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Abstract Landscape connectivity is an important consider-
ation in understanding and reasoning about ecological sys-
tems. Two features within a landscape can be viewed as
connected whenever a path exists between them. In many
applications, the relevance of a potential path is assessed
relative to the cost or resistance it presents to traversal.
Typically, the least-cost paths between landscape features are
used to approximate the potential for connectivity. However,
traversal of a landscape between two locations may not nec-
essarily conform to a least-cost path. Moreover, recent re-
search has begun to cast some doubt on the how different
types of landscape features may influence movement. Thus, it
is important to consider the geographic bounds to movement
more broadly. Continuous (i.e., raster) and discrete (i.e., vec-
tor) representations of connectivity are commonly used to
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model the spatial relationships among landscape features.
While existing approaches can shed meaningful insights on
system topology and connectivity, they are still limited in their
ability to represent certain types of movement and are heavily
influenced by scale of the areal units and how cost of land-
scape traversal is derived. In order to better address these
issues, this paper proposes a new vector-based approach for
delineating the geographic extent of corridors and assessing
connectivity among landscape features. The developed ap-
proach is applied to evaluate habitat connectivity for salaman-
ders to highlight the benefits of this modeling approach.

Keywords Species movement - Network modeling and
analysis - Geographic information systems - Wetlands -
Amphibians

1 Introduction

Landscapes often support connectivity, or paths of movement,
for multitudes of systems. For example, hydrologic connec-
tivity can exist between places given certain slope, terrain, and
land cover conditions [2, 3, 9]. Transport of chemicals among
locations in a landscape can be facilitated by their geographic
proximity and geologic composition of intervening areas
[17, 39, 43]. In ecological systems, there are several theories
and many hypotheses as to how landscape characteristics may
influence species movement [13, 15, 40, 57].

While connectivity among landscape features refers to the
presence of a path(s) capable of supporting movement, in
many ecological systems, movement among habitats may
occur within an area or corridor wherein a multitude of alter-
native paths could be used to provide connectivity between
two locations. Both continuous (complete tessellations of
space i.e., raster data model) and discrete (i.e., vector data
model) representations of a landscape have been used to
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represent landscape features and to infer the morphology of
corridors providing connectivity among them. In continuous
representation approaches, such as the raster data model, a
landscape is partitioned into a tessellation of non-overlapping,
regularly sized areal units or cells. Tradeoffs have to therefore
be made between use of smaller pixels (more pixels preserve
detail but require greater data storage) and coarser, more
generalized representation of a landscape (larger pixels aggre-
gate spatial variation but require less data storage) [44].
Another problem that arises when representing a landscape
using a tessellation of areas is that landscape parameters
summarized using different sizes, shapes, and configurations
of areal units can produce different, often conflicting results
for the same analysis approach; commonly referred to as the
Problem of Scale [25, 32, 58]. In the vector data model,
features in the landscape are represented using point, line,
and polygon geometries and do not necessitate a complete
tessellation of the landscape. Vector representation is therefore
beneficial in that database size can be significantly reduced.
Further, an increasing amount of landscape data is being
collected in vector format (i.e., Global Positioning Systems,
radiolocation, land surveys, etc.) given that geometry of land-
scape features can be represented much more accurately and
efficiently. However, measuring the geographic relationship
among vector features becomes much more challenging.

In this article, methods for deriving the topology of land-
scape corridors and assessing system connectivity using both
continuous and discrete representations of landscape features
are first reviewed. Next, a new vector-based methodology for
delineating corridor morphology and system topology is pre-
sented to help overcome some of the limitations of existing
approaches. The developed methodology is then applied to
infer corridors and connectivity among amphibian breeding
sites in a wetland system.

