (Alces alces), white-tailed deer (Odocoileus 
virginianus), and beaver (Castor canadensis), and low 
human-caused mortality (Fuller et al. 2003; Benson et al. 
2024). In addition, wolves typically select forest and wetland 
areas for denning and rendezvous site locations (Benson et al. 
2015; Sazatornil et al. 2016). In general, wolves spatially 
avoid humans (Carricondo-Sanchez et al. 2020). However, 
this behavior is modulated by the history of coexistence 
and persecution (i.e., stronger avoidance behavior in 
areas where they are harvested, such as North America, 
weaker avoidance behavior where they are protected, such 
as Europe) (Sazatornil et al. 2016). Even in low human-
modified landscapes in North America, wolves typically 
avoid areas of human activity (Bubnicki et al. 2019). For 
example, Malcolm et al. (2020) showed that wolves avoided 
human-modified areas (i.e., housing structures, campsites, 

and park facilities), suggesting that wolves perceived them 
as a risk. This fear of humans resembles the “landscape of 
fear” (Laundré et al. 2001; 2010) that wolves impose on 
their prey species (Gaynor et al. 2019). Humans as “super-
predators” (Darimont et al. 2015) directly influence food-
chain dynamics (i.e., predators, meso-predators, and prey 
populations) by affecting their densities (i.e., hunting and 
trapping), their behavior (by creating a landscape of fear), 
and landscape structure (loss of habitat and connectivity) 
(Kuijper et al. 2016). These influences limit wolf population 
sizes and reduce their ecological effectiveness in unprotected 
landscapes compared to protected or remote wilderness 
areas (Suraci et al. 2019; Kuijper et al. 2019; 2024).

The Adirondack-to-Laurentians (A2L) transboundary 
wildlife linkage connects wilderness areas in the northeast-
ern United States with southeastern Canada and includes 
portions of Québec, Ontario, and New York (Fig. 1). This 
region contains habitats of high ecological integrity and 
biodiversity; however, anthropogenic land transforma-
tion is putting habitat amount and transboundary connec-
tivity at risk (Cole et al. 2023a, 2023b). While the coyote 
(Canis latrans) is ubiquitous throughout the A2L region, 
gray wolves (Canis lupus), and eastern wolves (Canis lupus 
lycaon) only occur within the Québec portion of the study 
area (Mainguy et al. 2017).

In 2015, the Committee on the Status of Endangered Wild-
life in Canada (COSEWIC) recommended that the eastern 
wolf be recognized as a unique species (Canus lycaon) and its 
federal conservation status be re-classified to “Threatened,” 
due to its low abundance and restricted geographic distribu-
tion (COSEWIC 2015; Benson et al. 2017). However, as of 
January 2024, the official scientific name of the eastern wolf 
remains a subspecies of the gray wolf “Canis lupus lycaon” 
and its legal conservation status remains “Species of Special 
Concern” under Canada’s Species at Risk Act 2002 (ECCC 
2021). In 2016, the eastern wolf was renamed the “Algon-
quin Wolf” (Canis sp.) by the Committee on the Status of 
Species at Risk in Ontario (COSSARO) and their provincial 
conservation status was re-classified to “Threatened” under 
Ontario’s Endangered Species Act 2007 (BELW 2000 Con-
sulting, 2018). In 2018, the Ontario government released a 
recovery strategy for the Algonquin Wolf in Ontario (BELW 
2000 Consulting, 2018). However, its recovery is restricted to 
an area in and around Algonquin Provincial Park and does not 
include the entire province, nor the portion within the A2L. 
In 2021, the Canadian government released a management 
plan for the eastern wolf in Canada (ECCC 2021). The plan 
includes two primary conservation objectives: (1) achieve 
and maintain viable eastern wolf populations within the spe-
cies’ current range in Canada, and (2) achieve and maintain 
connectivity between occupied sites as well as potential suit-
able habitat sites to facilitate dispersal and maintain genetic 
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Fig. 1  Land cover map of the Adirondack-to-Laurentians (A2L) study area overlaid with municipalité régionale de comté (MRC)/county bound-
aries. MRC/county names are numbered and correspond to the numbers on the map
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diversity (ECCC 2021). Potential suitable habitat and dis-
persal routes for the eastern wolf have not been re-examined 
since circa 2000 (Harrison and Chapin 1998; Mladenoff and 
Sickley 1998; Paquet et al. 1999; Carroll 2003). Thus, there 
is an urgent need for updated information to achieve these 
objectives.

With the exception of protected areas, hunting and trapping 
of gray wolves and coyotes are permitted within the Québec 
portion of the study area between October and March each 
year (Québec 2023), all-year-round in the Ontario portion 
(Ontario 2023a), and although gray wolves have been extir-
pated from New York State since 1893, they are still protected 
under both the federal Endangered Species Act 1973 and New 
York’s Endangered and Threatened Species Regulations 
(NYS-DEC 2023a), while hunting and trapping of coyotes are 
permitted between October and March (NYS-DEC 2023b). 
In Ontario, eastern wolves are protected from hunting and 
trapping under Ontario’s Endangered Species Act 2007, while 
in Québec and New York they are simply recognized as gray 
wolves. However, despite this “protected” status, their similar 
size and appearance to gray wolves and coyotes, as well as 
the indiscriminate nature of trapping, leave them extremely 
vulnerable to death by mistaken identity when they venture 
outside of protected areas (Benson et al. 2014).

The Adirondack region has been identified as a location 
with suitable habitat for wolf re-colonization or re-introduc-
tion (Harrison and Chapin 1998; Paquet et al. 1999; Car-
roll 2003; van den Bosch et al. 2022). However, both natural 
re-colonization and re-introduction would require numerous 
long-distance dispersal events from existing populations in 
Ontario and Québec to establish new territories and facilitate 
gene flow (Harrison and Chapin 1998). Where wolves are 
protected, they are highly capable of long-distance dispersal 
through human-modified landscapes (Chapron et al. 2014; 
Kuijper et al. 2016). However, where wolves are unprotected, 
leaving safe protected areas significantly increases their mor-
tality risk (i.e., hunting, trapping, collisions with vehicles, 
and conflicts with humans), especially in highly fragmented 
landscapes (Crooks et  al. 2011). Thus, the potential for 
wolves to successfully disperse into the Adirondack region or 
expand their range into unprotected suitable habitats within 
the A2L is unlikely without the implementation of legisla-
tion to protect wolves outside of protected areas (Rutledge 
et al. 2017; Benson et al. 2024). Identifying and protecting 
large areas of suitable habitat with sufficient prey density, and 
ecological corridors that interconnect them, may provide the 
greatest potential to maximize the ecological role that wolves 
play in ecosystem structure and function, while expanding 
the range and number of wolves in the region.

