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Analysis of functional connectivity across selected landscapes in Prince Edward Island, 

Canada 

By Madison Silver 

Abstract  

Habitat fragmentation and habitat loss are two of the largest threats to biodiversity in the 

modern age. Because of this, the study of how animals move between patches of 

fragmented habitats is crucial to being able to plan for the protection and conservation of 

species and habitats. I conducted a functional connectivity analysis of barriers to movement 

for three species with different movement types and habitat requirements- northern flying 

squirrel (Glaucomys sabrinus), pickerel frog (Lithobates palustris), and smooth green 

snake (Opheodrys vernalis) - in four different regions across the eastern Canadian province 

of Prince Edward Island, which has seen a significant reduction in natural areas since the 

19th century. Resistance maps were created for each species using critical habitat 

components and the open-source toolbox Linkage Mapper was used to find the least-cost 

paths, barriers, and pinchpoints between core habitat areas in each region. I used the 

Linkage Pathways tool to find least-cost pathways between core habitat areas, Barrier 

Mapper tool to find areas where restoration could occur, and Pinchpoint Mapper tool to 

locate where movement could occur between core habitat areas outside of the least-cost 

path. I also compared this functional connectivity analysis to previous structural methods 

used on the island. I found that the cost-weighted distance and effective resistance for 

movement for the species varied by study region, and that O. vernalis was the least aligned 

with structural connectivity flow outputs. This analysis can assist landscape planners and 

environmental managers in making future conservation decisions. 
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1. Introduction

One of the most significant issues facing the world’s biodiversity today is habitat

fragmentation, the process in which large areas of nature are broken up, either by natural

or human impacts into smaller sections, resulting in only “fragments” of the habitat being

left (Fahrig, 2003). Anthropogenic causes include the construction of roads or cities in

formerly forested areas, or the deforestation of patches of forest (Salaria, 2013). When

habitats become fragmented, corridors of habitat between patches are needed in order for

animals to move freely between the patches. Because of this, the study of ecological

connectivity, or the movement through an ecosystem or landscape by animals, genes, etc.,

is necessary. The corridors can be in the form of highway underpasses, green belts, or

other green engineering and landscape planning methods.

The process of habitat fragmentation has major impacts on species biodiversity

(Fahrig, 2003). Although almost all species around the world are being impacted by

habitat fragmentation, or overall loss of habitat, the impacts differ with the species.

Amphibians and reptiles, collectively known as herpetofauna, are heavily impacted by

road activity. The mating calls of anuran species (including frogs and toads) can be

disrupted by traffic noise (Eigenbrod, Hecnar, & Fahrig, 2009). Snakes are known to

sunbathe on warm asphalt, leading to large numbers of casualties from being run over by

vehicles (Brown, 2003). Small mammals have a harder time moving through corridors

between fragmented landscape patches (Silva, Hartling, and Opps, 2005).

Prince Edward Island is a province in Eastern Canada, located on the Gulf of St.

Lawrence. Because it is an island less than 6000 square kilometres in size, with a large
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proportion of the land devoted to agriculture rather than natural forest, it is therefore a

particularly interesting setting to study ecological connectivity and the effects of

landscape fragmentation on island species. Some structural connectivity analysis was

previously completed on the island (see Fulton & Bush, 2020), and there has been a

species-specific study on small mammals in 2005 (Silva, Hartling, & Opps, 2005).

However, a full functional analysis examining the connectivity of the island and the

impacts on different types of species has not yet taken place.

1.1. Habitat Fragmentation

Habitat fragmentation, habitat loss, and habitat degradation are major threats to

species biodiversity around the world (Taylor et al., 1993). Habitat fragmentation occurs

when a large expanse of habitat is transformed into a number of smaller patches of

smaller total area, which are isolated from each other by a barrier (Fahrig, 2003). Habitat

fragmentation generally occurs on the landscape scale and involves both the loss of

habitat and the separation of habitat (Fahrig, 2003). Fragmentation can be caused by

various means, both natural and anthropogenic. An example of natural habitat

fragmentation is the destruction of a forested area through fire or flooding.

Anthropogenic habitat fragmentation involves the removal of the flora of natural areas as

a result of forestry activity or for agriculture, roads, and urban landscapes (Salaria, 2013).

In Canada, it has been estimated that 84% of endangered plant and animal species

identified by COSEWIC (the Committee on the Status of Endangered Wildlife in

Canada) are primarily threatened by habitat loss (Venter et al., 2006), which can lead to

fragmented habitats. One of the major reasons why species biodiversity is negatively

impacted by habitat fragmentation is because it results in an increased rate of local

2



extinction (Fahrig & Merriam, 1985). Habitat loss, especially on a large scale (for

example, the clear-cutting of a forest patch or a large agricultural area), leads to increased

distances between habitat patches as well as smaller patch sizes (Saunders et al., 1993).

This means that individuals must travel further to migrate between populations in order to

diversify the gene pool. Furthermore, competition for limited resources will increase

inside of the smaller patches (Saunders et al., 1993). Because of the increased likelihood

of local extinction from fragmented habitats, patches need to be connected to help ensure

the survival of species living in fragmented landscapes.

1.2. Landscape Connectivity

The ability of a population to move between habitats is crucial for the survival of

the population, which is why the connectivity of different habitats in an ecosystem and

across a landscape is an important topic for research. Landscape connectivity is defined

as “the extent to which movements of genes, propagules (pollen and seeds), individuals,

and populations are facilitated by the structure and composition of the landscape”

(Rudnick et al., 2012). Landscape connectivity can be viewed at fine or broad scales

depending on the habitats and movements of the species being studied (Goodwin and

Fahrig, 2002), and understanding how fine scale connectivity impacts broad scale

ecosystem dynamics is essential for effective conservation of endangered species and

critical habitats (Peters et al., 2008).

Landscape connectivity can be broken into two components. The first component

is the structural connectivity of an ecosystem, which is the physical relationship between

patches of habitat (e.g., the Euclidean distance). Structural connectivity allows
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researchers to better understand the structural makeup of the landscape, and the distances

and barriers between habitat patches (Mühlner et al., 2010). The second component is

functional connectivity, which is the effect that the structure of the landscape has on an

organism’s movement through the landscape (Mühlner et al., 2010). Functional

connectivity allows for a more species-oriented approach and involves studying the

movement and behaviours of specific species of concern. Many studies focus on either

the structural connectivity of a landscape (e.g., Cunningham, 2020; Fulton & Bush, 2020,

etc.) or on the influence of landscape connectivity on a specific species or multiple

species (Churko, 2016; Salaria, 2013; etc.). Connectivity is either species-specific or

landscape-specific or both (Tischendorf & Fahrig, 2000), and therefore these aspects of

landscape connectivity are interconnected and inform each other.

1.3. Connectivity Analysis Methods

Least-cost path analysis is one of the most common techniques for modelling

ecosystem connectivity (Alexander et al., 2016), and has been used in ecology since the

early 2000s (Marrotte & Bowman, 2017). The basic premise of least-cost path analysis is

that every movement in a landscape, whether human or animal, has a “cost” in the form

of time (seconds per metre), energy (Joules per metre), or money (dollars per metre), etc.

(Etherington, 2016). When using least-cost for ecological purposes, the cost tends to be

unitless and weighed on a scale, as there are generally multiple factors that increase the

cost of movement through the landscape. For example, if mapping the least-cost path for

a bear to get from one habitat patch to another, an urban settlement might have a cost of

10 to travel through it, whereas a forested area next to a stream would have a cost of 1.

Least-cost modelling was originally developed to aid in the transportation sector and
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reduce monetary shipping costs in the United States. However, ecologists discovered it

was also highly applicable to landscape ecology and was more effective than Euclidean

distance (the straight line distance from one point to another) for explaining human or

animal movements from one habitat patch to another (Etherington, 2016). It is calculated

by adding together all barriers to movement (e.g., slope, waterways, roads) and drawing a

path cell by cell from one point on a map to another (in the case of landscape

connectivity, two habitat patches) that has the lowest resistance.

