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ABSTRACT: Identifying core habitat and corridors linking those areas is essential for species conservation. However,
it is difficult to know whether corridors delineated with commonly-used geographic information system analyses may
actually function in that capacity. Boundary-detection techniques were used to assess the robustness of least-cost path
and corridor analyses created to identify movement routes for grizzly bears (Ursus arctos) in the interior temperate
rainforest of western Canada and northwestern United States. Additionally, boundaries were tested to determine
whether they were statistically unusual, and subsequently tested for boundary contiguity using a graph theoretic
approach. The analysis identified statistically significant, contiguous boundaries bisecting least-cost paths and corridors.
These results suggest barriers to movement and therefore potentially diminished functionality of conservation networks
created using prospective least-cost paths and corridors. This research may help identify landscape features that affect
connectivity and inform the conservation planning process.
Keywords: Boundary, connectivity, core-corridor model, conservation area design, least-cost path, Wombling
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elevation, roads) and represents a researcher’s best
understanding of how permeable a landscape may be for
a given species or group of species. That is, costs vary
based on the characteristics of the landscape for the
species of interest. Areas of high quality habitat tend to
have a low cost value, whereas areas of low quality
habitat or non-habitat tend to have a high cost value.
LCP analyses operate on the premise that animals select
movement routes using similar decision-making
processes as when they select habitat (Majka et al.,
2007), although this assumption may not hold in all cases
(Horskins et al., 2006).

INTRODUCTION
In the core-corridor conservation area design (CAD)
model, cores provide the highest level of conservation
protection. They are habitat for species, providing the
range of resources necessary to carry out some or all of a
species’ life cycle. Often core areas serve as sources of
individuals that disperse to populate unoccupied habitat
or sustain a metapopulation (Pulliam and Danielson,
1991; Beier, 1993; Carroll et al., 2003). Alternatively,
corridors act as landscape conduits through which
individuals travel (Henein and Merriam, 1990; Rouget et
al., 2006). The intent of the core-corridor model is to
create a conservation network where cores represent
high-quality habitat and corridors represent areas where
movement between cores is likely given the
characteristics of the landscape and ecology of the
species of interest. The success of CADs developed
using this model hinges on the robustness of the network
(see Carroll et al., 2001; Noss et al., 2002; Carroll et al.,
2003) – the conservation value of cores (Meffe and
Carroll, 1997) and the amount and quality of connectivity
provided by corridors (Noss and Harris, 1986; Simberloff
and Cox, 1987; Simberloff et al., 1992; Perault and
Lomolino, 2000). Although research has focused on
delineating cores, less effort has focused on evaluating
whether areas identified as corridors may function as
intended (Soulé, 1991). That is, are potential corridors
identified through spatial analysis useful to the species
they are intended to serve, or are there landscape
features that serve as potential barriers within those
corridors that restrict or perhaps even prevent
movement?

FIGURE 1 Core-corridor model with least-cost path
identified.

Although LCP analyses maybe useful, the term “lowest” is
relative, as the lowest cost path may in some
circumstances have high absolute costs. For example,
an LCP may cross a large, fast-moving river in lieu of
crossing a four-lane highway. An animal may be unlikely
to use either path, yet due to the premise of the LCP
algorithm the lowest cost alternative is identified.

One method of identifying corridors within a landscape is
to use a geographic information system (GIS) to
undertake least-cost path (LCP) analysis (ESRI, 2005).
Such analyses have formed the basis of many
connectivity-oriented research projects (Bunn et al., 2000;
Singleton et al., 2002; Adriaensen et al., 2003; Larkin et
al., 2004; Rouget et al., 2006). LCP analysis locates the
path of lowest travel “cost” (Figure 1) across a landscape
cost-surface, where the cost surface is an aggregate
depiction of landscape characteristics (e.g., land cover,

Rather than identifying a single one-dimensional LCP
across a landscape, a network of LCPs may be
generated between cores in a pair-wise fashion. Such an
effort can often illustrate redundant connections across a
landscape. Additionally, it is possible to identify a low
cost corridor that represents an irregularly-shaped two16

