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ABSTRACT. Connectivity among the resource patches that provide the wildlife with essential habitat is critical to their survival, but
highways and other anthropogenic developments commonly impede wildlife movement. The purpose of this study was to identify suitable
locations for highway crossing structures for wildlife movement in a fragmented landscape. Functional connectivity was modeled using
human footprint data over a regional landscape in western Canada. A graph-theoretic approach was employed to identify corridors, linkage zones, and the locations where wildlife species cross the highways. A betweenness centrality model was used to compute the shortest
path, current flow, and network flow of movements across various landscape lattices. The shortest path model identified a set of geodesic
paths to connect the resource patches, the current flow model identified a number of movement zones around the resource patches, and
the network flow model identified linkage zones in the network. Finally, a composite of the outputs was used to identify suitable locations
for highway crossing for maintaining wildlife movement on the landscape.
Keywords: landscape ecology, landscape connectivity, protected area, wildlife movement, graph theory, betweenness centrality

1. Introduction
Anthropogenic activities often cause fragmentation of landscapes hindering the movement of wildlife among resource
patches that the wildlife requires for survival and growth (Lindenmayer and Fischer, 2007; Hobbs et al., 2008; Giulio et al.,
2009). Urban fringe growth is one example that negatively alters native wildlife habitats (Hansen et al., 2005) and road is
another that contributes to impairing pathways for wildlife movement by landscape fragmentation (Clevenger and Waltho, 2005;
Rudnick et al., 2012; van der Grift et al., 2013; Gurrutxaga and
Saura, 2014). The establishment of protected areas (e.g., parks)
helps lessen the regional impact of anthropogenic activi-ties
and contributes to maintaining biodiversity (Petsas et al., 2020).
However, wildlife movement to and from areas near to the protected areas is also impeded by roads and other anthropogenic
features that intersect the wildlife pathways and movement
zones. To that end, methods to locate and mitigate impaired corridors and linkage zones are essential to designing land-use
frameworks, conservation policies, and management practices
for wildlife movement as well as the optimal functionality of
the protected areas (Swingland and Greenwood, 1983). The
purpose of this study is to identify a suitable approach to miti*
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gate anthropogenic barriers to reconnect the essential corridors
and linkage zones for wildlife movement.
A landscape connectivity approach has been applied to the
development of planning and managing conservation strategies;
and specifically, to identify corridors and linkage zones that connect fragmented patches of landscapes (Rudnick et al., 2012).
Landscape connectivity is a field of inquiry that examines the
ecological flow among biotic and abiotic components of a landscape (Merriam, 1984; Taylor et al., 1993). Specifically for wildlife, examining structural and functional connectivity of landscape
patches to understand movement, dispersal, and migration has
become common among scholars and conservation managers
(Tischendorf and Fahrig, 2000). This examination is important
to reduce the impact of anthropogenic development on wildlife
ecology, and in general, to formulate effective wildlife conservation and management strategies (Carroll et al., 2012; Huber
et al., 2012; Mitchell et al., 2013). However, scholars are yet to
reach an agreement on the methods to address the issue of species
of interest and scale of the landscape analysis (Cadavid-Florez
et al., 2020; Petsas et al., 2020).
In connectivity research, scholars generally use the least
cost approach and circuit theory to identify corridors and linkage zones (Marrotte and Bowman, 2017; Petsas et al., 2020).
The least cost approach assumes the traveler has a complete knowledge of the landscape, and this approach identifies pathways to
reduce cost (distance) to reach a destination (Carroll et al., 2012;
Rudnick et al., 2012). Circuit theory assumes that the traveler
has no knowledge of the entire landscape but the next step of a
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journey, and it models a random walk and identifies a favorable
patch (Carroll et al., 2012; Petsas et al., 2020). The least cost
metrics generate shortest paths by summing up the minimum
costs required to connect the resource patches, and the circuit
theoretic models produce current maps based on the probabilistic
values of the surface of conductance (Avon and Bergès, 2016;
Marrotte and Bowman, 2017; Petsas et al., 2020).
Although these approaches are suitable for network design
and land use planning at regional level, effective decision-making
for local level conservation management requires the modeling
approach capable of addressing finer level details (CadavidFlorez et al., 2020). In designing and planning wildlife corridors,
the least cost and current flow approaches produce multiple pathways that require further investigations to identify the most suitable pathways (Gurrutxaga and Saura, 2014; Zhang et al., 2019).
In addition, practical implementation of a corridor design requires
analysis of the within-patch connectivity and a feasibility study;
for instance, installing highway crossing requires analyzing finer
level patch characteristics and adjacent site characteristics (van
der Grift et al., 2013; Spanowicz and Jaeger, 2019).
To address these problems and to identify strategies for a
finer level local conservation management, this study proposes
a composite approach where the least cost model, the current
flow model, and the network flow model are combined to ascertain a feasible solution. Using a composite approach is beneficial because it addresses multiple species, i.e., species of larger
spatial range that likely have more knowledge of the larger landscape and also species of smaller spatial range that likely have
less knowledge of the larger landscape. A composite approach
also helps to narrow down from multiple options to a set of feasible connectivity solutions. Finally, with a composite approach,
the output produced in one method cross validates the output
produced in another method. This study applies a social ecological approach to model movement of multiple species and finds
that a composite approach is especially effective at local scale
where native land is under constant demand of human modification, where land price is high, and where public land is scarce.