In this study, we created wolf habitat and resistance mod-
els to identify potential suitable habitat patches (HPs), opti-
mal HPs, and stepping stone patches. Hunting and trapping 
are permitted outside protected areas; thus, fear of humans 

strongly influences habitat selection. We then applied Link-
age Mapper and Circuitscape to the habitat network to map 
least-cost corridors and pinch points important for functional 
connectivity. The aim was to assess the impact of land con-
version on wolf habitat amount, habitat fragmentation, and 
functional connectivity in the A2L transboundary wildlife 
linkage between 2000 and 2015, and identify potential suit-
able habitat patches and corridors for protection.

Methods

Study area

The A2L study area is approximately 127,408  km2 in size 
and is made up of 22 municipalités régionales de comté 
(MRCs) in Québec (58,867  km2; 46%), five counties in 
Ontario (15,445  km2; 12%), and sixteen counties in New 
York (53,096  km2; 42%) (Fig. 1). The A2L is located in 
the northern forest and eastern temperate forest eco-regions 
and is home to 440 vertebrate species and 1600 vascular 
plant species (Tardif et al. 2005; CEC 2023). The geology 
of the A2L is comprised of Canadian Shield to the north, 
St. Lawrence Platform in the centre, and Precambrian to 
the south (Tardif et al. 2005), with the highest peak being 
Mount-Marcy in New York (1629 m). In 2016, the region 
was home to over 6.8 million people (54 per  km2) (Statistics 
Canada 2023; US Census Bureau 2023).

Suitable habitat and resistance models

Land cover and road network maps were re-classified into ten 
common land cover classes and three common road network 
classes unifying the classification scheme across all input 
maps (Table S1; S2). In unprotected landscapes where mor-
tality risk is high due to hunting and trapping, wolves can 
exhibit significant avoidance behavior of up to 1 km from 
human activity (including human presence, development, 
agriculture, and roads; Singleton 1995; Paquet et al. 1996). 
To incorporate this landscape of fear, we generated buffers 
of 0–500 and 500–1000 m around roads and development 
using the “Euclidean Distance” function in ArcGIS10.7 to 
represent the median and maximum distances from roads and 
development at which avoidance behaviors are displayed. 
This created four additional environmental variable layers 
that incorporated wolf avoidance behavior: (1) distance from 
development; (2) distance from primary roads; (3) distance 
from secondary roads; and (4) distance from tertiary roads 
(Figure S3). Because prey density is adequate throughout the 
forest and wetland regions of the A2L, this model assumes 
that suitable wolf habitat is concentrated in large forest and 
wetland areas with sufficient prey density to accommodate at 
least one wolf pack.
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We computed a habitat suitability index by assigning rela-
tive values to the land cover maps using a combination of 
previously published values, literature review, and expert 
opinion (Table S3). Previously published values were re-
scaled so that the values ranged between 0 and 1 using the 
following equation:

where x is the assigned relative suitability value for a 30 m 
grid cell, and min and max are the minimum and maximum 
suitability values of the habitat suitability surface, respec-
tively (Keeley et al. 2016). Values near 1 represent the rela-
tive highest habitat suitability in the area, and values near 0 
represent the relative lowest habitat suitability (Keeley et al. 
2016). We created one aggregate suitable habitat map by 
overlaying all six layers in ArcGIS10.7, using Gnarly Land-
scape Utilities: Resistance and Habitat Calculator toolset 
(McRae et al. 2013), and retaining the minimum suitability 
value for each 30 m × 30 m cell across all input layers. Thus, 
each spatial layer received equal weighting (i.e., effect size), 
and the same relative importance to wolf habitat selection. 
This was because (1) all layers were derivative of the land 
cover layer, (2) all values, across all layers, where relative to 
ideal wolf habitat on the land cover layer, and (3) all values 
were obtained from previous studies, literature review, and 
expert option, where equal weighing was implied (Singleton 
2002; Carroll et al. 2012; WWHCWG 2010; 2012).

We derived resistance values for each of the six raster lay-
ers by calculating the inverse of our suitable habitat values 
(Table S3; Koen et al. 2012, Keeley et al. 2016). A single 
aggregate resistance surface was created by overlaying all 
six layers in ArcGIS10.7, using Gnarly Landscape Utilities: 
Resistance and Habitat Calculator toolset (McRae et al. 
2013), and retaining the maximum resistance value for each 
30 m × 30 m cell across all six input layers (McRae et al. 
2013). We added a value of one to each cell, such that habi-
tats with a relatively low movement cost had a value of 1, 
and habitats with a high cost had values up to a maximum 
of 101. Bowman et al. (2020) found that landscape connec-
tivity models tend to be insensitive to absolute cost values, 
provided that the rank order is correct.

Identifying suitable and optimal habitat patches

To identify potential habitat patches, we used the aggregated 
suitable habitat and resistance layers and the software 
Gnarly Landscape Utilities: Core Mapper toolset (Shirk and 
McRae 2013) in ArcGIS10.7. Suitable habitat patches were 
identified as patches with an average habitat value ≥ 0.6 
(WWHCWG (2010; 2012), within a circular moving window 
with a radius of 9788.3 m (i.e., the radius of the average 
maximum home range size of 301  km2; Tables S4 & S5). 