Circuitscape is an open-source software created by Brad McRae, Viral Shah,

Tanmay Mohapatra, and Ranjan Anantharaman (McRae, 2012). It is an emerging method

of studying ecosystem connectivity which utilizes electrical circuit theory in order to

measure a study areas’ resistance to currents of electrical flow passing through the cells

(Shah & McRae, 2008). This can predict how the connectivity of a landscape is impacted

by different features in the environment, such as roads or water (Shah & McRae, 2008).

The aim is to find pinchpoints in the landscape, or areas critical for conservation because

there is a high likelihood of movement through the area (McRae et al., 2008). It is an

extremely useful tool for analyzing functional connectivity as it can model both animal

movement and population gene flow (McRae et al., 2008).

A key difference between least-cost modelling and circuit theory is their

assumptions about animal movement. Where circuit theory assumes all pathways

enhance connectivity, least-cost path analysis assumes that individuals choose the optimal

path between patches (McRae, Shah, & Mohapatra, 2014). Linkage Mapper, another GIS

tool created by the Circuitscape team, can bridge the gap between Circuitscape and

least-cost path analysis; Linkage Mapper starts by mapping the least-cost corridors and
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then applies circuit theory to them in order to identify pinchpoints in a corridor or

compare alternative designs (McRae, Shah, & Mohapatra, 2014). Laliberte and

St-Laurent used both Linkage Mapper and Circuitscape to model connectivity for moose

and deer in the Bas-St-Laurent region of southeastern Québec during a road enlargement

and compared validation methods for both models (Laliberte & St-Laurent, 2020).

Circuitscape tended to produce sparser, more dispersed, and more convoluted corridors

and performed better at identifying corridors of functional connectivity for moose than

deer, and Linkage Mapper corridors were more linear but were much more generalized

than Circuitscape corridors. This was due to the mathematical algorithms, as Linkage

Mapper assumes that animals can see the entire distance between patches and make the

best decision as to a path, whereas Circuitscape algorithms assume that animals can only

see one cell at a time and make a decision at each cell (Laliberte & St-Laurent, 2020).

1.4. Prince Edward Island

1.4.1. Land Use

Prince Edward Island, located in the Gulf of St. Lawrence in Eastern Canada, is a

large island with an area of about 569,290 ha (PEI Agriculture and Forestry, 2010).

Originally, Prince Edward Island was covered in Acadian forest (Silva, Hartling & Opps,

2005). Since European settlement of the island, most of the forest has been cleared, either

for timber or to make space for agricultural land, which is one of the island’s largest

industries (Silva, Hartling & Opps, 2005). In 2013, it was estimated that 36% of land on

the island was natural forest, with 44% being natural forest and plantations (PEI

Agriculture and Forestry, 2010), making it the province with the lowest percentage of
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forested area in Canada (McAlpine, Harding, & Curley, 2013). Agricultural land use was

estimated as 38% of total land on the island as of 2010 (PEI Agriculture and Forestry,

2010). The fragmentation of forested landscapes by agriculture results in losses of habitat

and biodiversity on Prince Edward Island which prevents the flow of genes through

animal populations in species such as the northern flying squirrel (Glaucomys sabrinus)

and the eastern chipmunk (Tamias striatus) by preventing the movement of individuals

between patches of forest (Silva, Hartling & Opps, 2005). In addition to forested and

agricultural land use, 5% of the land is developed (urban or suburban), 2% is

transportation (roads), 7% is wetlands and sand dunes, and 4% is abandoned agricultural

lands which may either be used for agriculture or be naturally transitioning to a forest

(PEI Agriculture and Forestry, 2010).

Wetlands are also areas of concern in Prince Edward Island. Covering 29,597

hectares, or about 5% of the province, they provide critical ecosystem services such as

providing habitat for fish and wildlife species, aiding in the flow of the hydrologic cycle,

and acting as water purification systems and carbon sinks. Of that 5%, it is estimated that

80% is freshwater wetlands (Government of PEI, 2021). Since European settlement,

unknown numbers of freshwater wetlands have been lost through the processes of

drainage and infilling in order to create usable land for agriculture (PEI Fisheries,

Aquaculture and Environment, 2003). Current threats to freshwater wetlands on the

island include large-scale farming operations as well as terrestrial erosion and

sedimentation (PEI Fisheries, Aquaculture and Environment, 2003).

Roads also have a large impact on landscape connectivity in Prince Edward

Island. It was determined in a 2010 meta-analysis of 49 studies on 234 mammal and bird
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species globally that the effects of species by roads can extend up to 17 km on either side

of the road for mammals, although most effects occur within 5 km from the edge of the

road (Benítez-López, Alkemade, & Verweij, 2010). On Prince Edward Island, the

maximum distance from a road is 6.3 km and the median distance from one road to

another is 0.3 km (Fulton & Bush, 2020) which suggests that almost all species on the

island are affected by roads.

1.4.2. Connectivity Analysis in Prince Edward Island

To date, very few analyses on connectivity have been completed for Prince

Edward Island. Circuitscape has been used on Prince Edward Island previously in

large-scale regional analyses, including an analysis by the Nature Conservancy which

focused on the entirety of eastern North America (Anderson et al., 2016), and another by

the Nature Conservancy of Canada which focused on connectivity threats in Southern

Canada (NCC, 2018), as well as a provincial scale Circuitscape analysis completed by

Fulton & Bush (2020). A Circuitscape analysis was also completed on the entire country

of Canada, including Prince Edward Island (Pelletier et al., 2017). Previously, specific

areas significant for further connectivity study have been identified, due to their ability to

act as pinch-points; in particular, the Portage region, northwestern Prince County, the

Savage Harbour region, and St. Peter’s Bay are all known to be possible barriers for

connectivity on the island (Fulton & Bush, 2020). Only one study has investigated the

effects of habitat fragmentation on amphibian species on Prince Edward Island, which

found a significant nonlinear relationship between amphibian species abundance and the

perimeter length of forest patches on the island, indicating that amphibian abundance

decreases with increased forest edges (Silva et al., 2003). The study also found that there
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was a scarcity of amphibian species on the island but that there was little evidence to

suggest a decline in species abundance in the thirty years prior to the study (Silva et al.,

2003). A functional connectivity study on small mammal species on Prince Edward

Island found forest patches of 8-10 ha within 400m of another area of forest cover were

essential for native species such as Glaucomys sabrinus (Silva, Hartling, and Opps,

2005). Hedgerows, which are rows of shrubs and trees bordering roads or agricultural

fields, are also important for the movement of small mammals through a fragmented

landscape (Silva, Hartling, and Opps, 2005).

1.5. Research Objectives

The purpose of this thesis is to analyze the functional ecological connectivity

across selected regions of Prince Edward Island for various species. The objectives are to

evaluate which regions have more resistance to movement than others and where

restoration and connectivity conservation efforts can occur. It also aims to analyse how

spatial patterns can identify different pinchpoints and barriers for selected species, and to

compare the results obtained with prior structural connectivity studies completed on the

island (Fulton & Bush, 2020). In order to assess landscape functional connectivity, three

different focal species have been selected for analysis by the province of Prince Edward

Island as species of interest which may be at risk due to a lack of habitat connectivity: the

northern flying squirrel (Glaucomys sabrinus), the pickerel frog (Lithobates palustris),

and the smooth green snake (Opheodrys vernalis). Four regions across the island have

been identified from prior Circuitscape analysis in Fulton and Bush (2020) as areas of

concern in regards to connectivity. These locations are the Portage region, St. Peter’s Bay,

Savage Harbour, and northwestern Prince county. It is hypothesized that the region south
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of Savage Harbour in eastern Kings County (study region C), will have the highest costs

to travel between cores for all species as the region is geographically quite constricted by

water on both sides of the island. Finally, it is hypothesized that O. vernalis is most likely

to be overlooked in structural connectivity analysis in the province, due to a focus on

wetland and forest connectivity. This research will be of use to ecologists and planners in

both Prince Edward Island and the Canadian government to help in the conservation of

these species by identifying places which may require the creation of wildlife

underpasses, selecting and purchasing land for protection and restoration, and managing

provincial and federal lands.

2. Methods

2.1. Study Locations
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Figure 1. Map from Fulton & Bush (2020) showing pinchpoints for natural areas across
the province of Prince Edward Island, modified to show the study regions chosen for this
analysis.

The Canadian province of Prince Edward Island is located in the Gulf of St.