2. Modeling Landscape Connectivity in and around
A Protected Area
Maintenance of landscape connectivity requires an understanding of ecological relationships among heterogeneous components, including the activities of humans, within the landscape
(Daily et al., 1997; With et al., 1997; Millenium Ecosystem
Assessment, 2003). Protected areas are often designed to reduce
the negative impact of human activities, but many species require
connected landscapes around a protected area to maintain their
dispersal (Government of Canada, 2000; Zhang et al., 2019).
Species dispersal involves movements from one resource patch
to another (Baguette et al., 2013), and during this movement
the species interact with the landscape in terms of speed and direction (Forman and Godron, 1986). As many wildlife species
require a substantial area to maintain their life history requirements, they often move through human-dominated land parcels
requiring them to cross roads and highways. Their movement

can be initiated from anywhere in a resource patch (e.g., native/
natural areas of a landscape), and the movement may also require the use of suboptimal habitat (may be for a short term),
especially in the highly altered anthropogenic landscapes (Hubera et al., 2012; Baguette et al., 2013). Anthropogenic developments including roads around a protected area often impede
their movement, especially by fragmenting large native patches
into multiple smaller patches (Lindenmayer and Fischer, 2007;
Hobbs et al., 2008; Giulio et al., 2009).

Figure 1. Simple graph: (a) no weights on vertices but
expressing directions, (b) different weights on the vertices and
edges but expressing no directions.
In order to reconnect fragmented landscapes structurally
(spatially), researchers and conservation managers use a variety
of conservation measures including road mitigation measures.
Among the road mitigation measures, highway crossings are
typically installed to facilitate wildlife movement across species
dispersal areas. These mitigative structures require significant
financial investment. The design and placement of such structures to maximize connectivity and minimize construction cost
are critical (Clevenger and Waltho 2005; Olsson et al., 2008;
van der Grift et al., 2013). There are many factors that affect
mitigation performance including range of human activity, density of crossing structure, and species’ perception of access to
a crossing (Clevenger and Waltho, 2005). There are also species
specific and guild considerations. With regards to that, scholars
find that ungulate movement occurs more during the night, animals generally require time to adopt the structure, movement is
influenced by traffic volume (Olsson et al., 2008), and so on.
In order to address these factors, researchers have developed
criteria to design mitigation measures (van der Grift et al., 2013;
Gurrutxaga and Saura, 2014). Most important among those
measures are: 1. Determining species of interest, 2. Determining
scale of study based on the species range, 3. Analyzing the
topology of the location around the fragmented area, 4. Considering the effective distance between habitat patches, 5. Considering the distance between other crossing structures, and 6. Taking account of population size of the species.
Understanding structural connectivity is not enough to address dispersal requirements of many species (Baguette et al.,
2013). Functional connectivity — the degree to which species
are connected to the landscapes for their biological requirements
and for their role as a component of the ecosystem — must also
be considered. To understand functional connectivity, spatially
explicit population models (SEPM) are often employed (Bailey,
2007). However, SEPMs are complex in terms of the variables
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and data required and in terms of the interactions between the
model components (Jepsen et al., 2004). SEPM may fail to address
unknown parameters that affect the model output (Harrison et
al., 1993). A focal species approach identifies linkages for species
of interest (often large carnivores with the greatest connectivity
area requirements) that act as an umbrella for other species (Bailey, 2007; Koen et al., 2014). However, effective conservation
requires comprehensive considerations of wildlife’s foraging
behavior, movement characteristics, minimum area requirement,
and species with requirements that may not fall under the assumptions of the umbrella approach (Baguette et al., 2013; Petsas et
al., 2020). Producing a combined connectivity model for multiple focal species might better represent the whole community
(Petsas et al., 2020). A multispecies approach is also feasible
because it uses a general cost surface for a suit of species, it is
more cost effective, and it can offer efficient land-use decision
making (Koen et al., 2014).
Researchers commonly use the shortest path, current flow,
and network flow metrics in connectivity modeling. The shortest path modeling uses the minimum sum of consecutive cost
surfaces to identify the connectivity between two patches (Adriaensen et al., 2003; Brandes and Erlebach, 2005; Rudnick et
al., 2012). The cost surface can be any resistance or frictional
attribute (e.g., human footprint) for a specific species or wildlife in general (Beier et al., 2009). In the current flow method,
probabilistic flow is searched over all possible paths across the
landscape (Carroll et al., 2012). The algorithm used in this method