DIBARI / Journal of Conservation Planning Vol 5 (2009) 15 — 27
identified through Wombling denote these locations.
Additionally, boundaries that meet a user-defined
threshold of change are then statistically tested to assess,
using a graph theoretic approach (see Harary, 1969),
whether places of high-magnitude change form
contiguous boundaries (i.e., boundaries more than one
cell long). Areas where boundaries are contiguous, that
is, where high-magnitude changes in cost are
continuously high, indicate potential barriers (Barbujani et
al., 1989) and thus a less robust conservation network.
This analysis can help identify contiguous boundaries
across LCPs or within corridors indicating the landscape
may be impermeable or at least less permeable than LCP
or corridor analyses may otherwise suggest. In other
words, boundaries provide spatially explicit information
regarding where permeability may be diminished in
corridors or along LCPs. Additionally, this analysis may
help managers identify areas within modeled corridors to
investigate further for protection and\or restoration.

dimensional area linking cores. For example, Beier et al.
(2008) combine habitat maps for a suite of species and
generate corridors by taking a slice of low-cost cumulative
resistance values across the landscape. Each corridor is
suitable for at least one species of interest.
Both LCP and corridor approaches may provide
information useful in establishing conservation networks.
This is especially the case in the absence of data
showing routes animals actually use between core areas.
However, little research has been done to evaluate the
quality of corridors generated using the above methods.
In this analysis, boundary detection techniques are used
to assess the quality of LCPs and corridors identified in
the process of creating a CAD for grizzly bears (Ursus
arctos) in the interior temperate rainforest (ITR) of
western Canada and the northwestern United States. To
date, analyses of landscape connectivity in this context
have stopped once LCPs and\or corridors were
delineated (see Singleton et al., 2002; Adriaensen et al.,
2003; Larkin et al., 2004; Rouget et al., 2006). Yet the
question remains, is this enough? The focus of this
analysis is to determine if boundary-detection techniques
can provide additional insight regarding connectivity with
the same data used to create LCPs and corridors.

Lastly, cost surface characteristics, more specifically
parameterization of the model creating the cost surface,
affect LCP, corridor, and boundary-detection analyses. A
range of cost values may be associated with each
landscape characteristic comprising the cost surface. For
example, cost values for land cover may vary by land
cover type. Depending on the ecology of the species of
interest, urban areas may be assigned a higher cost
value than forested areas. Therefore, analyses are
potentially sensitive to the cost values researchers assign
to specific landscape characteristics. In some cases,
absolute barriers to movement may exist and cost
surfaces can reflect this (e.g., through the use of No Data
values). The point is the structure of the cost surface
dictates the utility of the landscape for the species of
interest, and thus the location and characteristics of
LCPs, corridors, and boundaries across the modeled
landscape.

Raster Wombling (Womble, 1951; Kaufmann et al., 2001)
was used to identify areas of the cost surface that exhibit
high-magnitude changes in cost over space. Wombling is
a statistical technique used to identify where landscape
characteristics change rapidly across geographic space.
Slope is such an example, where steep slopes indicate
high magnitude change in elevation over a short linear
distance. In this analysis, Wombling identifies highmagnitude changes in cost across the cost surface.
Locations of rapid change represent “boundaries,” places
that separate higher from lower cost values on the cost
surface. In ecological terms, boundaries can be thought
of as potential barriers to movement; areas of sharp
contrast which are likely too costly to move across. Using
the slope example again, rapid changes in elevation (i.e.,
steep slopes) may indicate the presence of a cliff, a
potentially non-traversable obstacle.
Boundaries
17
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finely resolved data, the final core area, cost surface, and
derivative data sets were generalized to a cell size of 1
km2. As this work is not the focus of this paper, please
consult Craighead and Cross (2004; 2005) and
Craighead et al. (2008) for details regarding the
methodology used to create the habitat suitability models
and cost surface.

METHODS
Data

The study area encompassed the ITR of British
Columbia, Canada and Washington, Idaho, and Montana,
USA (Figure 2). The ITR is a rare ecosystem whose
diversity compares to that of coastal temperate
rainforests. Grizzlies are just one of
several species of conservation
concern in the ITR, where habitat
FIGURE 2 Interior temperate rainforest study area and grizzly
destruction and fragmentation
bear core areas.
associated with human land uses
threatens habitat quality and
connectivity. In the US, the grizzly is
considered Threatened under the
Endangered Species Act (1973),
whereas in British Columbia, it is
considered a species of special
concern due to sensitivity associated
with human activities (BC
Conservation Data Center, 2008).
Thus, the goal of creating a CAD in the
ITR is to ensure viable populations of
important species, such as the grizzly
(see Noss et al., 2002; Carroll et al.,
2003; Carroll, 2006). Landscape and
habitat suitability characteristics for the
ITR were evaluated using land cover,
human population density, road
density, slope, and elevation data.
Core habitat (Figure 2) was identified
by creating a habitat suitability model
for a suite of focal species including
grizzly bears.
An associated cost
surface (Figure 3, page 19) was also
created, which described landscape
permeability (Table 1, page 19). Both
data sets were developed in the
manner used by Singleton and
Lemkuhl (1999; 2000) and Singleton et
al. (2002; 2004). Although the initial
modeling was undertaken with more

18
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TABLE 1 Permeability values used by Craighead
and Cross (2004) to derive the cost surface.
Index

Type

Value

Land cover class
Alpine
Forest – Old/ Young
Sub Alpine
Ice and Snow
Wetlands
Water
Bare ground

FIGURE 3 Grizzly bear core areas and cost surface.