Lawrence and is a large island with an area of about 569,290 ha. For this connectivity

analysis, four study locations were selected based on a Circuitscape analysis of natural

areas (consisting of natural and harvested forest, wetlands, and abandoned agricultural

areas) by Fulton and Bush (2020), which found that north-western Prince county (study

region A), southern Prince county around Portage (study region B), Kings county around

Savage Harbour (study region C), and Kings county south of St. Peter’s Bay (study

region D) were all areas of significant pinchpoints that may restrict the movement of

animals through the regions without conservation (Figure 1). Two core habitat areas were

created in each region with a minimum area of 7.5 ha using the Corporate Land Use

Inventory for 2010 (CLUI), from critical habitat components for each species in the

selected regions. These were created to estimate where significant areas of habitat may be

for each species in the study regions, as well as where species populations may be

located. They were created from the largest adjacent polygons in the region matching the

habitat criteria (see Section 2.3). The CLUI uses a combination of aerial photography,

interpretation, and ground plots in order to map land use across the island (PEI

Agriculture and Forestry, 2010).

2.2. Species Identification

Three species were identified for analysis by the PEI Forests, Fish and Wildlife Division

to be used in this study as they are species which are of concern for connectivity. The

species have different habitat requirements and represent different types of species on
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Prince Edward Island: the northern flying squirrel (Glaucomys sabrinus), which inhabits

and moves through old growth or mature coniferous or mixed wood forest (Canadian

Wildlife Federation, 2021), the pickerel frog (Lithobates palustris), which inhabits

wetlands and wet forests, and the smooth green snake (Opheodrys vernalis), which

prefers flat grassy areas such as abandoned agricultural lands. As different species have

different requirements for movement through the landscape, the key attributes required

for travel were chosen for each species based on their critical habitat components. It is

important to note that little is known about the distributions of these focal species on

Prince Edward Island. For this analysis, the habitat suitability of the species was used to

identify large contiguous patches of suitable habitat. These large contiguous patches of

habitat can support metapopulations of the respective species, however, no actual species

population data was available to support this assumption.

2.3. Spatial Analysis

ESRI ArcGIS 10.6 for Desktop with an ArcInfo license and Spatial Analyst

extension was used for spatial analysis (ESRI, 2011). Linkage Mapper, which is a toolbox

by McRae et al. (2010) for ArcGIS Desktop which utilizes circuit theory and least-cost

analysis, was the primary tool used to analyze connectivity. The tool requires a polygon

vector dataset of core habitats in the ESRI shapefile format, and a raster dataset of

resistance (how difficult it is for the species to travel through the cell) in a GRID format.

A shapefile with two core habitat polygons was created for each study area and each

species for a total of 12 datasets. Resistance rasters were created on the provincial scale

based on each species’ critical habitat components.
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The core habitat polygons represent the larger swathes of habitat in which species

would live, feed, and reproduce. Habitats for each species were defined by habitat

preferences found in the literature. For Glaucomys sabrinus, the core habitats were

forested land use with a development stage of “mature” or “old” and a primary or

secondary cover type of softwood or mixedwood species (Lehmkuhl et al., 2006, and

Canadian Wildlife Federation, 2021). For Lithobates palustris, the core habitats had a

“wetland” or “forest wetland” land use (McAlpine, Harding, and Curley, 2006), and for

Opheodrys vernalis, land with “abandoned agriculture” and “meadow” use types were

selected (Canadian Wildlife Federation, 2021b, and Ontario Nature, 2021). To find

representative core habitat areas for this analysis, the “Select By Attributes” tool was

used to select the critical habitat components for each species in the CLUI. Adjacent

polygons in the dataset which matched the habitat criteria were then exported into a new

dataset and merged into a single polygon using the “Dissolve” tool in the Data

Management toolbox. A new short integer field was then created in the attribute table

called “Core_ID” which numbered the cores. The core habitat areas each had a minimum

area of 7.5 ha.

For the creation of the resistance layers, the “Select By Attributes” tool was used

to select the critical habitat components for each species in the CLUI. The Reclassify tool

in the Spatial Analyst toolbox was used to reclassify cells based on how they fit the

habitat components from 1 to 10, with 1 perfectly matching the critical habitat

components and 10 being a barrier to movement. A 2 m lidar elevation contour dataset

was also obtained from the Government of PEI (PEI Department of Environment, Energy

& Forestry, 2008). The “Topo to Raster” tool was used to create an elevation raster layer
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as part of habitat suitability for L. palustris and O. vernalis. Elevation was not considered

for G. sabrinus as the species does not move on the ground. Once all reclassified layers

were created and transformed into raster datasets using the “Polygon to Raster” tool with

a cell size of 50 m and the cell value being the reclassified movement value, or “cost”,

the Weighted Sum tool was used to add all layers together with their respective weights

based on the significance of each factor to the species’ movement.

A project directory was created for each location-species combination. The “Build

Network and Map Linkages” tool from the Linkage Mapper toolbox was used to create a

cost-weighted distance raster and a least-cost path between the cores. The “Pinchpoint

Mapper” tool, which also utilizes Circuitscape, was then used to find the main

pinchpoints along and around the path, in order to help determine where restoration

should take place in the study areas. Pinchpoint Mapper was run at a buffer zone of 1000

m around the least-cost paths in order to find other pathways between the cores. Finally,

the “Barrier Mapper” tool was used to find key barriers to movement along the path. The

appendix provides a visualization of the geoprocessing model for this analysis using

ModelBuilder in ArcGIS. The least-cost path outputs from the Linkage Pathways tool

were compared with prior Circuitscape analysis completed by Fulton & Bush (2020) to

find where least-cost paths for various species matched flow outputs for natural areas and

where they differed. To do this, the structural connectivity raster was reclassified into

either “flow” (greater than 0), or “no flow” (0), with flow given a value of 1 and no flow

given a value of 0. The least-cost paths for each species were then rasterized and the

“Extract by Mask” tool was then used to clip the structural flow to the least-cost path, in
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order to find the percentage of cells along the least-cost path that matched Circuitscape

flows from the structural analysis.

The main values taken from this analysis were cost-weighted distance (CWD),

effective resistance (Ȓ), CWD to path length ratios, and CWD/Ȓ ratios. CWD is the cost

to move through a landscape cell by cell with each cell having a specific cost associated

with it (McRae, 2012). It has been used in previous functional connectivity analysis as a

measure of analysing movement routes for functional connectivity between habitat

patches (see Dutta et. al., 2015, Marrotte & Bowman, 2017, Singleton & Lehmkuhl,

2001, etc.). CWD to path length ratios allow for comparisons between study regions as it

accounts for changing distances between core habitat areas. Ȓ is a measure of

connectivity that takes into account the corridor width and the number and quality of

alternative pathways available within a corridor. The effective resistance of a corridor

decreases (and the cost-weighted distance/effective resistance ratio increases) when

corridors are wider or provide high-quality alternatives to the least-cost path. When Ȓ is

high, there is a high resistance to movement between the habitat areas, and when Ȓ is low

there is a low resistance to movement (McRae et al., 2008, and Marrotte & Bowman,

2017). CWD/Ȓ ratios are useful because they explain the quality and number of pathways

and indicate redundancy (McRae et al., 2008).

3. Results

3.1. Glaucomys sabrinus

For Glaucomys sabrinus, the linkage pathways analysis provided the least-cost

path between the core habitat areas for each region (Table 1). Study region B had the
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highest cost-weighted distance along the linkage pathway, even when accounting for path

length. Study region D had the lowest Ȓ and the highest CWD/Ȓ ratio, meaning it had the

greatest quality and number of paths (Figure 2). Study region A had the highest Ȓ and the

lowest CWD/Ȓ, meaning that it had the lowest quality pathways and flow was most

constricted in this region. Barrier mapper provided areas where restoration would lower

the cost-weighted distance of the least-cost path (Figure 3). All regions had many areas

where restoration could occur, but Study region D has one large area east of Savage

Harbour which is of particular significance. Comparisons with Circuitscape analysis

(Figure 6) show that across all study regions, least cost paths created through the Linkage

Pathways tool for Linkage Mapper follow along the calculated flows and pinchpoints for

natural areas found in Fulton & Bush (2020) (Table 2).