is like the electrical-circuit theory applied on the landscape as
though it is a conductive surface (Brandes and Erlebach, 2005;
Newman, 2005; Rudnick et al., 2012). Similar to the electrical
network, a traveler from a source node passes through an intermediate node with a probability proportional to the weight of
the corridor it uses to connect the nodes (Carroll et al., 2012).
The network flow methods (minimum cost maximum flow and
maximum flow) are used to identify user-defined optimal flow
from probabilistic possible paths (Carroll et al., 2012). The
minimum cost maximum flow approach identifies the nodes that
contribute to maximize the flow by keeping the cost as minimum
as possible; whereas maximum flow does not consider any cost
but maximizes the flow between the source and target nodes
(Freeman et al., 1991; Ahuja et al., 1993; Brandes and Erlebach,
2005).
However, the shortest path model is not necessarily an alternative of the current flow model because they produce similar results only when species dispersal range is high (Avon and
Bergès, 2016) and when spatial resolution of the modeling is
high (Marrotte and Bowman, 2017). Avon and Bergès (2016)
find that when dispersal range is over 1,000 m, these two approaches continue to produce similar output, but for small dispersal range, they produce different linkages. They also find
that the nodes with high permeable values produce wider shortest paths and lower permeable values produce narrower shortest paths. Shortest path models are sensitive to the number of
pixels and Euclidian distance between source and target (Marrotte and Bowman, 2017). Data aggregation — thematic (e.g.,
aggregation of cost score) or spatial (e.g., using subset of source
and target nodes and applying that for all nodes in the landscape)
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— tends to influence the current flow model more than the shortest path model (Marrotte and Bowman, 2017). As the number
of pixels increases and the level of aggregation increases, these
models tend to converge. So, the shortest path model cannot replace the current flow model when the species of interest have
small dispersal range and when finer level data representing
highly fragmented landscape with important details of private
properties are in use. For this type of context, this study proposes
a composite approach that combines output from the shortest
path models and the current flow models. Additionally, the network flow model is combined to produce a final composite model. A composite approach is useful because the models in it together can balance out the effect of the biases or the shortcomings identified above, i.e., permeability value, grain size of the
landscape, Euclidian distance, and the level of aggregation.
Graph theory, combined with the least cost, current flow,
and network flow models, produces effective results to help predict the ability of wildlife to move through a landscape (Galpern et
al., 2011; Rudnick et al., 2012). It considers a landscape as a
set of nodes and edges, and examines the flow of resources across
the nodes through the edges (Urban and Keitt, 2001). A graph
is a representation of a set of objects and their connectivity (Figure 1). The objects are called vertices or nodes. The links that
connect the objects are called edges or arcs. The degree of connectivity is represented by the strength of the edges and that of
the objects. With assigning respective landscape attributes to
the nodes and edges of a landscape, computer-aided connectivity
modeling is conducted to assess the relative importance of each
node in a network (Carroll et al., 2012). This approach produces
a number of outputs including the identification of critical zones
for wildlife activities and shortest paths for the species to move
from one resource patch to another. In connectivity modeling,
graph theory is used to identify the functional relationship among
the nodes (Urban and Keitt, 2001; Zetterberg et al., 2010; Galpern
et al., 2011). Such modeling can contribute to understanding
qualitative aspects of landscape planning and management that
are necessary for effective decision making on mitigation measures (Scolozzi and Geneletti, 2012).
In this study, landscape connectivity is modeled to identify
corridors and linkage zones for relatively large, mobile mammals in and around a protected area, Glenbow Ranch Provincial Park, in western Canada. Given the discussion above, this
study employs a multispecies approach and adopts a study area
relevant to the dispersal range of the species in the protected
area. To do the modeling, the following operationalization and
assumptions are used: Corridors are areas that species use to
move from one favorable patch to another. Linkage zones are
wider than the corridors and also provide animals with resources for a temporary stay to maintain inter-zonal connectivity. To identify corridors and linkage zones, the researchers
assume that wildlife movement can be initiated anywhere in the
landscape and movement can freely occur across the natural
landscapes (Huber et al., 2012). Among human-dominated landscapes, roads, mining sites, and settlements are examples of
potential barriers (or friction) to movement. Wildlife species
move across favorable land parcels, and distance remains their
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Table 1. Habitat Permeability and Cost for Wildlife Movement
Land Use Category (% of study area)
Native/natural (40.91)
Urban & rural features (16.90)