2 Background

To assess whether connectivity exists between two features in
a continuous representation of space, such as the raster data
model, the region of interest first must be partitioned into a set
of non-overlapping areal units, typically square cells in the
case of the raster model. That is, every location within the
region is contained within one and only one cell. Given this
representation of the region, connectivity between individual
areal units can then be determined based on a variety of
measures of proximity. In the raster data model, two raster
cells are often viewed as directly connected (path of move-
ment does not traverse any other cells) if they share a common
edge (Rook’s criterion) and/or vertex (Queen’s criterion). In
cases where the entire region of interest is represented by a
complete tessellation of polygons of varying size and shape,
similar criteria for denoting direct connectivity between
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adjacent or neighboring polygons can be applied [27]. Once
the potential for direct connectivity among raster cells has
been established, the presence of a direct (single step) or
indirect (multiple step) path between two features can be
assessed by representing the areal units as network nodes
and the direct connections among them as network arcs, and
then searching for a path corresponding to a certain criteria
[21, 27]. Once the system is represented as a network, there
are also many network analysis methods that can then be used
to characterize the nature of connectivity within any landscape
system [28].

Given information on how a species perceives the cost of
traversing different landscape conditions, a suitability surface
can be generated to represent the cost or resistance that would
be incurred by a species passing through each areal unit in a
region [1, 11, 44]. Given this representation of cost/resistance
to movement and the topology underlying the areal units, the
utility of alternative paths of movement for a particular species
can then be approximated. In the most basic sense, one ap-
proach is simply to classify locations in a landscape as either
suitable or not suitable for supporting movement by a partic-
ular species. For instance, Barrows et al. [4] propose a niche
model for characterizing suitability of the landscape to the
Palm Springs pocket mouse. Those areas of the landscape that
are suitable for pocket mouse populations can be considered
potential traversable corridors. In other cases, it is often as-
sumed that higher connectivity between habitat sites is likely
associated with less resistance to movement [1]. Therefore,
least-cost paths are often sought to approximate the presence
and level of connectivity. Least-cost paths are also commonly
used because they are simple to identify due to the availability
of many very efficient algorithms, such as that described by
Dijkstra [16]. Applications of least-cost paths based upon a
continuous representation of a landscape abound in the liter-
ature. For example, given a cost raster derived for a specific
species, the least-cost paths between origin and destination
habitats can be identified [15, 22]. Once a least-cost path is
identified, its total accumulated cost can be compared with
what is known about the species’ movement potential (e.g.,
expert opinion or field observations) to assess whether it is
within some acceptable cost threshold [1]. While many studies
have simply sought a single least-cost path among habitats,
such an assumption risks overlooking other potentially rele-
vant paths [28]. Moreover, scenarios can easily arise where
small portions (i.e., one raster cell) of a single least-cost path
pass through landscapes of extremely high resistance given
that only a small portion of the path might incur that high cost
[23]. To help alleviate this potential shortcoming, some stud-
ies have sought to search for other portions of the landscape
within some distance of a least-cost path to more broadly
describe the geographic extent of a corridor [10, 13, 19, 24,
42]. Another approach is to measure the lowest cost of moving
between an origin and destination habitat through each
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intermediate portion of the landscape. For every intermediate
cell in the landscape, this task involves evaluating the least-
cost path between an origin and destination habitat given that
each cell is forced to fall along the path, a problem known as
the gateway shortest path problem [27]. A typical implemen-
tation of the gateway shortest path approach for generating a
corridor between a pair of areal units 7 and j with other areal
units ke K comprising the intervening landscape is as follows.
First, compute the cost of the least-cost path, J;;, between each
origin cell i€l and each cell kK. Next, compute the cost of
the least-cost, d;, path between each destination cell jeJ and
each cell ke K. Given this, the least-cost path between a cell i
and cellj via any cell k is simply 0;,+6y;. If it is assumed that a
species cannot traverse paths more costly than some known
cost/resistance threshold S, then the set of cells participating in
the corridor between 7 and j is limited to those k|(J;+6;;)<S.
Given the efficiency of the gateway shortest path problem, it
has seen extensive implementation in commercial GIS soft-
ware, increasing its access to researchers. As a result, it is
commonly used to approximate corridors supporting species
movement. For example, Poor et al. [36] generates migration
corridors thought to support pronghorn migration based upon
a continuous (raster) representation of landscape resistance.
Similarly, Brost and Beier [8] use a continuous depiction of
the landscape to derive least-cost paths and corridors for
specific species as well as those that are more homogeneous
in landscape characteristics. In another case, Parks et al. [33]
compute corridors between wolverine habitat sites using a
derived representation of landscape resistance. A problem
they note with this approach is that even though corridors
may be generated among habitat areas, not all corridors are the
same. To better account for these differences, they apply a
weighting scheme to the generated corridors to better differ-
entiate among their relative characteristics and qualities.