Figure 2. Resistance map depicting difficulty travelling through the landscape for
Glaucomys sabrinus.
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Study Region A Study Region B

Study Region C Study Region D

Figure 3. Least cost paths between selected core habitat areas for Glaucomys sabrinus in
a) North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 4. Barriers between selected core habitat areas for Glaucomys sabrinus in a)
North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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a) Study Region A b) Study Region B

c) Study Region C d) Study Region D

Figure 5. Pinchpoints between selected core habitat areas for Glaucomys sabrinus in a)
North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 6. Least-cost paths overlaid on natural areas Circuitscape analysis (Fulton & Bush,
2020) for selected core habitat areas for Glaucomys sabrinus in a) North-west Prince
County, b) Portage area, c) south of Savage Harbour, and d) south of Saint Peter’s Bay.
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Table 1. Linkage Mapper and Pinchpoint Mapper metrics for Glaucomys sabrinus.
Study Region CWD CWD/Path

Length Ratio
Ȓ CWD/Ȓ

A 60419.5 3.3 4267.7 14.2

B 63251.5 3.6 3631.9 17.4

C 48542.0 3.1 3267.6 14.9

D 51077.9 3.2 2440.2 20.9

Table 2. Percent overlap (%) between least-cost paths and structural analysis for G.
sabrinus.
Study Region Percent Overlap (%)

A 98.0

B 96.3

C 94.2

D 97.1

3.2. Lithobates palustris

For Lithobates palustris, the linkage pathways analysis provided the least cost

path between the core habitat areas for each region (Table 2). Study region C had the

highest CWD along the linkage pathway, even when accounting for path length. Study

region B had the lowest CWD and CWD to path length ratio. Study region A had the

lowest Ȓ but also the lowest CWD/Ȓ, meaning that although it had the least resistance to

movement, it also had the lowest quality pathways and flow was most constricted in this

region. Barrier mapper provided areas where restoration would lower the CWD of the
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least-cost path (Figure 9). Similarly to G. sabrinus, while all regions had many areas

where restoration could occur, Study region D has one large area east of Savage Harbour

which is of significance, the same patch as G. sabrinus. Comparisons with Circuitscape

analysis show that for the most part, with the exception of some sections of the pathway

in Region A, the least cost paths created by the Linkage Pathways tool in Linkage

Mapper do not follow the corridor flows for natural areas from Circuitscape.

Figure 7. Resistance map depicting difficulty travelling through the landscape for
Lithobates palustris.
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Study Region A ) Study Region B

Study Region C Study Region D

Figure 8. Least cost paths between selected core habitat areas for Lithobates palustris in
a) North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 9. Barriers between selected core habitat areas for Lithobates palustris in a)
North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 10. Pinchpoints between selected core habitat areas for Lithobates palustris in a)
North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 11. Least cost paths overlaid on natural areas Circuitscape analysis (Fulton &
Bush, 2020) for selected core habitat areas for Lithobates palustris in a) North-west
Prince County, b) Portage area, c) south of Savage Harbour, and d) south of Saint Peter’s
Bay.
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Table 3. Linkage Mapper and Pinchpoint Mapper metrics for L. palustris

Study Region CWD CWD/Path
Length Ȓ

CWD/Ȓ

A 109432.2 3.8 3683.8 3.0

B 54494.6 2.9 5017.1 10.9

C 117167.1 4.4 8464.8 13.8

D 81138.7 3.9 4916.0 16.5

Table 4. Percent overlap (%) between least-cost paths and structural analysis for L.
palustris.
Study Region Percent Overlap (%)

A 73.2

B 62.9

C 50.2

D 72.6

3.3. Opheodrys vernalis

For Opheodrys vernalis, the linkage pathways analysis provided the least cost

path between the core habitat areas for each region (Table 3). Study region A had the

highest CWD by a wide margin along the linkage pathway, even when accounting for

path length. Study region C had the lowest CWD and CWD/path length ratio, although

regions B and D were also relatively low. Study region C had the highest Ȓ value and the

lowest CWD/Ȓ ratio, meaning that it had the most resistance to movement and the lowest

quality and number of paths. In contrast, Study region A had the lowest Ȓ and the highest
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CWD/Ȓ, meaning that it had the highest quality pathways and flow was least constricted

in this region. Barrier mapper provided areas where restoration would lower the CWD of

the least-cost path (Figure 14). Similarly to the other species, Study region D has one

large area east of Savage Harbour which is of significance for restoration, although all

regions had many areas where restoration could occur. Comparisons with Circuitscape

analysis show that for Study Region B, the least cost path followed the flow patterns from

Circuitscape relatively, however regions A, C, and D all differ greatly from the flow

patterns for natural areas.

Figure 12. Resistance map depicting difficulty travelling through the landscape for
Opheodrys vernalis.
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Study Region A Study Region B

Study Region C Study Region D

Figure 13. Least-cost paths between selected core habitat areas for Opheodrys vernalis in
a) North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 14. Barriers between selected core habitat areas for Opheodrys vernalis in a)
North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 15. Pinchpoints between selected core habitat areas for Opheodrys vernalis in a)
North-west Prince County, b) Portage area, c) south of Savage Harbour, and d) south of
Saint Peter’s Bay.
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Study Region A Study Region B

Study Region C Study Region D

Figure 16. Least cost paths overlaid on natural areas Circuitscape analysis (Fulton &
Bush, 2020) for selected core habitat areas for Opheodrys vernalis in a) North-west
Prince County, b) Portage area, c) south of Savage Harbour, and d) south of Saint Peter’s
Bay.
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Table 5. Linkage Mapper and Pinchpoint Mapper metrics for O. vernalis.

Study Region CWD CWD/Path
Length Ȓ

CWD/Ȓ

A 71264 3.5 1445 49.3

B 47427 2.1 1896 25.0

C 40376 1.5 4053 10.0

D 42914 2.9 1815 23.6

Table 6. Percent overlap (%) between least-cost paths and structural analysis for O.
vernalis.
Study Region Percent Overlap (%)

A 72.1

B 52.8

C 44.2

D 47.4

3.4. Comparisons

Comparing least-cost paths for all species against natural areas structural

connectivity Circuitscape flow analysis found that G. sabrinus primarily followed

movement flows across all study regions, with the highest percent overlap being 98.0% in

Study Region A and the lowest being 94.2% in Study Region C (Table 2). L. palustris

followed the Circuitscape flows more closely for regions A (73.2%), B (62.9%), and D

(72.6%) than for region C (50.2%) (Table 4). The least-cost path for O. vernalis did not

follow natural areas flow patterns for any region with the exception of region A (72.1%,
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see Table 6). Lithobates palustris had the highest CWD/Path Length ratios in Regions C

and D. Opheodrys vernalis had a much higher CWD/Path Length ratio value in study

region A than in any other study region, with a low CWD/Path Length ratio in study

region C. However, G. sabrinus had relatively similar values in all four study regions.
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Study Region A Study Region B

Study Region C Study Region D

Figure 17. Least cost paths overlaid on natural areas Circuitscape analysis (Fulton &
Bush, 2020) for a) North-west Prince County, b) Portage area, c) south of Savage
Harbour, and d) south of Saint Peter’s Bay.
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Figure 18. Bar chart comparing CWD/Path Length Ratios for the three species across
Study Regions A, B, C, and D.

Figure 19. Bar chart comparing CWD/Ȓ Ratios for the three species across Study
Regions A, B, C, and D.
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4. Discussion

4.1. Linkage Pathways

Overall, L. palustris had the most resistance to movement through the landscape,

due to a lack of wetlands and wet forested areas. Linkage Pathways used the inputs of the

core habitat areas and the resistance raster to find the path of least resistance (or the

least-cost path) between the two core areas. This provided an output of the CWD/path

length ratio, which is the ratio of the CWD to the non-weighted least-cost path length.

This is equivalent to the average resistance per cell encountered moving along the

least-cost route between the two core areas and can help understand which species have

the highest resistance when moving through the landscape. Glaucomys sabrinus had a

relatively high resistance to movement between habitat patches for all four study regions,

suggesting that mature forest habitat is lacking all across the island. In contrast, O.

vernalis had a relatively low resistance to movement throughout the landscape, with the

exception of Study Region A, which had a cost weighted distance to path length ratio of

3.5, closer to the values of G. sabrinus and L. palustris. This suggests that Study Region

A is lacking in open areas such as abandoned agricultural land and meadows, which are

important for the connectivity of habitats for O. vernalis.