Industrial & resource extraction features
(1.41)

Hard linear features (1.71)
Soft linear features (0.57)

Vegetated roads, verges, and ditches
(3.80)
Human-created water bodies (0.68)

Cultivation (33.86)
Managed forest (0.16)

Foot Print Name
Urban
Rural (Residential/Industrial)
Other disturbed vegetation (urban/rural greenspace)
High density livestock operation
Industrial site rural
Mine site
Well site
Rail and hard surface
Road and hard surface
Pipeline
Transmission line
Seismic line
Road/trail (vegetated)
Rail and vegetated verge
Road and vegetated verge
Reservoirs
Borrow-pits/dugouts/sumps
Municipal (water and sewage)
Canals
Cultivation (crop/pasture/bare ground)
Cut blocks

cost function (Huber et al., 2012). If the disperser species have
knowledge about the landscape, they use shortest paths to move
across source patches and target patches (Huber et al., 2012).
On the other hand, if the dispersers do not have knowledge of
the landscape, they attempt to find the favorable patch in the
next step of a journey (Huber et al., 2012). In a fragmented
landscape, unfavorable patches can hinder species movement.

3. Methods
3.1. Context
The research was situated within the Calgary metropolitan
area (i.e., Calgary region) of Alberta, Canada. The study area was
bounded by three major highways and one primary road viz.,
Highway #567 in the north, Highway #1 in the south, Bearspaw
Road in the east and Highway #22 in the west. The study area
was 33,405 ha and is situated within three management jurisdictions: Rocky View 44 Municipal District, Town of Cochrane,
and Glenbow Ranch Provincial Park (GRPP). The core of the
study area was the GRPP, which is located northwest of the city
of Calgary on the south side of Highway #1A between Cochrane
and Calgary. Situated in a location surrounded by developed or
developing residential area with some agriculture, GRPP has a
strategic role to play in maintaining regional biodiversity. GRPP
is also a popular recreational area because it is only a 15 ~ 60
minutes’ drive from any part of Calgary or Cochrane. The park
has an area of 1,334 ha consisting of rolling foothills with forested parklands and native fescue grasslands. The Bow River flows
along the southern side of the park while the Highway #1A runs
along the northern side. The surrounding land-use of the park is
characterized by sporadically developed residential areas and

Permeability Score
100
20
40
70
0
0
0
0
0
0
10
20
50
80
60
60
50
0
0
60
50
70

Cost Score
0
80
60
30
100
100
100
100
100
100
90
80
50
20
40
40
50
100
100
40
50
30

farmlands. The expected land-use trajectory is for greater urban
and rural residential development in the Calgary-Cochrane corridor.
3.2. Data
For modeling, this study utilizes human footprint land-use
data (Alberta Biodiversity Monitoring Institute, 2010) where
each parcel of land represents the degree of disturbance for
anthropogenic use in terms of transformation of naturalness.
The naturalness of the landscape parcels is self-explanatory
from the category it represents; but for quantification, an expert
rated score is used for making a ranking of the landscape features (Table 1). The group of experts consisted of professors
and post-doctoral fellows from the School of Architecture,
Planning and Landscape at the University of Calgary and
practitioners of ecological applications from Miistakis Institute
(www.rockies.ca). Land-use types that were completely changed into a different type, and where the native ecosystem was
totally transformed received a permeability score of zero and
cost score of 100 (see Koen et al. (2014) for similar cost scoring
method). For instance, industrial & resource extraction features
and hard linear features have no permeability for wildlife movement. The least transformed was native/natural features and the
highest transformed features included highways, mining sites,
and the like. The value of ‘zero’ for cost and permeability was
replaced by ‘one’ in the Connectivity Analysis Toolkits (CAT),
the computer program that was used for computation, to avoid
antifriction of the flow over the landscape surface. Two types
of costs were considered for species movement: distance and
the level of transformation. In the modeling, the landscape data
were converted into equal sized (four hectares each) hexagonal
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nodes, and each node was assigned with a permeability and cost
score it represents. The hexagons that fell at the edge of a polygon received the score from the polygon that contained the
greater portion of that hexagon. In the study area, there were
8,362 hexagons. The connectivity modeling was conducted for
two sets of source and target data. One set was a randomly
generated 50 hexagons and another was every hexagon in the
study area. Both sets were used for shortest path approach and
current flow approach. Because of computational infeasibility,
only randomly selected nodes were used for the minimum cost
maximum flow and maximum flow approaches.
3.3. Computer Program and Metrics Used
The computer program, Connectivity Analysis Toolkits
(CAT) developed by Carroll et al. (2012) (www.klamathconservation.org), was used in this study to run the shortest path,
current flow, and network flow models for identifying predictive species dispersal. The shortest path method was employed
to identify corridors, and the minimum cost maximum flow
method to identify linkage zones in the network. As the shortest
path method assumes that species have a perfect knowledge of
the landscape, the shortest path method connects source and target patches considering distance as the cost function. The minimum cost maximum flow method identifies corridors that maximize the flow between the source and target patches by keeping the cost (distance and resistance) as low as possible. With
the current flow and maximum flow methods, the zones where
the species originate are identified. As the current flow method
assumes that dispersers have no knowledge of the path one step
ahead of them (Newman, 2005), this model identifies a set of
zones consisting of favorable land parcels with different levels
of conductance. The maximum flow model identifies the zones
that contribute to maximize the flow of species movement assuming that the species do not have any knowledge of the barriers. Finally, the outputs from these four metrics are combined
and compared to assess landscape connectivity for the study area.
3.4. Graph Theoretic Betweenness Centrality
A graph theoretic betweenness centrality measure was applied in this study to predict corridors and matrices for wildlife
movement. Betweenness centrality measures take account of
the relative importance of a node to appear in between a source
and a target node. The model provided a betweenness centrality
value for each node for each method (for more on the graph
theoretic metrics and centrality values, see Brandes and Erlebach
(2005), Newman (2005), and Carroll et al. (2012)). With the
shortest path method, each node produced a value based on the
count of the shortest paths where that particular node is involved divided by the total shortest paths in the network as in
Equation (1) (Brandes and Erlebach, 2005). That is why the
value of a node for subset method (50 source and target nodes)
was greater than that for an all-pair method (8,362 source and
target nodes) (Table 2).
The equation to compute shortest path betweeness centrality CB for a node v is:

107

CB  v  

  s, t v 
s , tN   s, t 



(1)

where N is the set of nodes, σ (s, t) (s = source, t = target) is the
number of all shortest paths, and σ (s, t | v) is the number of
those paths passing through the node v other than (s, t) such that
s = t, σ (s, t) = 1, σ (s, t | v) = 0, or v  s, t.
In the current flow model, betweenness centrality of a
node is the net number of times that a random walk starting at
the source and ending at the target passed through that node,
averaged over all sources and targets as in Equation (2) (Brandes
and Erlebach, 2005; Newman, 2005). Similar to the shortest
path, the value of subset centrality for the current flow was
greater than the value of all-pair centrality. The subset models
closely matched the all-pairs models. The subset methods and
all-pairs methods were strongly correlated: r2 = 0.61 and 0.65
for the shortest path and current flow model, respecttively. The
net flow of random walks through a vertex, i in the network is
computed by the following equation (Brandes and Erlebach,
2005):

bi 

 I  st 
s t

i

1
n  n  1
2

(2)

where n = number of nodes involved as source (s) and target (t),
and Ii (st) = the flow of random walk starting at s and ending at
t through node i:

I i  st  

1
 Aij Vi  st   V j  st 
2 j

(3)

where Aij = Adjacency matrix between i and j, and Vi – Vj = the
net flow of the random walk along the edge from j to i:

V   Dt  At   s
1

(4)

where Dt = degree matrix, At = adjacency matrix, and s = a
source vector with the following elements: si = +1 for i = s, –1
for i = t, 0 otherwise.
In the network flow models (the minimum cost maximum
flow and the maximum flow), the amount of total flow (i.e.,
capacity or permeability score) that must go through a node is
divided by the maximum flow between a source and a target
(Freeman et al., 1991; Brandes and Erlebach, 2005). In the minimum cost maximum flow, each node was given a cost value
(e.g., human footprint score). In the maximum flow model, there
was no cost for a node, but the model maximized the flow based
on permeability score. Maximum flow betweenness centrality
for a vertex Cmf(v) is calculated by the following Equation (5).
For minimum cost maximum flow, betweenness centrality is
computed with the same equation but each edge has a nonnegative cost value and a maximum capacity (Brandes and
Erlebach, 2005):
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Table 2. Ranking Method for Centrality Values of the Modeling Outputs
Rank (natural break)
None/very low
Low
Moderate
High
Very high

Cmf  v  



s , tN
v  s ,t
f st  0

f st  v 
f st

Shortest Path
Subset
Centrality
0

Shortest Path
All-Pair
Centrality
0 ~ 0.005154

0.000000001 ~
19.6093750
19.6093751 ~
36.4548340
36.4548341 ~
65.5061035
65.5061036 ~
130.0

0.005155 ~
0.015546
0.015547 ~
0.031402
0.031403 ~
0.054535
0.054536 ~
0.123137

Current Flow
Subset
Centrality
0.070720 ~
7.492971
7.492972 ~
12.218765
12.218766 ~
17.52552
17.52553 ~
25.884816
25.884817 ~
49.323326

(5)

where fst(v) = the amount of flow which must go through v, and
fst = the maximum flow between s and t in the network with
respect to capacity constraints and balance conditions.
With the above equations, the centrality values for each
metric was derived. For ease of understanding, the centrality
values were categorized into five groups ranging from ‘very
low’ to ‘very high’ (Table 2). Jenks natural breaks method (Jenks,
1967) was used to group the data. In Jenks natural breaks, the
deviation within a class is kept as low as possible from the class
mean; whereas, deviation from each class mean is kept as maximum as possible. To analyze connectivity of a node, its centrality value was examined vis-à-vis the landscape feature it represents. For spatial analysis, the attributes of the landscape feature
were recorded on the centroid of a node — a centroid falling in
a particular GIS polygon received the attributes of the respective landscape features of that polygon.
3.5. Model Validation
To validate the model outputs, road-killed wildlife data
and remote camera wildlife data collected in 2013 ~ 2014 were
used. The road-killed wildlife data was a one-year record of
road-killed species on Highway #1A and Highway 22 of Alberta. To record the road-killed data, the highways were divided
into one-kilometer segments and the road-killed information
for each segment was entered. Then, the researchers observed
whether the segments that were crossed by the modelled corridors and linkage zones were also used by the wildlife species
(for more on road-kill studies, see Koen et al. (2014) and Girardet et al. (2015)). The minimum cost maximum flow model best
corresponded to the road-kill data. There was 35%, 43%, and
63% of highway segments that had a road-kill record corresponded to the subset based shortest paths, the all-pair based
shortest paths, and the subset based minimum cost maximum
flow linkage zones, respectively. Because of the limitation of
historical road-killed data, the percentage of correspondence
was low. Secondly, to validate connectivity results for within
the park, wildlife camera data was used that came from 41 cam-

Current Flow AllPair Centrality
0.000143 ~
0.005878
0.005879 ~
0.008937
0.008938 ~
0.011295
0.011296 ~
0.013914
0.013915 ~
0.018833

Minimum Cost
Maximum Flow
Subset Centrality
0 ~ 34369

Maximum Flow
Subset Centrality
0 ~ 6926

34370 ~ 108160

6927 ~ 42589

108161 ~ 212366

42590 ~ 89488

212367 ~ 384874

89489 ~ 149550

384875 ~ 851214

149551 ~ 647710

eras (Reconyx) installed in the GRPP. The frequency of species
sightings was divided by the number of days of camera operation to get a relative frequency. After that, the data was extrapolated based on an ArcGIS inverse distance weighted (IDW)
method. The IDW was used assuming that sightings were likely
to occur more around the locations of higher sightings than the
locations that were farther away from the higher sighting locations. Comparing the extrapolated layer of species sightings with
the modeling outputs, the researchers found that the direction
of the species corresponded to the model based direction of the
corridors. Again, the modeled corridors were found to be connecting all the high-frequency camera locations in the park.