F(�) = (� − min)∕(max − min),

This ensured that habitat patches contained no more than 
50% unsuitable habitat types, i.e., agriculture, development, 
water, and forest and wetland areas less than 500 m from 
development and primary roads. This step generated a 
surface layer representing where the largest concentrations 
of suitable habitat occurred (WWHCWG 2010; 2012). To 
correct for the variability in minimum home range sizes 
within the literature we multiplied the average minimum 
home range size of 93.5  km2 (Table S4; S5) by 0.75 to 
compensate for the fact that wolves can occur within smaller 
home range sizes when resource patches are of high quality 
(Loveless 2010). This reduced value of 70.1  km2 was used 
as the minimum habitat patch cutoff size to ensure smaller 
potentially suitable habitat patches were not overlooked. 
Patches that fell below the minimum habitat patch cutoff 
size were removed (WWHCWG 2010; 2012). This is in 
agreement with Fuller et al. (2003), that state that even at 
the highest prey densities (i.e., 15 deer or 3 moose/km2), an 
individual pack of four wolves would still require a territory 
of at least 75  km2 to meet its nutritional requirements. We 
then expanded habitat patches outwards up to a total cost-
weighted distance of 5455.5 m (i.e., the radius of the average 
minimum home range size of 93.5  km2; Tables S4 & S5) to 
potentially link proximate patches into larger aggregates, 
simulating intra-patch connectivity (WWHCWG 2010; 
Spanowicz and Jaeger 2019). Habitat patches still separated 
at this point require movements that exceed twice the cost-
weighted distance of the mean minimum home range radius 
and were considered dispersal distances (i.e., inter-patch 
connectivity). We identified optimal habitat patches by 
performing the same steps as above; however, we did not 
expand the patches, and we removed all raster cells within 
the habitat patches with values ≤ 0.4 (consistent with Cole 
et al. (2023b); Table S3) to exclude unsuitable habitat types, 
i.e., agriculture, development, water, and forest and wetland 
areas less than 500 m from development and primary 
roads, leaving habitat patches devoid of anthropogenic 
transformations. Stepping stone patches were identified as 
suitable HPs that were smaller than the 70.1  km2 minimum 
habitat patch cutoff size, but still large enough to serve as a 
refuge area during dispersal (≥ 10  km2; Table S5).

We chose not to use a traditional species distribution 
model such as MaxEnt for three reasons: (1) there were 
no occurrence data available for the majority of the study 
area due to the extirpation of wolves from the Ontario and 
New York portions of the A2L. However, populations still 
inhabit the Québec portion of the study area and we used 
GPS location data from one of these populations to validate 
our suitable habitat patch models; (2) one of our main 
goals was to quantify the degree of habitat fragmentation 
within the study area; thus, we needed a model that could 
delineate potential suitable habitat patches (i.e., allowing for 
the incorporation of minimum home range size, minimum 
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habitat patch size, and intra- and inter-patch connectivity 
into the model), and not just identify habitat suitability; and 
(3) we wanted to integrate avoidance behavior distances into 
the model. Therefore, by applying the Core Mapper toolset 
(Shirk and McRae 2013), we were able to incorporate all 
of these elements into the model and identify suitable and 
optimal habitat patches (also called habitat concentration 
areas (HCAs); WWHCWG 2010; 2012).

Validation of the suitable habitat and habitat patch 
models

To validate our suitable habitat and habitat patch models, we 
used previously published telemetry data collected between 
2015 and 2017 (Malcolm et al. 2020) from a canid popu-
lation in the Québec portion of the study area (i.e., Parc 
National du Mont-Tremblant and adjacent areas) that con-
tained gray wolves, eastern wolves, and coyotes. The data-
set consisted of 24,550 GPS locations, hereafter referred to 
as “validation points,” obtained from five adult males and 
five adult females fitted with telemetry collars that were 
programmed to acquire location coordinates every 3 h for 
a period of 12 months (Malcolm et al. 2020). Because of 
changes in movement ability and behavior in the winter 
months (i.e., ability to cross frozen lakes; nomadic period), 
only GPS locations acquired between April 1st and Novem-
ber 30th were used for validation. We were unable to obtain 
wolf validation points for circa 2000; therefore, suitable hab-
itat and habitat patches were only validated for 2015. Since 
the validation points only covered a subsection of the study 
area, we delineated this subsection by creating a 100% mini-
mum convex polygon (MCP) around all the validation points 
(Koen et al. 2007; Brodeur et al. 2008) using the “Convex 
Hull” function in ArcGIS10.7 (Figure S1).

We validated the performance of the suitable habitat model 
(i.e., how well the model predicted wolf suitable habitat) using 
three validation metrics. First, we used the absolute validation 
index (AVI), calculated as the proportion of validation points 
that were located on raster cells with a habitat value ≥ 0.6 
within the MCP (Hirzel and Arlettaz 2003; Hirzel et al. 2006; 
Guisan et al. 2017). Values for the AVI range between 0 and 1. 
Second, we used the contrast validation index (CVI), calculated 
as the AVI minus the proportion of raster cells with a habitat 
value of ≥ 0.6 within the MCP (Hirzel et al. 2004; Hirzel et al. 
2006; Guisan et al. 2017). Values for the CVI range between 
− 0.5 and 0.5. Finally, we used the Boyce Index (Boyce et al. 
2002; Hirzel et al. 2006; Guisan et al. 2017), using two calcu-
lated frequencies for each of the 6 habitat classes (i.e., 1, 0.8, 
0.6, 0.4, 0.2, 0): (1) the proportion of observed validation points 
found in each habitat class within the MCP (P) and (2) the 
expected proportion of validation points found in each habitat 
class within the MCP (E) (Boyce et al. 2002; Hirzel et al. 2006). 
We then calculated the P/E ratio for each class. If the model 

predicted suitable habitat well, then a low habitat class should 
contain fewer validation points than expected by chance (i.e., 
a P/E ratio < 1), whereas a high habitat class should contain 
more validation points than expected by chance (i.e., a P/E ratio 
> 1; Hirzel et al. 2006; Guisan et al. 2017). The Boyce Index 
was then calculated using Spearman’s rank correlation coef-
ficient between the habitat value and the P/E ratio (Boyce et al. 
2002; Hirzel et al. 2006). Boyce Index values range between 
−1 (incorrect model) and 1 (a highly consistent model); values 
close to zero indicate no difference from chance (Hirzel et al. 
2006; Guisan et al. 2017).

To measure the performance of the habitat patch model, 
we applied variations of the AVI and CVI metrics. We 
used the AVIpatch to calculate the proportion of validation 
points that were located within suitable HPs and optimal 
HPs, calculated as the number of validation points in HPs 
within the MCP divided by the number of validation points 
within the MCP. Values for the AVIpatch ranged between 0 
(weak performance) and 1 (strong performance). Next, we 
used the CVIpatch, calculated as the AVIpatch – the area of 
HPs within the MCP  (km2) divided by the area of the MCP 
 (km2). Values for the CVIpatch ranged between − 0.5 (weak 
performance) and 0.5 (strong performance).