4.2. Pinchpoint Mapper

The analysis using Pinchpoint Mapper found that Ȓ differed across the study

regions and between species. Pinchpoint Mapper used Circuitscape and electrical circuit

theory to send a model of an electrical flow through the pathways highlighted in the

Linkage Pathways tool in order to find where “pinchpoints”, or areas where flow is
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highest and movement may be restricted if land-use changes occur along or around the

path between core habitat areas (McRae 2012). The Pinchpoint Mapper tool

complemented the Linkage Pathways tool by taking all pathways between core habitats

into account (not just the least-cost path). It also provided the effective resistance (Ȓ)

between the core areas, which takes into account the corridor width and the number and

quality of alternative pathways available within a corridor, as well as the CWD/Ȓ ratio,

which is the ratio of the CWD found through Linkage Pathways to the Ȓ and serves as a

measure of “linkage robustness” (Jones, 2015). Pinchpoint Mapper was run at a buffer

zone of 1000 m around the least-cost paths in order to find other pathways between the

cores. For G. sabrinus, Study Region D had the highest CWD/Ȓ value across the regions

with a value of 20.93 (Figure 4), suggesting that this region requires greater connectivity

protection of mature forests. For L. palustris, Study Region D had the highest CWD/Ȓ

value across the regions with a value of 16.50 for this species as well (Figure 8),

suggesting that this region also requires greater connectivity protection of wetland areas.

For O. vernalis, Study Region A had the highest CWD/Ȓ value across the regions with a

value of 49.30 (Figure 12), which is much higher than ratios for the other species and for

O. vernalis in other regions across the map, which suggests that this region has little

connectivity in the way of abandoned agricultural lands, meadows, etc. and that more

should be done to enable connectivity.

4.3. Barrier Mapper

The Barrier mapper tool was used to find where there may be barriers to

movement along the least-cost path, and where restoration would create “shortcuts” that

would most reduce the least-cost distance between patches. For G. sabrinus, Study region
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D had a large area just east of St. Peter’s Bay which the tool highlighted as significant for

restoration in order to shorten the least-cost path distance between the cores (Figure 3). L.

palustris had a few areas for which restoration would reduce the least-cost distance

between habitat patches (Figure 7). Study region D had the most areas where restoration

was suggested, which makes sense given the results of the Linkage Pathways and

Pinchpoint Mapper tools. For O. vernalis, one particular area was identified in the

south-west of Study region B where restoration could occur in order to shorten the

least-cost distance (Figure 11).

4.4. Comparisons Between Functional and Structural Connectivity Analysis

Functional connectivity is the effect that the structure of a landscape has on an

organism’s movement through the landscape (Mühlner et al., 2010). One of the objectives

of this research was to compare the functional connectivity analysis completed here to the

structural connectivity analysis completed by Fulton and Bush in 2020, which used

various structural connectivity analysis methods such as Circuitscape, Effective Mesh

Size (mEff), and Fragmentation Statistics to map the connectivity of forests, mature

forests, and natural areas across the province of Prince Edward Island. The analysis

undertaken by Fulton and Bush (2020) was also completed on a much larger scale, at the

provincial level with a 25 km cell size as opposed to the regional level (with a cell size of

50 m) undertaken in this analysis. Previous comparative studies have found that for

organism groups where species richness and diversity are known in detail, structural

metrics such as Euclidean distance (i.e. the straight line distance between two patches, or,

“as the crow flies”) explained more variance at the finer scale whereas functional metrics

explained more variance at the landscape scale (Mülner et al., 2010).
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For O. vernalis specifically, the least cost paths created through the functional

analysis for Regions C and D both had little overlap with the structural analysis of natural

areas. This is significant, as there are only three species of snake on Prince Edward Island

(Ross, 2019), so the protection and conservation of these species are crucial to

functioning ecosystems as well as to the agriculture industry on Prince Edward Island, as

snakes largely feed on mice and other small rodents which could damage crops (Holm &

Kirk, 2013). The least-cost paths for L. palustris also differed from the structural analysis

of natural areas in Study Regions B and C (Table 4). This suggests that both abandoned

agricultural lands and wetlands were not fully taken into account when analyzing the

connectivity of all natural areas, which can lead to gaps in conservation of corridors for

species who inhabit those areas.

Circuitscape was used in both analyses as it can be a useful tool for both structural

and functional connectivity studies. Although it was used at a larger scale in Fulton &

Bush (2020), the larger more general pinchpoints can still be compared to the finer scale

pinchpoints and the linkage pathways for each individual species in this analysis. For

example, when comparing the natural areas Circuitscape analysis by Fulton and Bush

(2020) with the linkage pathways analysis for G. sabrinus in study region A, we can see

that the path follows the Circuitscape flow very closely, because very little else in the

area has flow at all due to agricultural lands (see Figure 1, Figure 2a).

This comparison highlights the need for both structural and functional

connectivity analysis when studying the ecological connectivity of a region. Structural

connectivity can be of more use for general conservation and land use management as it

allows the user to look at broad groups of organisms to find the best areas for
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conservation for many species. Functional connectivity can aid in the protection of

keystone and endangered species, but it can overlook some of the broader analysis that

can aid more species, and can run into the issue of failing to see the forest through the

trees.
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4.5. Management & Conservation Opportunities

Figure 20. Map of species’ least-cost paths for Study Region A over natural areas
Circuitscape analysis (Fulton & Bush, 2020), with a yellow square highlighting the area
of overlap.
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Figure 21. Map of species’ least-cost paths for Study Region B over natural areas
Circuitscape analysis (Fulton & Bush, 2020), with a yellow square highlighting the area
of overlap.
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Figures 19 and 20 provide a closer look at where least-cost paths and Circuitscape

flows overlap in Study Regions A and B. The areas highlighted in yellow are areas where

conservation and protection are of utmost importance as these are areas where all three

species may travel between habitat patches and where the Circuitscape tool had a high

flow through the landscape.

Study Region D, in the area of Kings county surrounding St. Peter’s Bay, saw the

greatest need for habitat conservation and restoration, for both wetland and mature forest

habitats. For mature forest areas potentially inhabited by G. sabrinus, the priority should

be to maintain the stands of mature forest still in the region, and ensure that harvesting

activities taking place prioritize non-clearcutting methods such as an irregular

shelterwood system. This is necessary to ensure that G. sabrinus can still move between

trees through the landscape, as they can glide for upwards of 20 metres (Canada Wildlife

Federation, 2021). Between 2001 and 2010, more than 33,000 hectares of forest were

clear cut, the majority of which were softwood stands (PEI Agriculture & Forestry,

2013). As Prince Edward Island is the least forested province in Canada (McAlpine,

Harding, & Curley, 2006), focus should be on restoring natural habitats and conserving

and protecting mature forest stands that are still intact.

The analysis highlights the need for extensive wetland conservation around the

province of Prince Edward Island. Study region D, in particular, had the highest ratio of

cost weighted distance to effective resistance for L. palustris, meaning that the region

around St. Peter’s Bay should be prioritized for wetland conservation and restoration.

One potential factor is that since the region is near a large bay, saltwater intrusion due to
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long term sea level rise may result in the degradation of freshwater wetland habitat in the

area in the years to come.

The fact that O. vernalis had more difficulty moving through the landscape in

region A than the other species despite having a greater ease of movement throughout the

other study areas suggests that the inclusion of abandoned agricultural land and meadows

in conservation efforts, especially in northwestern Prince county, may be beneficial for

the movement of snake species including O. vernalis. This is significant, as the province

only has three species of snake (Ross, 2019) which need to be protected to ensure their

conservation even though their large range of habitats and ease of movement through

many landscapes may make them less of a priority for corridor management.