Logged (last 40 years)

10
10
10
3
4
1
3
8

Agriculture
Urban
Recently Burned
Rangeland
Shrub

2
1
4
10
8

0-10
10-25
25-50
50-100
100 +

10
5
3
1
1

0-0.01
0.01-1
1-2
2-4
4-6
6-8
8-10
10-50
>50

10
10
10
5
3
2
2
1
1

0-1000
1000-1500
1500-2000
>2000

10
10
10
10

0-20
20-40
40-60
60-80
80-100
100-120
>120

10
10
10
10
10
10
1

Population density
(people/mi2)

Road Density (mi/mi2)

Elevation (m)

Slope (% slope)
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Difference boundaries were identified using
BoundarySeer™ (Kaufmann et al., 2001). Difference
boundaries are areas of rapid change in magnitude of the
landscape characteristic being measured. In this case,
difference boundaries were identified by looking for rapid
changes in cost on the cost surface. Boundaries were
determined using Wombling on continuous data (Fortin,
1994; Jacquez et al., 2000). Wombling is a method used
to delineate difference boundaries. To identify potential
boundary elements, a threshold of the upper 5th percentile
(Barbujani et al., 1989; Fortin and Drapeau, 1995;
Jacquez et al., 2000) was selected based on a histogram
of relativized boundary likelihood values (Figure 4). This
threshold is the point at which there was a large-enough
change in the magnitude of cost over space, indicating a
potential boundary (Fortin et al., 2000; Jacquez et al.,
2000). Boundary elements with similar amounts and
direction of change can be connected to form
subboundaries.
To test for subboundaries, a

ANALYSIS
The COSTALLOCATION and COSTPATH commands in
Workstation ArcInfo (ESRI, 2005) were used to generate
LCPs between 25 core areas in a pair-wise fashion.
LCPs represented the lowest-cost route, one cell wide,
across the landscape on a cell-by-cell basis. Each path
was converted to a line theme and all lines were
combined to illustrate the network of LCPs across the
study area. The CORRIDOR command in Workstation
ArcInfo (ESRI, 2005) was then used to derive lowest-cost
corridors, also in a pair-wise fashion, between all costdistance maps produced in the LCP analysis. Next, the
MIN command was used to identify the minimum cell
values of the resulting stack of corridor maps, as this
represented the lowest cost values across all pair-wise
cost-distance maps. The result was a composite lowestcost corridor map for the entire study area.

FIGURE 4 Distribution of relativized boundary likelihood values. Vertical line delineates
upper 5th percentile of values (right of line).
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were identified as the lowest cost routes, indicating some
preference for movement based on grizzly ecology as
described by the cost surface. Additionally, using output
from the LCP analysis, a map was created that combined
the minimum cell values of all corridors in a pair-wise
fashion (Figure 6, page 22). This map illustrated a
landscape permeability gradient across the ITR. The
lowest cost, most permeable areas (greener shades)
represented potentially preferred movement zones,
whereas the higher cost, least permeable areas (bluer
shades) represented less preferred zones. Again, due to
the nature of this analysis, the most permeable areas
may have contained landscape features such as roads,
rivers, or development. However, in relative terms, these
areas suggested highest potential permeability.

subboundary analysis was conducted to statistically
evaluate the contiguity of the identified boundary
elements.
This analysis determined whether
subboundaries possessed statistically significant
characteristics, including length, branchiness, and
diameter (Kaufmann et al., 2001). The statistics used in
the subboundary analysis are drawn from planar graph
theory. Each subboundary is a graph, where boundary
elements are nodes and connections among
subboundaries are edges or links (see Harary, 1969;
Urban and Keitt, 2001). Graph theoretic methods have
been used to describe landscape connectivity (Cantwell
and Forman, 1993; Fortin, 1994; Bunn et al., 2000; Urban
and Keitt, 2001; James et al., 2005). However, in this
context the same theoretical underpinnings were used to
assess the connectedness of potential landscape
barriers, which in turn may affect landscape connectivity.
Subboundary characteristics were evaluated based on
the results of 100 Monte Carlo randomizations. The
analysis tested the null hypothesis that boundaries occur
randomly and are therefore no more contiguous than
expected by chance.
The alternative hypothesis
suggests large-scale boundaries with higher boundary
contiguity than expected by chance.