The following example depicts a corridor between two
habitats based upon a continuous representation of cost of
traversal between two amphibian breeding sites (Fig. 1). This
corridor was generated by computing the shortest path between
the breeding sites via each of the other cells (gateways) in the
region. While all of the areal units shown are within the range
of amphibians and part of the corridor, those more central have
a lower cost of traversal relative to those on the periphery.
However, it is important to note that the interpretation of an
areal unit’s “lower cost” and inclusion in a corridor is depen-
dent on the species’ ability to identify and use the shortest path
to that areal unit from the origin habitat and then identify and
use the shortest path from that areal unit to the destination
habitat. Whether or not this criteria adequately reflects species’
perception of a landscape is unknown.

Another challenge in modeling paths and corridors that
facilitate species movement is that insight on how species
perceive the value of alternative paths is very difficult to
observe and has therefore been subject to much speculation

and interpretation [6, 36, 44]. As a result, many approaches for
conceptualizing and modeling landscape traversal costs and
corridors have been proposed. For instance, Beier et al. [5]
develop a GIS-based methodology for generating possible
landscape corridors for puma, badger, fox, deer, squirrel, rat,
mouse, and owl. Using raster data and analysis tools and
species’ characteristics, they perform a suitability analysis to
determine the relative resistance of traversing the landscape to
infer raster-based corridors. Over the range of these species,
few geographically overlapping corridors were found [5].
There are many controversies regarding species’ perceptions
of landscapes, and expert opinions on the cost of traversing
landscape matrix can vary widely. A tremendous number of
parameters that might influence movement through a land-
scape must be considered for even a single species [44].
Furthermore, each parameter thought to be associated with
the cost of movement has some kind of uncertainty as to how
it actually affects each species [44, 56]. For example, the cost
of traversing intervening matrix for amphibians could incor-
porate their tendency to desiccate, lose energy, and die when
proximate to or moving through different types of matrix [14,
49, 52]. Further, movement potential for species such as
amphibians based on habitat quality can vary with respect to
other factors such as their size, age, and body condition [48].
While the potential for movement through different land-
scapes has been noted for a variety of species, some uncer-
tainty always exists as to the risks associated with traveling
across any landscape. The analysis of cost of movement
becomes even more complex given that little is actually
known about the exact relationship between species move-
ment and landscape characteristics. For instance, higher qual-
ity matrix is often assumed to promote species movement.
However, there is also evidence that higher quality matrix may
not actually facilitate movement in cases where individuals
can settle and establish a home range while lower quality
matrix may serve to accelerate or facilitate the dispersion of
individuals [45]. Additionally, research increasingly suggests
that for some species, such as amphibians, natal dispersion
does not target specific habitats, rather movement is somewhat
random given that decisions to move are likely made in an
incremental manner in response to conditions encountered
along the way [47]. That is, for many species, there is little
evidence that they have knowledge of or are attempting to
seek out a specific destination in an optimal or strategic
manner as is implied in the gateway shortest path problem
approach to corridor delineation [34]. Furthermore, in many
least-cost path approaches to identifying corridors of move-
ment, the distance/cost threshold within which a path is viable
is typically selected with very little justification [44].
Discrete approaches for representing geographic space, such
as the vector data model, have also seen considerable use in
denoting spatial relationships among landscape features. Given
situations where the landscape features can be represented as

@ Springer



T.C. Matisziw et al.