4.6. Future Research and Limitations

This analysis only begins to brush the surface of functional connectivity on Prince

Edward Island. Future research should be undertaken in other areas of Prince Edward

Island, especially in Queens County, as the areas surrounding Charlottetown, PEI are

especially susceptible to habitat loss and fragmentation from urbanization. From 2000 to

2010, 992 ha of forested land was converted to urban or residential areas across the island

from 2000 to 2010 (PEI Agriculture & Fores6try, 2013). Research should also be done on

other taxa such as avian species and larger mammals, who may be impacted differently

by roads and agricultural land use.

Restoration of natural areas is important for habitat conservation on Prince

Edward Island as it is the least forested province in Canada (McAlpine, Harding, &

Curley, 2006). Barrier Mapper has not previously been used as a tool for the

identification of areas for potential restoration on Prince Edward Island, and this study
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only begins to scratch the surface of this. Future studies should be completed on areas

identified with the Barrier Mapper tool in this analysis in order to look further into the

current land use of the areas identified as potential restoration areas and the feasibility of

restoration of that land.

One limitation to this analysis is the lack of data on the spatial patterns of the

species. The core habitat areas used in the analysis are pieces of land which meet the core

habitat criteria for each species, and not where the species are actually located. Due to the

nature of COVID-19 and the difficulty doing fieldwork during these times, I had to rely

on the land use database without being able to visit the lands to ground-truth the data.

The most recent land use database for Prince Edward Island was used for this analysis,

but it was from 2010 and there have probably been changes to the landscape in the eleven

years since the creation of the database.

Another limitation to this analysis is that the processing of data introduces errors

in the analysis. The cell size for the land use rasters for this analysis was 50 m, which was

selected to limit the processing time required for the mapping. Although this is still a

relatively small scale, some smaller parcels of land and roads may be underrepresented.

Also, this analysis did not account for the road effect zone or edge effect in its analysis.

However, all species cells with a land use of “Transportation” (i.e. roads, highways, etc.)

were given the highest resistance value of 10, so adjacent cells that met core habitat

criteria would not be affected by their adjacency to roads.

5. Conclusions

This project was undertaken with the goal of analysing the finer scale functional

connectivity of Prince Edward Island and comparing it to prior broad scale structural
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connectivity studies completed previously across the province. Based on previous studies

by Fulton and Bush (2020), it was predicted that O. vernalis would be most overlooked

by traditional structural connectivity analysis, which was correct when qualitatively

comparing the least-cost paths for all three species in all four study areas against the

natural areas Circuitscape flows. It was also hypothesized that study region C would have

the highest resistances for the three species, however this was only true for L. palustris,

where G. sabrinus had the most difficulty in region D and O. vernalis in region A,

suggesting that the different areas all require more habitat restoration and corridor

conservation. Suggestions for areas of concern for land conservation management were

also provided, including where pinchpoints may be located for the movement of G.

sabrinus, L. palustris, and O. vernalis in regions across Prince Edward Island. Although

urban areas were considered in this study, areas where urbanization and development are

most affecting connectivity such as Charlottetown and Summerside were not in our study

regions and as such future research should focus on these regions.

47



6. References

Alexander, J.L., Olimb, S.K., Bly, K.L.S., and Restani, M. (2016). Use of least-cost path

analysis to identify potential movement corridors of swift foxes in Montana.

Journal of Mammalogy, 97(3): 891-898.

Alroy, J. (2015). Current extinction rates of reptiles and amphibians. Proceedings of the

National Academy of Sciences, 112(42): 13003-13008.

https://doi.org/10.1073/pnas.1508681112.

Anderson, M.G., Barnett, A., Clark, M., Prince, J., Olivero Sheldon, A., and Vickery, B.

(2016). Resilient and Connected Landscapes for Terrestrial Conservation. The

Nature Conservancy, Eastern Conservation Science, Eastern Regional Office.

Boston, MA.

Bayne, E.M., and Hobson, K.A. (1997). The effects of habitat fragmentation by forestry

and agriculture on the abundance of small mammals in the southern boreal

mixedwood forest. Canadian Journal of Zoology, 76: 62-69.

Benítez-López, A., Alkemade, R., & Verweij, P. (2010). The impacts of roads and other

infrastructure on mammal and bird populations: A meta-analysis. Biological

Conservation, 143: 1307-1316.

Bennett, A.F. (1990). Habitat corridors and the conservation forest environment.

Landscape Ecology, 4: 109-122.

48

https://doi.org/10.1073/pnas.1508681112
https://doi.org/10.1073/pnas.1508681112


Brown, W.S. (1993). Biology, status, and management of the timber rattlesnake (Crotalus

horridus): A guide for conservation. Society for the Study of Amphibians and

Reptiles. Herpetology Circulation, 221(72).

Canadian Wildlife Federation. (2021). Northern Flying Squirrel. Retrieved on March 21,

2020 from

https://cwf-fcf.org/en/resources/encyclopedias/fauna/mammals/northern-flying-sq

uirrel.html#:~:text=Habitat%3A%20Northern%20flying%20squirrels%20prefer,n

esting%20sites%20for%20flying%20squirrels.

Churko, G. (2015). Evaluating the landscape connectivity of five amphibian species using

circuit theory (Masters Thesis). Swiss Federal Institute of Technology, Zurich,

Switzerland.

Crooks, K.R. (2002). Relative Sensitivities of Mammalian Carnivores to Habitat

Fragmentation. Conservation Biology, 16(2): 488-502.

https://doi.org/10.1046/j.1523-1739.2002.00386.x.

Crooks, K.R., Burdett, C.L., Theobald, D.M., King, S.R.B., Di Marco, M., Rondinini, C.,

and Boitani, L. (2017). Quantification of habitat fragmentation reveals extinction

risk in terrestrial mammals. Proceedings of the National Academy of Sciences,

114(29): 7635-7640.

Cunningham, C., Beazley, K., Bush, P., and Brazner, J. (2020). Forest Connectivity In

Nova Scotia. Dalhousie University, Halifax, NS

49

https://doi.org/10.1046/j.1523-1739.2002.00386.x
https://doi.org/10.1046/j.1523-1739.2002.00386.x


Dutta, T., Sharma, S., McRae, B.H., Roy, P.S., and DeFries, R. (2016). Regional

Environmental Change, 16(1): 53-67. DOI 10.1007/s10113-015-0877-z.

Eigenbrod, F., Hecnar, S.J., and Fahrig, L. (2009). Quantifying the road-effect zone:

threshold effects of a motorway on anuran populations in Ontario, Canada.

Ecology and Society 14(1): Article 24. [online] URL:

http://www.ecologyandsociety.org/vol14/iss1/art24/

ESRI 2011. ArcGIS Desktop: Release 10. Redlands, CA: Environmental Systems

Research Institute.

Etherington, T.R. (2016). Least-Cost Modelling and Landscape Ecology: Concepts,

Applications, and Opportunities. Current Landscape Ecology Reports, 1: 40-53.

Fahrig, L. (2003). Effects of Habitat Fragmentation on Biodiversity. Annual Review of

Ecology, Evolution, and Systematics, 34: 487-515.

https://doi.org/10.1146/annurev.ecolsys.34.011802.132419.

Fahrig, L., and Merriam, G. (1994) Conservation of fragmented populations.

Conservation Biology, 8:50–59. doi:10.1046/j.1523-1739.1994.08010050.x.

Findlay, C.S.T., and Bourdages, J. (2001). Response Time of Wetland Biodiversity to

Road Construction on Adjacent Lands. Conservation Biology, 14(1): 86-94.

https://doi.org/10.1046/j.1523-1739.2000.99086.x.

50

http://www.ecologyandsociety.org/vol14/iss1/art24/
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1046/j.1523-1739.2000.99086.x
https://doi.org/10.1046/j.1523-1739.2000.99086.x


Forman, R.T.T., and Alexander, L.E. (1998). Roads and their major ecological effects.

Annual Review of Ecology and Systematics. 29: 207-231.

https://doi.org/10.1146/annurev.ecolsys.29.1.207.

Fulton, L., and Bush, P. (2020). Current State of Landscape Connectivity and Structural

Fragmentation in Prince Edward Island. Saint Mary’s University, Halifax, NS

Funk, W.C., Greene, A.E., Corn, P.S., and Allendorf, F.W. (2005). High dispersal in a

frog species suggests that it is vulnerable to habitat fragmentation. Biology

Letters, 1(1): 13-16. doi: 10.1098/rsbl.2004.0270.