The boundary detection analysis produced a map of
boundary elements meeting the 5% threshold of
boundary likelihood values (Figure 7, page 23).
Additionally, the subboundary analysis provided
compelling evidence to reject the null hypothesis that
boundaries occur by chance and are not contiguous.
Boundary characteristics including number of
subboundaries, number of singleton boundaries (i.e.,
boundaries consisting of only one cell), maximum
subboundary length (a measure of linked boundary
elements), and mean and maximum subboundary
diameter (a measure of the shortest path-length between
each pair of boundary elements in a subboundary)
indicated that boundaries were contiguous (Table 2, page
23). Alternatively, there was inconclusive evidence of
contiguous boundaries associated with mean
subboundary length, and no evidence of subboundary
contiguity associated with mean diameter-to-length ratio
(a measure of subboundary branchiness) (Table 2, page
23).

RESULTS
The GIS analysis produced maps illustrating LCPs on a
by-cell basis across the cost surface (Figure 5, page 22).
This described the potential cumulative connectivity
characteristics of the landscape as viewed from the
perspective of a grizzly; at least to the best of our abilities.
The shortest LCP was approximately 4,969 m, whereas
the longest was approximately 27,422 m. Due to the
landscape characteristics and arrangement of core areas
many of the gaps between cores were quite small.
Additionally, many of these gaps existed in valleys which
often contained roads, a river, development or some
combination of the three. Thus, due to the nature of this
analysis as described above, LCPs traversed, in absolute
terms, some high-cost areas. Yet relatively, these areas

Overlaying results from the LCP, corridor, and boundarydetection analyses indicated statistically significant
boundary elements within corridors and intersecting LCPs
(Figure 8, page 23).
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FIGURE 5 Least-cost paths among habitat cores
(cost surface in background).

FIGURE 6 Least-cost paths in relation to corridors
derived from the spatial analysis.
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FIGURE 7 Fifth percentile boundary elements in
relation to habitat cores and the cost surface.

FIGURE 8 Boundary elements in relation to leastcost paths and corridors.

TABLE 2 Results of subboundary analysis.
NS – number of subboundaries, N1 – number of singleton boundary elements, L(mean) – mean subboundary
length, L(max) – maximum subboundary length, D(mean) – mean subboundary diameter, D(max) – maximum
subboundary diameter, and D/L - mean diameter to length ratio.
NS

N1

L(mean)

L(max)

D(mean)

D(max)

D/L

Mean

1185.76

978.90

3.08

48.65

2.75

25.87

0.96

SD

123.21

107.36

0.015

6.72

0.011

2.64

0.001

Upper tail P-value

1.00

1.00

0.30

0.01

0.01

0.01

0.01

Lower tail P-value

0.01

0.01

0.71

1.00

1.00

1.00

1.00
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and number of singleton boundaries were significant in
the lower tail of the distribution (Table 2, page 23)
suggesting fewer subboundaries and singletons than by
chance. Alternatively, maximum subboundary length (a
measure of linked boundary elements) and mean and
maximum subboundary diameter (a measure of the
shortest path-length between each pair of boundary
elements in a subboundary) were significant in the upper
tail of the distribution (Table 2, page 23) suggesting more
contiguous boundaries than by chance.
Mean
subboundary length was inconclusive (Table 2, page 23).
However, in subsequent investigation, mean boundary
length was significant in the upper tail when the threshold
for boundary likelihood values were set at 4% and 6%.
Mean diameter-to-length ratio was not significant in the
lower tail (Table 2, page 23) indicating more branch-like
subboundaries than expected by chance.