Fig. 1 Raster corridor between
two wetlands

points, polygons, or lines and where portions of the region are
not completely covered by these features, other types of prox-
imity conditions can be used to evaluate the presence of a direct
relationship or arc between a pair of features. For instance, two
point-based features may be viewed as being directly connected
if they are within some distance of one another. That is, if the
distance (however measured) between the two points is less
than the threshold on movement S, then a line could be con-
structed between them to represent the presence of a direct
connection. Application of such proximity conditions can
therefore be used to infer the structure of the network
supporting connectivity within a landscape [20, 54]. In addition
to proximity conditions supporting direct connectivity between
habitats, other approaches can be employed to account for
uncertainty in species behavior. For example, Lookingbill
et al. [26] search for alternative paths between portions of a
landscape through simulating semi-random paths of move-
ment. Once the arcs comprising the system have been identi-
fied, they can be geometrically dilated (i.e., buffered), as can be
done with raster-based least-cost paths, to associate them with a
broader area of influence. The resistance or costs of the network
arcs/nodes or their polygon counterparts can then be further
characterized by overlaying them with other layers of geo-
graphic information relevant to the species of interest. For
instance, in modeling a salamander habitat network, Pyke
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[37] first identifies ponds whose centers are within 8.0 km of
one another, modeling these direct relationships as arcs.
Following this, the arcs are transformed into polygons by
dilating them by certain distances (i.e., 100 m) to represent
the broader spatial extent of the corridors. Finally, the corridor
polygons are evaluated with respect to different measures of
landscape suitability.

While existing approaches provide alternative means of
delineating and reasoning about landscape corridors, there
are still a range of important considerations that should be
further incorporated. First, given that many types of habitat
systems involve features that may be of very small geographic
extent, it is important to devise methods that are less reliant on
how a study region is partitioned into areal units of analysis.
Second, an often-overlooked feature of corridor delineation is
how the role of the morphology of the origin/destination
habitats in impacting species movement over the landscape
is incorporated. That is, what portions of the origin/destination
habitats represent likely embarkment locations for successful
movement between the two habitats or how can exposure of
habitats to one another be better assessed? Third, there is
evidence that for some species, dispersal from an origin hab-
itat is an incremental process as the species do not have the
ability to detect a least-cost path a priori, rather successful
dispersion to a destination habitat appears to be more of an
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outcome of a sequence of movements [47] determined by the
interaction of individual behavior, habitat features, and deci-
sion rules [35]. Additionally, a drawback noted by many
studies with both continuous and discrete representations of
a landscape is that assumptions regarding how the landscape
features affect resistance to movement are extremely subjec-
tive at best. Therefore, any modification of the cost surface
derived for a specific species can result in a different path or
corridor [44]. Hence, there is a need for a more general
approach for delineating the geographic extent of corridors
between habitat patches that is not solely reliant on how
resistance is measured. Finally, another important characteris-
tic of paths and corridors that is often overlooked in much of
the landscape connectivity literature is how the actual spatial
morphology of the corridor (i.e., corridor size and shape) can
affect likelihood of use. In many situations, it is unlikely that a
corridor between an origin and destination habitat will always
be of uniform shape or width. For instance, it is possible that a
corridor may start out as encompassing a large area, but
narrows significantly as it approaches a destination habitat.
As a result, the narrowing of the corridor may result in lower
levels of movement between the habitats. In other words, not
all corridors connecting habitats are equivalent in that the
wider and less resistive a corridor is, the greater its ability to
facilitate interaction among habitats. This concept of corridor
width and ability to support movement is akin to the concept
of network capacity in the network sciences. The capacity of a
network arc is related to the volume of flow/movement that it
can support over time. The capacity of a network path then can
only be as large as the capacity of the arc with the lowest
capacity. As an example, although a residence’s water supply
may be ultimately connected to a 10" water main capable of
supporting 3,000 gal/min, the capacity of the residence’s water
flow is limited by its 2” 45 gal/min entrance. Finally, little has
been done to conceptualize how corridors may be coin-
cident or overlap for a single (or multiple) species,
which could be important in determining movement
potentials, rather than simply generating corridors.
Additionally, there has been no consideration of a multi-step
connectivity in corridor analyses. To address these issues, this
article proposes a methodology that is amenable to accepting
species preferences in an effort to infer likely pathways of
movement.