Habitat amount and fragmentation

We measured the area of suitable HPs and optimal HPs in 
2000 and 2015 using ArcGIS10.7. We calculated proportion 
by dividing the HP area by the total area of the reporting unit 
(i.e., study area, provincial/state portion). To quantify frag-
mentation, we used the effective mesh size, which is based on 
the average probability that any two randomly chosen points 
in the study area are connected, i.e., not separated by some 
barrier (Jaeger 2000). Because the boundary of a reporting 
unit can influence the value of the effective mesh size, two 
variations of the effective mesh size were used. The “cutting 
out” procedure (meff_CUT ) was used to measure fragmentation 
strictly within the boundaries of the reporting units, while 
the “cross-boundary connections” procedure (meff_CBC) was 
used to include patches that cross boundaries into adjacent 
reporting units (Moser et al. 2007). All measurements were 
performed using the effective mesh size tool from the Zonal-
Metrics ArcGIS toolbox (Wetzel 2019). We measured the 
road density of each suitable HP by dividing the total length 
of roads within a patch by the area of the patch.

Functional connectivity

We mapped functional connectivity between the suitable 
HPs using the Linkage Pathways tool of the Linkage Map-
per ArcGIS Toolbox (McRae and Kavanagh 2011). We cal-
culated adjacency using both cost-weighted and Euclidean 
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distances, omitted corridors that intersected other HPs, put 
no limit on the number of linkages originating from each 
HP, and truncated the width of least-cost corridors to 200 
cost-weighted km. It is recommended that least-cost corri-
dors should be at least 2 km wide (i.e., accommodate a wide 
variety of species, reduce edge effects, allow for recreational 
use; Beier 2018). Thus, we used a cutoff width of 200 cost-
weighted km to ensure that even when corridors navigated 
regions with the highest resistance values (101), corridors 
would still maintain a width of at least 2 km. Prior to run-
ning Linkage Pathways, the resistance layers were coarsened 
by three times to reduce computing time and memory use, 
which resulted in a final resistance layer resolution of 90 m.

To identify pinch points within the least-cost corridors, 
we used the Pinch-Point Mapper tool of the Linkage Map-
per ArcGIS Toolbox (McRae 2012). Pinch-Point Mapper 
uses Circuitscape (McRae and Shah 2011) to simulate a 
path of electric current through the least-cost corridors. We 
ran Circuitscape in both “pairwise” and “all to one” modes 
to identify pinch points important for connectivity between 
pairs of suitable HPs and for maintaining connectivity for 
the entire network of suitable HPs (Dutta et al. 2016).

To quantify changes in connectivity, we compared 
Euclidean distance, cost-weighted distance, least-cost path 
length, and effective resistance values between suitable HPs 
in 2000 and 2015. We assumed that if there was a decline 
in functional connectivity then these distances would have 
increased. We compared the distances between time points 
with a two-sided Welch’s t-test to account for unequal 
variances. We measured the effect size of the differences in 
distances with Cohen’s effect size (d = 0.2 represents a small 
effect size, d = 0.5 represents a medium effect size, and d = 
0.8 represents a large effect size; Cohen 1988).

Proportion of habitat patches and least‑cost 
corridors under protection

To determine the percentage of suitable HPs, optimal HPs, 
and least-cost corridors under protection, we obtained maps 
of government-protected areas and private protected areas 
secured by Nature Conservancy of Canada/The Nature 
Conservancy (Table S6). We measured the proportion of 
suitable HP area, optimal HP area, and least-cost corridor 
area currently under protection.

Results

Validation of the suitable habitat and habitat patch 
models

The suitable habitat model performed well at predict-
ing suitable wolf habitat within the local landscape as 

measured by the absolute validation index (AVI) with 
a value of 0.8 (Hirzel et al. 2006), whereas the contrast 
validation index (CVI) gave a value of 0.07 indicating 
that although 80% of the validation points were located 
on suitable habitat, the amount of available suitable habi-
tat was only slightly less (73%). The Boyce index value 
of 0.89, however, suggests a stronger performance as it 
signifies that low habitat classes contained fewer valida-
tion points than expected by chance and that high habitat 
classes contained more validation points than expected by 
chance (Hirzel et al. 2006; Guisan et al. 2017). The habitat 
patch models also performed well at predicting suitable 
and optimal HPs within the local landscape with AVIpatch 
values of 0.93 and 0.71, respectively (Hirzel et al. 2006), 
whereas CVIpatch values were 0.09 for suitable HPs and 
0.07 for optimal HPs. Consequently, although 93% and 
71% of the validation points were located on suitable and 
optimal HPs respectively, overall HP area was only slightly 
less (suitable HP area 84% and optimal HP area 64%).

Habitat amount and fragmentation

Suitable HP area decreased by 18,245  km2 (27%), and opti-
mal HP area decreased by 7082  km2 (17%) between 2000 
and 2015 (Table 1, Fig. 2). The majority of these losses 
took place in the Québec portion of the study area where 
suitable HP area was reduced by 13,369  km2 (28%) and 
optimal HP area was reduced by 6314  km2 (20%) (Table 1, 
Fig. 2). The Ontario portion showed the lowest amount of 
both suitable and optimal HP area in 2000, and the greatest 
relative losses in 2015, with a suitable HP area reduction 
of 4830  km2 (95%) and an optimal HP area reduction of 
399  km2 (91%) (Table 1, Fig. 2). In contrast, the New York 
portion had a suitable HP area loss of 46  km2 (0.3%), while 
optimal HP area loss was 369  km2 (3.3%), due to 323  km2 
of optimal HP area being degraded to suitable HP area 
(Table 1, Fig. 2).

Substantial habitat fragmentation occurred across 
the study area (Table 2). For suitable HPs, meff_CUT  size 
decreased by 45%, and meff_CBC size decreased by 41%; for 
optimal HPs, both meff_CUT  size and meff_CBC size decreased 
by 71% (Table 2). Fragmentation was most pronounced in 
the Ontario portion of the study area, whereas the New 
York portion experienced the least amount of fragmen-
tation. At the MRC/county level, the mean suitable HP 
meff_CUT  size decreased by 479  km2, and the mean suit-
able HP meff_CBC size decreased by 8460  km2 (Table S7). 
This same pattern was seen with optimal HPs at the MRC/
county level (Table S8).