Gibbons, J.W., Scott, D., E., Ryan, T.J., Buhlmann, K.A., Tuberville, T.D., Metts, B.S.,

Greene, J.L., Mills, T., Leiden, Y., Poppy, S., and Winne, C.T. (2000).  The Global

Decline of Reptiles, Déjà Vu Amphibians: Reptile species are declining on a

global scale. Six significant threats to reptile populations are habitat loss and

degradation, introduced invasive species, environmental pollution, disease,

unsustainable use, and global climate change. Bioscience, 50(8): 653-666.

https://doi.org/10.1641/0006-3568(2000)050[0653:TGDORD]2.0.CO;2.

Goodwin, B.J. and Fahrig, L. (2003). How does landscape structure influence landscape

connectivity? Oikos, 99(3): 552-570.

https://doi.org/10.1034/j.1600-0706.2002.11824.x

Government of PEI. (2021). Ponds and Wetlands. Forestry, Fish and Wildlife Division.

Retrieved on March 20, 2021 from

51

https://doi.org/10.1146/annurev.ecolsys.29.1.207
https://doi.org/10.1146/annurev.ecolsys.29.1.207
https://doi.org/10.1641/0006-3568(2000)050%5B0653:TGDORD%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2000)050%5B0653:TGDORD%5D2.0.CO;2
https://doi.org/10.1034/j.1600-0706.2002.11824.x
https://doi.org/10.1034/j.1600-0706.2002.11824.x


https://www.princeedwardisland.ca/en/information/environment-energy-and-clim

ate-action/ponds-and-wetlands.

Griffin, C. (2015). Effects of road-induced habitat fragmentation on reptile and

amphibian species at risk in North America: impacts and mitigation efforts

(Major Research Paper). University of Ottawa, Ottawa, ON.

Hanks, E.M., and Hooten, M.B. (2013). Circuit Theory and Model-Based Inference for

Landscape Connectivity. Journal of the American Statistical Association,

108(501): 22-33. DOI: 10.1080/01621459.2012.724647

Holm, M., and Kirk, Z. (2013). Living with Wildlife: Snakes. Okanagan Similkameen

Conservation Alliance. Retrieved on March 20, 2021 from

https://osca.org/wp-content/uploads/2017/08/Living-with-Wildlife-Snakes-web-ve

rsion.pdf.

Johansson, M., Primmer, C.R., and Merila, J. (2007). Does habitat fragmentation reduce

fitness and adaptability? A case study of the common frog (Rana temporaria).

Molecular Ecology, 16(13): 2693-2700.

https://doi.org/10.1111/j.1365-294X.2007.03357.x

Jones, A. (2015). Mapping Habitat Connectivity For Greater Sage-grouse In Oregon’s

Sage-grouse Conservation Partnership (SageCon) Assessment Area. Produced by

The Nature Conservancy (Portland OR) in partial fulfillment of BLM Cooperative

Agreement L12AC20615.

52

https://www.princeedwardisland.ca/en/information/environment-energy-and-climate-action/ponds-and-wetlands
https://www.princeedwardisland.ca/en/information/environment-energy-and-climate-action/ponds-and-wetlands
https://doi.org/10.1111/j.1365-294X.2007.03357.x
https://doi.org/10.1111/j.1365-294X.2007.03357.x


Laliberte, J., and St-Laurent, M-H. (2020). Validation of functional connectivity

modeling: The Achilles’ heel of landscape connectivity mapping. Landscape and

Urban Planning, 202: 103878.

https://doi.org/10.1016/j.landurbplan.2020.103878.

Lehmkuhl, J.F., Kistler, K.D., Begley, J.S., and Boulanger, J. (2006). Demography of

Northern Flying Squirrels informs ecosystem management of western interior

forests. Ecological Applications, 16(2): 584-600.

Marrotte, R.R., and Bowman, J. (2017). The relationship between least-cost and

resistance distance. PLoS ONE, 12(3).

https://doi.org/10.1371/journal.pone.0174212.

McAlpine, D.F., Harding, R.W., and Curley, R. (2006). Occurrence and Biogeographic

Significance of the Pickerel Frog (Rana Palustris) on Prince Edward Island,

Canada. Herpetological Natural History, 10(1): 95-98.

McRae, B.H., Dickson, B.G., Keitt, T.H., Shah, V.B. (2008). Using circuit theory to

model connectivity in ecology, evolution, and conservation. Ecology, 89(10):

2712-2724.

McRae, B.H. (2012). Barrier mapper connectivity analysis software. Seattle, WA: The

Nature Conservancy. Retrieved on October 10, 2020 from

http://code.google.com/p/linkage-mapper/.

McRae, B., Shah, V., and Mohapatra, T. (2014). Circuitscape: A GIS tool for

connectivity conservation. Remotely Wild, 30: 20-22.

53

https://doi.org/10.1016/j.landurbplan.2020.103878
https://doi.org/10.1016/j.landurbplan.2020.103878
https://doi.org/10.1371/journal.pone.0174212


Millennium Ecosystem Assessment. (2005). Ecosystems and Human Well‐Being:

Synthesis. Island Press. pp 4.

Mühlner, S., Kormann, U., Schmidt-Entling, M.H., Herzog, F., and Bailey, D. (2010).

Structural versus functional habitat connectivity measures to explain bird

diversity in fragmented orchards. Journal of Landscape Ecology, 3(1): 52-63.

DOI: 10.2478/v10285-012-0023-2.

National Park Service. (2015). Reptiles and Amphibians - Threats and Concerns.

Retrieved on November 15, 2020 from

https://www.nps.gov/articles/reptiles-and-amphibians-threats.htm.

Pelletier, D., Lapointe, M.-É., Wulder, M. A., White, J. C., & Cardile, J. A. (2017,

February 1). Forest Connectivity Regions of Canada Using Circuit Theory and

Image Analysis. 12(2).

Peters, D.P.C., Groffman, P.M., Nadelhoffer, K.J., Grimm, N.B., Collins, S.L., Michener,

W.K., and Huston, M.A. (2008). Living in an increasingly connected world: a

framework for continental-scale environmental science. Frontiers in Ecology and

the Environment, 6(5): 229-237. doi:10.1890/070098.

Prince Edward Island Department of Agriculture and Forestry. (2013). State of the Forest

Report 2010. Retrieved on November 15, 2020 from

http://www.gov.pe.ca/photos/original/2010StateFrstrp.pdf

54

https://www.nps.gov/articles/reptiles-and-amphibians-threats.htm
https://www.nps.gov/articles/reptiles-and-amphibians-threats.htm
http://www.gov.pe.ca/photos/original/2010StateFrstrp.pdf
http://www.gov.pe.ca/photos/original/2010StateFrstrp.pdf


Prince Edward Island Department of Environment, Energy & Forestry. (2008). 2 Meter

Contours. Retrieved on November 5th, 2020 from

http://www.gov.pe.ca/gis/index.php3?number=1011267&lang=E.

Prince Edward Island Department of Fisheries, Aquaculture, and Environment. (2003). A

Wetland Conservation Policy for Prince Edward Island.

Ross, S. (September 14, 2019). Why you might be seeing more snakes on P.E.I. CBC.

Retrieved on March 6, 2021 from

https://www.cbc.ca/news/canada/prince-edward-island/pei-snakes-garter-fall-1.52

79494#:~:text=Garter%20snakes%2C%20red%2Dbellied%20snakes,and%20prep

are%20for%20communal%20hibernation.

Rudnick, D., Beier, P., Cushman, S., Dieffenbach, F., Epps, C.W., Gerber, L., Hartter, J.,

Jenness, J., Kintsch, J., Merenlender, A.M., Perkle, R.M., Preziosi, D.V., Ryan,

S.J., and S. C. Trombulak. The Role of Landscape Connectivity in Planning and

Implementing Conservation and Restoration Priorities. Issues in Ecology. (Report

No. 16). Ecological Society of America. Washington, DC.

Salaria, S. (2013). Preliminary Exploration of Landscape Connectivity in Halifax

Regional Municipality, Nova Scotia. Dalhousie University, Halifax , NS

Saunders, D.A., Hobbs, R.J., and Arnold, G.W. (1993) The Kellerberrin project on

fragmented landscapes: a review of current information. Biological Conservation,

64:185–192. doi:10.1016/0006-3207(93)90320-Z.