4. Results
Each model in this study connected the source and target
nodes in the network using either shortest paths or optimal zones
(Figure 2). The shortest path model identified several geodesic
shortest paths basically connecting the highly permeable landscape features. The current flow model identified a number of
conductive zones basically occurring around the shortest paths,
similar to what Carroll et al. (2012) found. Both in subset pairs
and all-pairs, shortest paths connected the strong centrality
zones produced by the current flow method. The minimum cost
maximum flow model identified a number of paths wider than
that identified by the shortest path model connecting the highly
permeable areas (e.g., native/natural areas) in the network. The
shortest paths were found to be traveling through the middle of
the minimum cost maximum flow paths. The maximum flow
model maximized the flow between the source and target nodes.
Similar to the current flow model, the maximum flow model
produced a number of zones of different levels of centrality values. The shortest paths connected not only the current flow conductive zones but also the strong centrality nodes identified by
the maximum flow model. The zones identified by the current
flow model were also connected by the wider paths identified
by the minimum cost maximum flow model. As such, the outputs produced by these four metrics were complementary to
each other.
However, there were also some noteworthy differences. If
the wider paths identified by the minimum cost maximum flow
model is considered as single paths, they connected the current

108

M. S. Islam et al. / Journal of Environmental Informatics Letters 6(2) 103-113 (2021)

flow zones using fewer amounts of paths than the shortest paths.
The difference of outputs between the minimum cost maximum
flow and the maximum flow was also significant. With presence
of cost, the minimum cost maximum flow method identified
narrow strips (of course, wider than the shortest paths). In contrast, with absence of cost, the maximum flow model identified
a number of zones that fell in between the source and target
nodes to maximize the flow. Unlike the current flow, the maximum flow identified the zones that were not necessarily concentrated around the native/natural areas.

Figure 2. Results of connectivity modeling: (a) identified a
set of geodesic corridors, (b) identified zones with multiple
degrees of permeability, (c) identified wider paths which are
defined as linkage zones, and (d) identified permeable zones
without considering any resistance.
The results that each model produced separately helps understanding important aspects of landscape connectivity (Table 3).
For example, to connect the native/natural features in the study
area, the shortest path subset model identified 5.34% of nodes
as corridors that had high or very high centrality. Of this 5.34%,
4.48% fell under native/natural features and the rest fell under
anthropogenic features. It implies that 0.86% anthropogenic land
areas (i.e., 287.3 ha) will have to be taken under consideration
to establish connectivity within the study area. This land amount
is 3.12% identified by the minimum cost maximum flow method;
however, this method identified linkage zones, which are wider
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than the corridors. Again, the current flow subset model included 18.57% anthropogenic land area as the areas that had moderate to very high level of conductance; and two fragmenting
roads (Highway #1A and Highway #766) were included within
the conductance zones, implying that highways and other human
dominated lands are included within the species movement zones.
Finally, the maximum flow model considered the cost to be the
same for all nodes; therefore, identified a hypothetical situation
where there were no barriers. In the maximum flow method, a
very high level of centrality was identified to be concentrated
more on the northern side of the Highway #1A, implying that
if there were no cost (say, no highway), wildlife movement
would have occurred more on the northern side of GRPP.
In order to delineate the zones of wildlife movement around
GRPP and identify existing barriers, the researchers examined
the landscape around GRPP. Ungulates and meso carnivores
such as mule deer, white-tailed deer, moose, coyote, and red
fox (which are native to the study area) have an average home
range between one and five sq. km, and a seasonal range between one and 15 sq. km to meet their annual life history requirements (Peterson, 1950; Lynch and Morgantini, 1984;
Bekoff and Wells, 1986; Gerlach et al., 1994; Cavallini, 1996;
Walter et al., 2009). Based on this information, two-kilometer
buffer rings were established around GRPP to identify where
the barriers of movement were most acute. Highway #1A was
located within the inner 2 km buffer. The edge of Calgary and
Cochrane fell in the second ring (i.e., within four km) of the
buffer from GRPP. The Trans-Canada highway is located within six to eight km distance from GRPP. This analysis implies
that, there were major barriers to species movement on every
side of GRPP. Thus, highway crossing remains as one of the
critical factors for maintaining species movement from south
to north in the study area. Highway #1A dissects the study area
into an area of 152.2 sq. km in the north and an area of 168.9
sq. km. up to Highway #1 in the south. Species have an area of
142.7 sq. km. in the south to move without facing any barrier
like highways. In the north, however, Highway #1A is within
two kilometers and the species have to face this major barrier
to move to/from north. Maintaining connectivity to the northern side for the species of GRPP requires crossing the Highway
#1A. Therefore, it was necessary to take mitigation measures
to establish connectivity between the areas across the highway
on the north.
There were a number of corridors and linkage zones identified by each model that passed through Highway #1A. The
shortest path, minimum cost maximum flow, and current flow
models were applied to identify locations for possible highway
mitigation. To avoid redundancy of the nodal centrality value,
only ‘very high’ nodal centrality was used to look where the
associated nodes connected the areas across Highway #1A.
Two very ‘high-centrality’ shortest paths and another two very
high-centrality linkage zones were identified that the minimum
cost maximum flow model generated. In addition, the very high
conductivity current flow zones that exceeded the boundary of
GRPP were also found to have passed beyond Highway #1A
on the northern side (also, the Bow River on the southern side).
There were a number of locations identified where the current
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Table 3. Summary of Comparison among Different Modeling Approaches
Parameters