In 2000, 27 of the 43 MRCs/counties shared suitable 
HPs with at least one other MRC/county, as identified by 
meff_CUT  - meff_CBC values > 0 (Table S7). However, in 2015, 
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only 22 MRCs/counties shared suitable HPs with at least 
one other MRC/county. This was also the case with optimal 
HPs, where in 2000, 20 MRCs/counties shared optimal HPs 
with at least one other MRC/county, and in 2015, only 18 
MRC/counties shared optimal HPs (Table S8). Not only are 
fewer patches being shared, the average amount of patch 
sharing between MRCs/counties also declined: The mean 
difference in suitable HP meff_CBC - meff_CBC, a measure 
of habitat sharing between MRCs/counties, decreased by 
7981  km2 (Table S7), and the mean difference in optimal 
HP meff_CBC - meff_CBC decreased by 350  km2 (Table S8).

In 2015, road density was highest in the Papineau patch 
in Québec and the patch east of Washington County, New 
York, with road densities of 0.67 km/km2 and 0.66 km/km2, 
respectively (Table S9). The suitable HP west of Lanark 
County in Ontario had the lowest road density at 0.30 km/
km2 (Table S9). Suitable HPs with the highest primary and 
secondary road densities were the Warren-Washington patch 
in New York (0.06 km/km2), the Adirondack mega-patch in 
New York (0.07 km/km2), and the patch east of Washington 
County in New York (0.11 km/km2) (Table S9).

Functional connectivity

Although the number of least-cost corridors remained at 
fourteen, distances between suitable HPs increased (Fig. 2). 
The mean Euclidean distance between suitable HPs increased 
by 46 km (df = 16, p-value = 0.02, 95% CI = − 82.9 to 
− 9.9 km, Cohen’s d = 1.0); the mean cost-weighted distance 
increased by 2189 cost-weighted km (df = 16, p-value = 
0.01, 95% CI = − 3836.5 to − 541.8 km, Cohen’s d = 1.1); 
the mean least-cost path length increased by 63 km (df = 16, 
p-value = 0.01, 95% CI = − 110.6 to − 14.4 km, Cohen’s d 
= 1.0); and the mean effective resistance value increased by 
4997 Ohms (df = 17, p-value = 0.03, 95% CI = − 9331.0 
to − 663.7 Ohms, Cohen’s d = 0.9).

Pinch points were evident in most corridors; however, 
due to considerable suitable HP loss, the locations changed 
considerably between 2000 and 2015 (Fig. 3). When Cir-
cuitscape was run in the “pairwise” mode, we identified 
areas of high current flow as pinch points critical for move-
ment between pairs of suitable HPs. Of particular impor-
tance were pinch points located in the MRC Les Collines-
de-l’Outaouais in Québec; Leeds/Grenville, and Stormont/
Dundas/Glengarry counties in Ontario; and Jefferson, St. 
Lawrence, and Franklin counties in New York (Fig. 3b). 
When Circuitscape was run in the “all to one” mode, we 
identified areas of high current flow as pinch points critical 
for maintaining connectivity for the entire network of suit-
able HPs. Although there were considerably fewer pinch 
points produced by this method, the pinch point in MRC 
Les Collines-de-l’Outaouais, Québec, was still prominent, 
as was the pinch point in Stormont/Dundas/Glengarry, 
Ontario (Fig. 3d).

In 2000, six stepping stone patches were identified 
within the least-cost corridors connecting suitable HPs. 
In 2015, 5 stepping stone patches were identified (Fig. 2). 
Of particular importance was the patch shared by MRC 
Papineau and MRC Les Laurentides, Québec, as well as 
the patches in St. Lawrence County and Franklin County, 
New York (Fig. 2).

Proportion of habitat patches and least‑cost 
corridors under protection

In the A2L, 19% of suitable HP area, 22% of optimal HP 
area, and 9% of least-cost corridor area were protected by 
Canadian/United States government agencies and Nature 
Conservancy of Canada/The Nature Conservancy in 2015 
(Figure S2; Table S10). However, this protection was not 
evenly distributed across the study area. In the Québec por-
tion, 10% of suitable HP area, 11% of optimal HP area, 

Table 1  Changes in wolf suitable habitat patch (SHP) and optimal habitat patch (OHP) area  (km2) and proportion (%) between 2000 and 2015, 
at the scale of the study area and each provincial/state portion. Values in bold represent changes greater than 20%

Location SHP area in 2000 
 (km2)

Percent of land 
area in 2000 (%)

SHP area in 2015 
 (km2)

Percent of land area 
in 2015 (%)

SHP area 2015–2000 
 (km2)

Percent change 
2015–2000 (%)

Study Area 67878 53 49633 39 –18245 –27
Québec Portion 48047 82 34679 59 –13369 –28
Ontario Portion   5098 33     269   2   –4830 –95
New York Portion 14732 28 14686 28       –46   –0.3
Location OHP area in 2000 

 (km2)
Percent of land 

area in 2000 (%)
SHP area in 2015 

 (km2)
Percent of land area 

in 2015 (%)
SHP area 2015–2000 

 (km2)
Percent change 

2015–2000 (%)
Study Area 42516 33 35435 28   –7082 –17
Québec Portion 30996 53 24682 42   –6314 –20
Ontario Portion     439   3       40   0.3     –399 –91
New York Portion 11081 21 10712 20     –369   –3
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Fig. 2  Habitat patches and least-cost corridors (LCCs). a Habi-
tat patches in 2000, b habitat patches in 2015, c habitat patches and 
least-cost corridors in 2000, and d habitat patches and least-cost cor-

ridors in 2015. SHPs, suitable habitat patches; OHPs, optimal habitat 
patches; SSPs, stepping stone patches
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and 14% of least-cost corridor area were protected; in the 
Ontario portion, no suitable nor optimal HP area were pro-
tected, and only 2% of least-cost corridor area was pro-
tected; whereas in the New York portion, 76% of suitable 
HP area, 85% of optimal HP area, and 14% of least-cost cor-
ridor area were protected in 2015 (Figure S2; Table S10).