55

http://www.gov.pe.ca/gis/index.php3?number=1011267&lang=E
https://www.cbc.ca/news/canada/prince-edward-island/pei-snakes-garter-fall-1.5279494#:~:text=Garter%20snakes%2C%20red%2Dbellied%20snakes,and%20prepare%20for%20communal%20hibernation
https://www.cbc.ca/news/canada/prince-edward-island/pei-snakes-garter-fall-1.5279494#:~:text=Garter%20snakes%2C%20red%2Dbellied%20snakes,and%20prepare%20for%20communal%20hibernation
https://www.cbc.ca/news/canada/prince-edward-island/pei-snakes-garter-fall-1.5279494#:~:text=Garter%20snakes%2C%20red%2Dbellied%20snakes,and%20prepare%20for%20communal%20hibernation


Shine, R. (1991). Intersexual dietary divergence and the evolution of sexual dimorphism

in snakes. The American Naturalist, 183(1): 103-122.

Silva, M., Hartling, L.A., Field, S.A., and Teather, K. (2003). The effects of habitat

fragmentation on amphibian species richness of Prince Edward Island. Canadian

Journal of Zoology, 81(4): 563-573.

Silva, M., Hartling, L., and Opps, S.B. (2005). Small mammals in agricultural landscapes

of Prince Edward Island (Canada): Effects of habitat characteristics at three

different spatial scales. Biological Conservation, 126(4): 556-568.

https://doi.org/10.1016/j.biocon.2005.07.007

Singleton, P.H. and Lehmkuhl, J.F. (2001). Using weighted distance and least-cost

corridor analysis to evaluate regional-scale large carnivore habitat connectivity in

Washington. ICOET 2001 Proceedings, 583-594.

Taylor, P.D., Fahrig, L., Henein, K., and Merriam, G. (1993). Connectivity is a Vital

Element of Landscape Structure. Oikos, 68(3): 571-573.

https://doi.org/10.2307/3544927.

Tischendorf, L., and Fahrig, L. (2000). On the usage and measurement of landscape

connectivity. Oikos, 90: 7-19.

Venter, O., Brodeur, N.N., Nemiroff, L., Belland, B., Dolinsek, I.J., and Grant, J.W.A.

(2006). Threats to Endangered Species in Canada. BioScience, 56(11): 902-910.

56

https://doi.org/10.1016/j.biocon.2005.07.007
https://doi.org/10.1016/j.biocon.2005.07.007
https://doi.org/10.2307/3544927
https://doi.org/10.2307/3544927


Appendix A: Attribute tables used in the creation of resistance rasters

G. sabrinus

LAND USE VALUE

FOREST 1

WETLAND 8

RESIDENTIAL 9

RECREATIONAL 9

AGRICULTURAL 10

INDUSTRIAL 10

NON-USE 10

TRANSPORTATION 10

COMMERCIAL 10

INSTITUTIONAL 10

URBAN 10

COVER VALUE

BS 1

RS 1

WS 1

CE 1

WP 1

BF 1

RP 1

LA 1

NS 1
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EL 1

HE 1

JL 1

JP 1

SP 1

AP 1

LX 1

LP 1

CP 1

HS 1

YP 1

HP 1

AL 5

RM 5

WB 5

PC 5

PO 5

YB 5

RO 5

SM 5

DF 5

LI 5

BA 5

WI 5

GB 5

MA 5

EM 5
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EB 5

TREE 5

AS 5

HAY 10

BARN 10

GRAIN 10

POTATO 10

SHRUB 10

GRASS 10

SOY 10

PAVED 10

OTHER 10

PASTURE 10

BUILDING 10

CORN 10

CLEARCUT 10

BLUEBERRY 10

SAND DUNE 10

DEVELOPMENT STAGE VALUE

OLD 1

MATURE 2

YOUNG 8

REGENERATING 9

S/N/C/W/0/T/B 10

59



CROWN (%) VALUE

0-10 10

10-20 9

20-30 8

30-40 7

40-50 6

50-60 5

60-70 4

70-80 3

80-90 2

90-100 1

HEIGHT (m) VALUE

0-2.7 10

2.7-5.4 9

5.4-8.1 8

8.1-10.8 7

10.8-13.5 6

13.5-16.2 5

16.2-18.9 4

18.9-21.6 3

21.6-24.3 2

24.3-27 1
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L. palustris

LAND USE VALUE

WETLAND 1

FOREST 5

AGRICULTURE 9

RESIDENTIAL 9

RECREATIONAL 9

INDUSTRIAL 10

NON-USE 10

TRANSPORTATION 10

COMMERCIAL 10

INSTITUTIONAL 10

URBAN 10

SUB USE VALUE

FOREST 1

RESERVOIR 2

ABANDONED LAND 5

PLANTATION 9

ALL OTHER NON FOREST/NON WETLAND SUB USES 10

CLASS VALUE

BOG 8

OPEN WATER 10

MEADOW 5

DEEP MARSH 2
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SHALLOW MARSH 2

SALT MARSH 10

SAND DUNE 10

SEASONALLY FLOODED FLAT 10

BRACKISH MARSH 10

SHRUB SWAMP 2

WOODED SWAMP 1

JUXTAPOSITION VALUE

1 – Connected to a different dominant class within 1.6km 5

2 – Connected to a same dominant class within 0.4km 1

3 – Equal to or larger than 20.1 Ha with 3 classes 1

4 – Connected to a different dominant class within 1.6-5.0km 5

5 – Connected to a same dominant class within 0.4-0.8km 3

6 – Unconnected to any other wetland but has a wetland of a different dominant class
within 0.8km 8

7 – Other 10

ELEVATION VALUE

-2.97138 - 11.182432 1

11.182432 - 25.336244 2

25.336244 - 39.490056 3

39.490056 - 53.643869 4

53.643869 - 67.797681 5

67.797681 - 81.951493 6

81.951493 - 96.105305 7

96.105305 - 110.259118 8

110.259118 - 124.41293 9
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124.41293 - 138.566742 10

O. vernalis

LAND USE VALUE

WETLAND 2

FOREST 2

AGRICULTURE 3

RESIDENTIAL 5

RECREATIONAL 5

INDUSTRIAL 10

NON-USE 1

TRANSPORTATION 10

COMMERCIAL 10

INSTITUTIONAL 10

URBAN 10

SUB USE VALUE

FOREST 2

RESERVOIR 5

ABANDONED LAND 1

PLANTATION 5

ALL OTHER NON FOREST/NON WETLAND SUB USES 10
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COVER VALUE

BS 3

RS 3

WS 3

CE 3

WP 3

BF 3

RP 3

LA 3

NS 3

EL 3

HE 3

JL 3

JP 3

SP 3

AP 3

LX 3

LP 3

CP 3

HS 3

YP 3

HP 3

AL 3

RM 3

WB 3

PC 3
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PO 3

YB 3

RO 3

SM 3

DF 3

LI 3

BA 3

WI 3

GB 3

MA 3

EM 3

EB 3

TREE 3

AS 3

HAY 8

BARN 10

GRAIN 8

POTATO 8

SHRUB 1

GRASS 1

SOY 8

PAVED 10

OTHER 10

PASTURE 1

BUILDING 10

CORN 8

CLEARCUT 8
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BLUEBERRY 8

SAND DUNE 10

CLASS VALUE

BOG 5

OPEN WATER 10

MEADOW 1

DEEP MARSH 1

SHALLOW MARSH 1

SALT MARSH 10

SAND DUNE 10

SEASONALLY FLOODED FLAT 10

BRACKISH MARSH 10

SHRUB SWAMP 5

WOODED SWAMP 5

ELEVATION VALUE

-2.97138 - 11.182432 1

11.182432 - 25.336244 2

25.336244 - 39.490056 3

39.490056 - 53.643869 4

53.643869 - 67.797681 5

67.797681 - 81.951493 6

81.951493 - 96.105305 7

96.105305 - 110.259118 8

110.259118 - 124.41293 9

124.41293 - 138.566742 10
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Appendix B : ModelBuilder visualization of geoprocessing workflow of analysis
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