Shortest Path

Current Flow

Concept

Geodesic shortest paths among
resource patches

Conductance of resource
patches

Output

Corridors

Conductive zones

Assumption

Species have perfect knowledge
on landscape patches

Connectivity
Source-target
Result: Highway
#1A Perspective

- Native/natural area
- All area
Multiple single paths crossed
the highway to connect the
northern side to the southern
side
Several shortest paths passed
through the GRPP to connect
the landscapes across the park

Species have no knowledge
on landscape except the
next step in a journey
- Native/natural area
- All area
Identified a number of high
conductive zones that
included the highway

Result: GRPP
Perspective

Discussion:
Implementation
Perspective

Small number of geodesic paths
are created; useful for corridor
designing and highway
mitigation planning

Almost the entire park was
identified as highly
conductive for wildlife
movement
Priority zones are created
around resource patches;
thus, contributing to
making long-term
conservation strategies

flow ‘very high’ conductivity crossed Highway #1A (Figure 2).
From the anlysis three sites were identified for the installation of highway crossing structure where at least two
methods produced the same result (Figure 3). In Option #1 (box
marked in Figure 3), current flow zones passed across Highway
#1A and so did a shortest path. The advantageous side of Option #1 is that it connected a narrow vegetative strip that is
directed to the Big-Hill Springs Provincial Park (another small
protected area in the region). However, there were a number of
issues with this option: first, this path passed through the middle of settlements in the town of Cocharane; second, to connect
with GRPP, this path had to cross the Bow River twice (once
moving across the southern side of the river and again moving
back to GRPP passing across the river) because of the adjacent
settlemets in the eastern side of the path; third, there were private lands and settlements along the narrow vegetative strip
near Big-Hill Springs Provincial Park; and fourth, this path was
not validated by the road-killed wildlife data. In Option #2, all
three modeling approaches provided a common result. This path
runs along the Glenbow Road on the northern side and Range
Road 35 on the southern side of Highway #1A. The path in Option #2, avoided the private lands and also connected most of
the native patches in the northern side of the study area, including the vegetative strip that directed toward the Big-Hill Springs
Provincial Park. The associated highway segment had 17% roadkill records of all the roadkill records found on Highway #1A.
In Option #3, the current flow and minimum cost maximum
flow model generated the same result. This Path runs by the
Glendale Road and is linked to both the north-western and
north-eastern part of the landscape. The associated highway
segment with Option #3 was also found to have 11% roadkilled

Minimum Cost
Maximum Flow
Maximization of
movement flow where
cost is involved
Linkage zones

Maximum Flow

Species can avoid the
barriers

Maximization of
movement flow where
cost is not involved
Hypothetical zones if
there were no barriers
Species do not have
knowledge on barriers

- Native/natural area

- Native/natural area

Multiple wider paths
crossed the highway to
maximize the flow of
movement
Critical linkage corridors
identified within the park
that were commensurate
to the shortest path
Wider corridors leave
options for the planners
in implementing a
practical solution

Identified the highway
as to running by the
maximum flow zones if
there were no barriers
High centrality
maximum flow zones
occurred substantially
outside the GRPP
Complementary to
current flow method to
prioritize among
conservation zones

record on Highway #1A. Among the three highway mitigation
options, Option #2 provided the most robust result in terms of
modeling result and validation correspondence. Option #3 provided the second most robust result, followed by Option #1.
In order to determine the priority of wildlife pathways that
passed through GRPP to connect the landscapes around GRPP,
the very high centrality value of nodes for the shortest path method and the minimum cost maximum flow method were used.
Combinedly with these two methods, there were four paths identified that passed through GRPP. Among the four identified
paths, two were found to have high correspondence with the
camerabased sightings. These two paths connected the entire
landscape around GRPP with GRPP. These two paths are connected to the highway mitigation Option #2 and Option #3.

5. Discussion
In this study the current state of habitat fragmentation was
assessed from the perspective of movement of large mammals.
Because the study area is situated between a large city and a
rapidly growing town, the continued development pressure in
the Calgary-Cochrane corridor will likely put a significant
strain on the functional connectivity for many species and ecological processes. Glenbow Ranch Provincial Park is located
within such a regional area where it can work as a ‘source’ for
the wildlife species by providing sufficient conditions for their
breeding and survival. In the modeling outputs, the entire GRPP
was identified as ‘very conductive’ zone for wildlife movement
in the study area. With the current flow all pair method, very
high conductive zones were found for 15.49% native/natural
land area whereas GRPP itself has 9.51% native/natural land
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area in the study area. Moreover, other ‘high’ to ‘very high’
conductive zones were identified to be mostly located around
GRPP. On the other hand, the ungulates and meso-carnivores
that inhabit GRPP have a seasonal range larger than this protected area. If they become isolated in the GRPP, their survival
will be under threat. The remaining native patches are dispersedly located but connectivity among them is necessary to allow
the species to maintain their movements (Zhang et al., 2019;
Cadavid-Florez et al., 2020).