Discussion

Habitat amount

Wolf suitable HP area decreased by 27% and optimal HP area 
decreased by 17%. However, these declines in HP area were 
not equivalent to land cover loss. Natural land cover area 
(i.e., coniferous forest, deciduous forest, mixed forest, grass-
land, shrub, moss, herbaceous vegetation, and wetlands) only 
decreased by 1457  km2 (2%) within the A2L between 2000 
and 2015 (Cole et al. 2023b). Thus, the majority of HP area 
decline was due to suitable habitat becoming less desirable 
to wolves. In unprotected landscapes where mortality risk is 
high due to hunting and trapping, wolves can exhibit signifi-
cant avoidance behavior of up to 1 km from human activity 
(including human presence, development, agriculture, and 
roads; Singleton 1995, Paquet et al. 1996). Thus, each new 
kilometer of anthropogenic land conversion between 2000 

and 2015 created a 2  km2 area of degraded habitat, reduc-
ing the size as well as eliminating many suitable and opti-
mal HPs. The greatest amount of suitable and optimal HP 
area loss took place in the Québec and Ontario portions of 
the study area in response to increases in development and 
road network length. In the Québec portion, development 
increased by 833  km2 and the length of the road network 
increased by 7684 km; in the Ontario portion, development 
increased by 445  km2 and the length of the road network 
increased by 2380 km (Cole et al. 2023a, 2023b).

Although wolves have only been documented within 
the Québec mega-patch (Rogic et al. 2014; Mainguy et al. 
2017; Hénault 2019; ECCC 2021), we identified 8 additional 
(potentially unoccupied) suitable HPs, with the largest being 
the Adirondak mega-patch in New York. Our results sub-
stantiate earlier studies that identified suitable wolf habitat 
in the Adirondack region. We identified 14,732  km2 of suit-
able HP area within the New York portion in 2000. This 
agrees with estimates by Mladenoff and Sickley (1998) who 
reported 16,020  km2, and Harrison and Chapin (1998) who 
reported 14,618  km2 of suitable wolf habitat in the New 
York region. For 2015, we identified 14,686  km2 of suitable 
HP area in the New York portion, which was considerably 
smaller than the 22,847  km2 estimated by van den Bosch 
(2022). This discrepancy could be due to the differences in 
map resolution used (i.e., 30 m vs 1 km), and/or how the two 

Table 2  Changes in the 
effective mesh size between 
2000 and 2015 for suitable 
habitat patches (SHPs) and 
optimal habitat patches (OHPs), 
at the scale of the study area and 
in each provincial/state portion. 
Values in bold represent 
changes greater than 20%

Location SHPs 2000
meff_CUT   (km2)

SHPs 2015
meff_CUT   (km2)

SHPs 2015–2000
meff_CUT   (km2)

SHPs 2015–2000
meff_CUT  (%)

Study area 19,822 10,886    − 8937 − 45
Québec 39,216 20,205 − 19,012 − 48
Ontario    1200          5    − 1195 − 99.6
New York    3729    3714        − 15   − 0.4
Location SHPs 2000

meff_CBC  (km2)
SHPs 2015
meff_CBC  (km2)

SHPs 2015–2000
meff_CBC  (km2)

SHPs 2015–2000
meff_CBC (%)

Study area 29,842 17,485 − 12,357 − 41
Québec 60,638 34,484 − 26,154 − 43
Ontario    2189        11    − 2178 − 99.5
New York    3729    3714        − 15 − 0.4
Location OHPs 2000

meff_CUT   (km2)
OHPs 2015
meff_CUT   (km2)

OHPs 2015–2000
meff_CUT   (km2)

OHPs 2015–2000
meff_CUT  (%)

Study area    2342      681    − 1661 − 71
Québec    4889    1323    − 3567 − 73
Ontario          3          0.1          − 3 − 96
New York      198      167        − 31 − 15
Location OHPs 2000

meff_CBC  (km2)
OHPs 2015
meff_CBC  (km2)

OHPs 2015–2000
meff_CBC  (km2)

OHPs 2015–2000
meff_CBC (%)

Study area     2755      789    − 1967 − 71
Québec     5783    1555    − 4227 − 73
Ontario           3          0.3          − 3 − 92
New York       198      167        − 31 − 15
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Fig. 3  Pinch points in the least-cost corridors (LCCs). a Pairwise cur-
rent flow density in 2000, b pairwise current flow density in 2015, 
c cumulative current flow density in 2000, and d cumulative current 

flow density in 2015. SHPs, suitable habitat patches; OHPs, optimal 
habitat patches; SSPs, stepping stone patches
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regions were delineated (habitat patch area vs habitat area). 
The nine suitable HPs identified within the A2L ranged in 
size from 137  km2 to over 58,000  km2. It has been estimated 
that gray wolf populations require an area of at least 12,800 
 km2 for the persistence of an immigration-dependent popula-
tion, and over 25,000  km2 for a viable long-term independent 
population (USFWS 1992). Using these criteria, of the nine 
suitable HPs, only the Québec mega-patch is large enough to 
contain a viable long-term independent population, whereas 
the Adirondack mega-patch would be large enough to main-
tain an immigration-dependent population; the remaining 
seven suitable HPs would be considered sink populations. 
However, Fritts and Carbyn (1995) suggest that a protected 
area of at least 3000  km2 with a sufficient prey base would be 
adequate to maintain a viable population in complete isola-
tion; whereas Woodroffe and Ginsberg (1998) proposed that 
a critical reserve size of 766  km2 would be necessary for a 
gray wolf population to have a long-term viability of 50%. 
Under these criteria, both the Québec mega-patch and the 
Adirondack mega-patch would be large enough to contain 
viable long-term independent wolf populations.