DISCUSSION
Setting boundary-likelihood threshold values is an inexact
process. From an ecological perspective, the intent is to
choose a value that captures the underlying landscape
conditions meaningful to the species of interest without
delineating boundaries where the magnitude of change is
biologically unimportant (see Jacquez et al., 2000; Fagan
et al., 2003; Strayer et al., 2003). From a statistical or
model fitting perspective, selecting a threshold value can
be guided by the distribution of boundary likelihood
values, as was the case in this analysis (Figure 4, page
20). Selecting the highest 5% of boundary likelihood
values was an arbitrary, albeit conservative figure
supported by the literature (see Barbujani et al., 1989;
Fortin and Drapeau, 1995) in that it left 95% of the
boundary likelihood values “unused”. That is, if the
species of interest (in this case grizzly bears) were more
sensitive to landscape characteristics generating
boundary likelihood values than indicated by the 5%
threshold, then the number of boundary elements would
increase perhaps making the landscape less permeable
than indicated in this analysis.
Additional work is
necessary to forge a stronger link between statistically
and biologically meaningful threshold values.

Findings from this analysis suggest generating LCPs and
corridors using GIS is inadequate to evaluate the
condition of potential corridors in a CAD. Although
boundary elements (i.e., those boundaries with likelihood
values above the 5% criterion) are delineated with the
same data used to delineate LCPs and corridors, the
boundary-detection analysis provides information the
other analyses failed to provide. Namely, boundary
elements provide spatially explicit information regarding
where landscape permeability may be reduced within
corridors or inhibit movement along LCPs. One LCP
illustrates the potential conflict that can exist along LCPs
and within corridors (Figure 9, page 25). There are 89
other such instances. The GIS analysis identified an LCP
between two cores and generated a corridor within the
landscape. However, LCP and corridor analyses fail to
provide all the information necessary to evaluate the
quality of potential movement pathways as illustrated by
the presence and location of boundary elements (yellow
lines), profile view of the LCP (black line) across the
corridor map (green to blue color ramp), and 3dimensional representation of the LCP (inset map, Figure
9, page 25).
This illustration indicates movement
potential along the selected LCP remains high for several

Furthermore, in addition to magnitude, it is important to
consider the direction of change taking place (Barbujani
et al., 1989). Even if the magnitude of change is similar,
a boundary may not exist if the direction of change
between boundary elements is opposite (i.e., 180o). The
maximum angle for connection of adjacent boundary
vectors was set at 135° – halfway between perpendicular
and opposite. Thus, if the magnitude of change between
a pair of boundary elements is similar and the maximum
angle between gradient vectors is ≤ 135°, the boundary
elements were considered connected. Adjustments in
this value may be reflected in the results of the
subboundry analysis.
Results from the subboundary analysis indicated that the
delineated boundaries were unlikely to have occurred by
chance and were contiguous (see Fortin, 1994; Fortin,
1997; Jacquez et al., 2000). Number of subboundaries
24
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Additionally, statistical evidence associated with the
boundary-detection analysis indicated boundary elements
produced contiguous subboundaries across portions of
the landscape. Subboundaries that intersect an LCP or
bisect a corridor (Figure 9) may provide evidence that
movement in that location is not tenable for the species of
interest. For example, subboundaries indicated locations
where magnitude of change in cost was continuously
high. This may represent the location of an area of
otherwise good habitat that is bisected by a four-lane
highway, steep slope, or the edge of an urbanized area.

kilometers before costs increase dramatically (inset chart,
Figure 9).
For this particular example, the identified subboundary
indicates the edge between where land cover is good and
population and road density is low, and where the
opposite is the case.
Presence of the intersecting
boundary element may indicate an impediment to
movement between these two cores at this location. In
other words, just because the LCP and corridor analysis
locates a low, or even lowest, cost pathway between two
cores does not ensure connectivity exists.
Rapid
changes in cost, as indicated by the presence of a
boundary, may signify a potential barrier to movement.

Boundary-detection techniques also appear useful in
identifying prospective cores and corridors.
In this
context, boundary detection may delineate edges of cores
and corridors providing an alternative approach to
methods based on landscape homogeneity (Fortin, 1994).
Although the results are not presented here, such an
analysis on data sets used to create cost surfaces
highlight areas of substantial change in landscape
characteristics including topography, land cover, and road
density.

FIGURE 9 3-dimensional illustration and profile view
of the intersection of a boundary element and a leastcost path.

Results of this research indicate that detection of
statistically significant boundaries may affect the
functionality of a conservation network. In areas where
travel paths or corridors have already been delineated,
presence of boundaries indicates potential barriers to
movement.
Alternatively, in areas where such
boundaries are few or absent this type of analysis may be
useful in prospectively delineating corridors. Such results
enhance conservation by identifying landscape features
that potentially affect permeability and incorporating this
information to create a functional CAD. Additionally,
results from boundary-detection analyses can help
managers identify potential corridors worthy of further
research, protection, or restoration.
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