Figure 3. Highway crossing options for wildlife movement.
Our modeling approaches focused on functional connectivity to maintain the ecological integrity of a protected area
(Tischendorf and Fahrig, 2000). Modeling approaches, such as
the ones in this study, that look at connecting all possible patches are regarded in the literature as efficient because the models
that identify the linkages among fixed termini possibly miss out
other potential linkage points (Huber et al., 2012). In this study,
two types of connectivity modeling were exercised: one focusing on connecting the native areas based on selected random
points, and the other connecting all nodes in the network based
on capacity (permeability) and cost (human footprint). As such,
this study identified corridors and linkage zones to connect landscapes that are important from the functional point of view. In
addition, a number of potential connectivity mitigation options
were identified from which structural connectivity can be established to maintain the overall functional connectivity of the
study area (Baguette et al., 2013). The results presented in these
options provided valuable input into planning for both highway
mitigation options and collaborative opportunities to maintain
regional connectivity (i.e., working with private landowners).
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In this study, human footprint data was used to model landscape connectivity for relatively large and mobile mammals. A
species-specific modeling was not conducted because of the
unavailability of the species-specific habitat data. A landscape
with more diverse species requires species-specific connectivity
modeling, which, however, was not the case in the current study.
No habitat suitability modeling was used but the permeability
score of landscape lattices used in this study served the purpose
to model multispecies movement on the landscape. In this research, land value was not considered as a cost factor. A landscape with more private lands might require considering the
land price as a cost function in the modeling. Modeling to provide decision support for complex environmental problems (such
as maintaining landscape connectivity) is characterized by significant uncertainty (Uusitalo et al., 2015). The approach and
results presented here make the modelling assumptions transparent and minimize uncertainty through the use of comparing
multiple model outputs, the use of expert opinion, and validation with field data.
This research was conducted for an area of 33,405 hectares, but similar modeling can be conducted for larger and smaller landscapes. The study area falls under Rocky View Municipal District (MD) and partly under the Town of Cochrane of
Alberta. The management options identified in this research
will be complementary to the interventions by the municipal
authorities. The Calgary Regional Partnership (CRP) that works
for collaborative actions on land & water use, urban growth,
and shared infrastructure (Calgary Regional Partnership, 2012)
will benefit from this research because Rocky View MD is one
of the member municipalities of CRP. Moreover, CRP can benefit from the method and result of this study through the related
research being conducted by Quinn et al. (2014). This research
is aligned with the strategic plan of South Saskatchewan Regional Plan (SSRP) that aims to maintain biodiversity and ecosystem health (Government of Alberta, 2014). Implementing the
recommendations proposed in this research will be complementary to the implementation planning of SSRP.

6. Conclusions
This study used a composite of the shortest path, current
flow, and network flow models to examine landscape connectivity for wildlife movement in a highly fragmented landscape
located in between two rapidly growing urban areas. The
current study addressed how to avoid biases that might arise
from a single model approach. The shortest path model produces geodesic paths biased by the Euclidian distance, and the
current flow model produces conductive zones biased by the
level of data aggregation (Marrotte and Bowman, 2017). These
biases may cause land-use policymaking inefficient and implementing mitigation measures infeasible, especially for a highly
fragmented landscape. This study presented a practical application of how to use a composite approach for a study area that is
under tremendous development pressure for urbanization. The
approach in this study demonstrates that the shortest path model
is not an alternative of the current flow model (Avon and Bergès,
2016). Rather, these two models are complementary to each
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other as the geodesic paths identified by the shortest path model
tends to connect the zones of conductance identified by the current flow model. Again, the minimum cost maximum flow model that produces wider paths is also complementary to the shortest path model because the shortest paths of the latter tend to
run through the middle of the wider paths (linkage zones) of
the former. These wider paths also tend to connect more conductance zones, some of which are missed by the shortest paths.
A composite approach also benefits finding a suitable mitigation measures across the fragmenting barriers (e.g., roads).
Each modeling approach creates a set of options in terms of
identifying the site for installing highway crossing. The shortest path model connects the fragmented land parcels with geodesic
paths, but such paths can be misleading for a highly fragmented
landscape; especially for the one that has much private lands.
On the other hand, the current flow model creates zones of
probable wildlife movements but determining the site for highway crossing requires looking also at the shortest paths that connect those zones. The minimum cost maximum flow model
produces wider paths, which need further specification in order
to practically identify the sites for the installation of crossing
structures. By combining these models, this study identified the
most suitable sites based on their best corresponddence to all
three models. This study maintained that the sites that were
identified by the all three models and that corresponded to the
road-kill data were the most suitable sites for installing highway crossings.
In terms of scope of this research, although it was conducted to study landscape connectivity for wildlife movement,
the modeling approach employed here can be replicated in other
biodiversity and ecological studies (e.g., hydrological research
and forest research). Other landscape-level research that involves
spatial modeling like urban/regional growth management, shared
infrastructure planning can also benefit from this research.
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