Fragmentation

Habitat fragmentation increases the probability of encoun-
ters and conflicts with humans. This increased pervasiveness 
of human presence in more fragmented landscapes reduces 
the potential for wolves to be ecologically effective (Kuijper 
et al. 2016). Habitat fragmentation significantly increased 
throughout the study area. Similar to the declines in HP 
area, the majority of habitat fragmentation occurred in the 
Québec and Ontario portions of the A2L. This result cor-
relates with the increases in development and road network 
length in both regions (Cole et al. 2023a; 2023b). Although 
wolves can travel up to three times faster along tertiary roads 
and typically select these to increase prey encounter rates 
(Dickie et al. 2017; Muhly et al. 2019), primary and sec-
ondary roads contribute to habitat loss (due to avoidance 
behavior), increase mortality (due to collisions with vehi-
cles), and can act as complete barriers to movement (due 
to fencing and traffic) leading to resource inaccessibility  
(Forman and Alexander 1998; Benson et al. 2015, 2024). 
Thus, wolves generally select habitats with low road density 
(i.e., < 0.3–0.7 km of roads per  km2, with the density of 
primary and secondary roads being < 0.02 km of roads per 
 km2; Fuller et al. 1992; Wydeven et al. 1998; Rateaud et al. 
2001). In 2015, all suitable HPs had road densities higher 
than 0.3 km/km2, but less than 0.7 km/km2. However, the 
Lanark, Adirondack mega-patch, the Warren-Washington, 
and the East of Washington patches all had combined pri-
mary and secondary road densities ≥ 0.02 km/km2 which 
could deter wolf re-colonization of these habitat patches.

On the contrary, optimal HPs do not contain roads. In 
2015, there were 101 optimal HPs (total area of 35,435  km2; 
68 in Québec, 1 in Ontario, and 32 in New York). They con-
stitute the remaining large roadless areas > 70  km2. Large 
roadless areas generally represent relatively undisturbed 
ecosystems with high ecological value, making their safe-
guarding important for the preservation of biodiversity and 
ecosystem services (Ibisch et al. 2016). Other than the “2001 
Roadless Area Conservation Rule” which tentatively pro-
tects 236,700  km2 of roadless areas on U.S. National Forest 
System lands, there is no legally binding legislation in place 
to protect large roadless areas in Canada and the U.S. (Coffin 
et al. 2021). Consequently, large roadless areas are scarcely 
considered in regional land development and transportation 
infrastructure planning (Selva et al. 2015).

Functional connectivity

Functional connectivity (i.e., the ability to move between 
resource patches within a landscape; Lindenmayer and 
Fischer 2013) is crucial for facilitating dispersal events 
between fragmented habitat patches. Dispersing individuals 
maintain long-term viability of populations by colonizing 
new areas, re-colonizing sink populations, and maintaining 
genetic variation and gene flow within meta-populations 
(Gonzalez et al. 1998; Kokko and López-Sepulcre 2006; 
Crooks et al. 2017). Re-colonization of suitable habitat 
patches within the A2L will require functional connec-
tivity. However, functional connectivity is reduced when 
mortality risk outside of protected areas is high and habitat 
fragmentation increases the probability of encounters with 
humans. Between 2000 and 2015, functional connectivity 
among suitable HPs significantly decreased as measured 
by increases in mean Euclidean distance, mean least-cost 
path, mean cost-weighted distance, and mean effective 
resistance. Mean Euclidean distance increased directly, 
due to anthropogenic land conversion, and indirectly, due 
to the addition of avoidance buffers around these new land 
cover elements, which degraded adjacent habitat (i.e., habi-
tat patches were reduced in size or completely lost) and 
resulted in greater distances between suitable HPs in 2015. 
Increases in mean least-cost path, mean cost-weighted dis-
tance, and mean effective resistance were due to anthro-
pogenic land conversion, and the addition of avoidance 
buffers, which degraded adjacent habitat (i.e., increasing 
resistance values) and resulted in an overall increase in 
the cost of traveling between suitable HPs. Consequently, 
wolves in occupied sites in the Québec mega-patch will 
need to travel farther through less suitable habitat to re-
colonize unoccupied suitable HPs in the A2L, and the cost 
of traveling these distances will be higher. This reduced 
landscape-level connectivity may translate into longer time 
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spent and farther distances traveled in both human-modi-
fied and unprotected landscapes (i.e., increased mortality 
and interactions with humans) during the transience stage 
and an overall reduction in the probability of dispersal suc-
cess (Morales-González et al. 2022). This result suggests 
that protecting suitable HPs and the corridors that intercon-
nect them may be critical for successful dispersal (Chapron 
et al. 2014) and expansion of wolf populations in the A2L. 
These declines in functional connectivity are consistent 
with other large mammal species within the A2L (fisher, 
moose, and white-tailed deer; Cole et al. 2023b).

We identified fourteen least-cost corridors that intercon-
nected the suitable HPs in both 2000 and 2015. In 2000, 
these corridors did not exceed 100 km in length. However, 
by 2015, three corridors were longer than 100 km, and four 
corridors were longer than 200 km. Although wolves have 
been recorded dispersing distances of up to 800 km (Lin-
nell et al. 2005), typical dispersal events in the Great Lakes 
region range from 20 to 100 km (Treves et al. 2009). Thus, 
distance alone may reduce the probability of successful 
long-distance dispersal events within the A2L.

Long-distance dispersal events between occupied sites 
in the Québec mega-patch and unoccupied sites in the 
Ontario and New York portions will require wolves to cross 
multiple primary and secondary roads. Road mortality is 
the second highest source of wolf fatality after hunting 
and trapping (Hebblewhite and Whittington 2020; ECCC 
2021). Locations where least-cost corridors and pinch 
points intersect primary and secondary roads could be 
further evaluated as potential locations for wildlife passages 
and fencing to reduce mortality and increase landscape 
connectivity (Nussey and Noseworthy 2018; Spanowicz 
et al. 2020).

Wolves may also need to traverse at least one of two large 
rivers (i.e., the Ottawa and St. Lawrence Rivers). While both 
rivers are major deterrents to long-distance dispersal, they 
are not complete barriers for wolves. Sections of the rivers 
freeze in the winter months permitting crossing, with some 
locations less than 1 km wide (Koen et al. 2015; ECCC 
2023). Over the past 20 years, multiple wolves have been 
reported south of the St. Lawrence River, demonstrating 
that they are capable of crossing the rivers (Villemure and 
Jolicoeur 2004; McAlpine et al. 2015; Maine Wolf Coalition 
2024).

Proportion of habitat patches and least‑cost 
corridors under protection

Where wolves have been granted legal protection, they have 
been highly successful at re-colonizing their former range, 
even in human-dominated landscapes (Linnell et al. 2001; 
Chapron et al. 2014; Smith et al. 2016). However, wolf 

recovery in unprotected landscapes is extremely challenging 
due to high rates of human-caused mortality (i.e., hunting, 
trapping, and conflicts with humans) when they venture 
outside of protected areas (Rutledge et al. 2017; Benson 
et al. 2024). For example, hunting and trapping outside 
park boundaries accounted for ~ 62% of annual mortality 
of wolf populations in Algonquin Park, Ontario (Theberge 
et  al. 1996), and Benson et  al. (2014) found that wolf 
survival declined outside of Algonquin Park as hunting and 
trapping access increased. In Parc National de la Mauricie, 
Québec, Villemure and Festa-Bianchet (2002) found that 
88% of radio-collared wolf mortality occurred outside 
park boundaries. In Banff National Park, Alberta, wolves 
experienced up to 12.7 times higher daily risk of mortality 
when they ventured outside the park in winter during the 
hunting and trapping season (Hebblewhite and Whittington 
2020). Therefore, wolf expansion into the Adirondack region 
or other suitable habitats within the A2L is unlikely without 
the enactment of legislation to protect wolves outside of 
protected areas (Rutledge et al. 2017; Benson et al. 2024). 
However, despite legal protection in New York under the 
Endangered Species Act 1973 (NYS-DEC 2023a), all wolves 
that have been reported within the region were killed by 
hunters or trappers mistaking them for coyotes (Villemure 
and Jolicoeur 2004; McAlpine et al. 2015; Maine Wolf 
Coalition 2024). Consequently, since wolves and coyotes are 
almost indistinguishable without genetic assessment (Vilaça 
et al. 2023), wolf expansion in the A2L would necessitate 
protection of both wolves and coyotes within the region. A 
similar ruling was passed in North Carolina to protect the 
critically endangered red wolf (Canis rufus) from mistaken 
identification by coyote hunters and trappers (Murray et al. 
2015). Thus, identifying and protecting large areas of 
suitable habitat with sufficient prey density and ecological 
corridors that interconnect them would provide the greatest 
potential to maximize the ecological role that wolves play in 
ecosystem structure and function, while expanding the range 
and number of wolves in the region.

Only large protected areas reduce mortality risk for 
wolves when human-caused mortality is high within adja-
cent landscapes (Larivière et al. 2000; Benson et al. 2024). 
However, most protected areas are simply too small to sup-
port viable populations of large-ranging species (Pimm et al. 
2014; Williams et al. 2022). For example, in 2015, 14,605 
 km2 (19%) of suitable HP area was protected, comprising 
1056 Canadian/United States government sites and 381 
Nature Conservancy of Canada/The Nature Conservancy 
sites. However, the average Canadian/United States gov-
ernment-protected area size was 13.3  km2, and the average 
Nature Conservancy of Canada/The Nature Conservancy-
protected area size was 5.6  km2. With the average regional 
wolf home range size being ~ 182  km2 (Potvin 1988; 
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patches and pinch points within corridors to facilitate move-
ment between suitable HPs; (7) determine priority locations 
for wildlife crossing structures to reduce road mortality and 
increase landscape connectivity; (8) maintain riparian access 
to ensure connectivity across waterways; and (9) although 
prey densities within the nine suitable HPs are adequate to 
accommodate wolf populations presently (Boucher et al. 
2004; Hinton et al. 2022; NYS-DEC 2023c; Ontario 2023b; 
Rosenblatt et al. 2023), monitor prey densities as wolves 
re-colonize these locations.

However, to facilitate wolf recovery within the A2L, 
either the protection of suitable habitat patches and cor-
ridors or the legal protection of both wolves and coyotes 
within the suitable habitat patches and corridors will be 
required to ensure that wolves are not harvested as they 
disperse and colonize new locations. This will necessitate 
collaborative and coordinated transboundary conservation 
between Québec, Ontario, and New York. However, beyond 
protecting habitats, corridors, and species, expansion and 
persistence within the A2L will ultimately depend on the 
willingness of humans to share the landscape with the wolf 
(van den Bosch et al. 2022).
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Loveless 2010; Benson and Patterson 2015), and the area 
required to accommodate a viable long-term independent 
population being 25,600  km2 (USFWS 1992), protected area 
sizes within the A2L are thus orders of magnitude too small, 
requiring wolves to inhabit large areas of unprotected land 
where hunting and trapping are permitted.

In 2015, the proportion of suitable and optimal HP area 
under protection was not evenly distributed across the A2L 
study area. While 10% of suitable HP area and 11% of opti-
mal HP area were protected in Québec, zero suitable and 
optimal HP area were protected in the Ontario portion where 
the losses have been most pronounced. This was in stark 
contrast to the 76% of suitable and 85% of optimal HP area 
protected in the New York portion. This much more sub-
stantial amount of protection explains the stability in habitat 
amount and habitat fragmentation in the New York portion 
between 2000 and 2015. The amount of habitat patch area 
protected was considerably higher than the amount of cor-
ridor area protected. This result highlights the necessity to 
not only establish new and expand existing protected areas 
within the A2L, but also to restore and protect connectivity 
corridors between them (Hilty et al. 2020).

Conclusion

Although land conversion has diminished habitat amount, 
increased habitat fragmentation, and eroded functional con-
nectivity between 2000 and 2015, we identified nine suitable 
HPs in the A2L, with the Québec and Adirondack mega-
patches having the potential to accommodate long-term 
viable wolf populations. We also identified 14 least-cost 
corridors that interconnect the suitable HPs that have the 
potential to facilitate long-distance dispersals. However, with 
the region under high development pressure from a diver-
sity of economic sectors (including agriculture, forestry, and 
urban development), it is unlikely that habitat loss and habitat 
fragmentation will subside without considerable conservation 
intervention.

Based on our findings, we propose the following nine 
recommendations to recover wolf habitat and functional con-
nectivity within the A2L: (1) Commence extensive habitat 
restoration and protected area expansion, predominantly 
within the Québec and Ontario portions; (2) within the suit-
able HPs, maintain primary and secondary road density 
below 0.02 km of roads/km2 and total road density below 
0.7 km of roads/km2; (3) avoid transportation development 
within the 101 optimal habitat patches that were identi-
fied as the last remaining large roadless areas; (4) develop 
collaborative conservation strategies to ensure that cross-
border habitat patches, shared by multiple MRCs/counties, 
remain intact; (5) enhance and protect connectivity corridors 
between suitable HPs; (6) expand and protect stepping stone 
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