3 Methods

Given a set of geographically referenced polygon features i
representing the location and shape of habitat sites, and a
distance or cost range S within which direct connectivity or
movement between the habitat sites is feasible, the presence of
a direct corridor can be evaluated. For instance, direct con-
nectivity might be assumed to be present if any portion of one

habitat polygon is within S of another habitat polygon. While
traditional methods often consider all portions of the land-
scape within S of both habitat patches as part of the direct
corridor connecting the two, an adequate representation of the
capacity of the corridor connecting the two habitats is
not necessarily rendered. In order to address this issue,
only those portions of two habitats that are exposed to
one another might be of interest. To identify and extract
direct corridors under these conditions for any assemblage of
habitat polygons, the VECTORCORRIDOR algorithm is
proposed.
Notation:

indices for habitats

polygon i

polygon j

geometric dilation of «; by distance S

geometric dilation of «; by distance S

set of line segments indexed / forming the perimeter of «;
set of line segments indexed / forming the perimeter of ;
length/cost of line segment /

the set of line segments comprising the perimeter of area
i exposed to area j

the set of line segments comprising the perimeter of area
j exposed to area i

the length of perimeter of area i exposed to area j

the length of perimeter of area j exposed to area i

the convex hull of P; and P;;

polygon corridor between «; and a;

the capacity of the corridor between areas i and j

K R

::.U :'.U 3’ \.b Nb '\h.k ,P,;

&

&

D
<

ASH

Given that at least some portion of polygon ; is within S or
less of polygon i, i.e., 4;Nc;#{J}, the following algorithm
can be applied.

VECTORCORRIDOR {S, o, 0, 4,,4,,L;, L;}

1. Calculate the geometric intersection of 4; and L;, the
perimeter of polygon j within S of polygon i (P;=A4;NL;).

2. Calculate the geometric intersection of 4; and L;, the
perimeter of polygon i within S of polygon j (P;=4;NL;).

3. Generate the convex hull (H;), the minimum convex
polygon bounding the line segments in sets Pj; and P;.

4. Compute the geometric union of the convex hull and the
two original polygons «; and o; Uy;=Hua,ua.

a. Select the polygon ke U;; where kN c; and kN cy. The
selected polygon is the primary corridor C;; between
polygons i and j.

5. Compute the total length/cost of the line segments / in P;;

(Tji= Y. 6;)and P; (T = . 6;). The capacity ($;) of
lePj; lePy;

the corridor between polygons i and j is then equal to the
smaller of the two exposed perimeters @, =min(7;, T;)
6. TERMINATE VECTORCORRIDOR
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VECTORCORRIDOR can be applied to any pair of poly-
gon features, o; and «; (Fig. 2a), in a landscape to provide a
vector representation of the corridor’s geographic footprint as
well as an approximation of its capacity. To accomplish this,
habitat polygons «; and «; are geometrically dilated by a
distance S to create new polygons 4; and A4; representing the
maximum range of movement for a species from each site
(Fig. 2b). In Steps 1 and 2, the perimeter of ¢; (L) in intersect
with 4; is identified (P;=A4;NL;) as is the portion of the
perimeter of «; (L;) in intersect with 4; (P;=A4;NL;) to repre-
sent the portions of the habitats exposed to one another
(Fig. 2b). In Step 3, the convex hull (the smallest convex
polygon enclosing a given geometry) of P;; and P;; is gener-
ated to bound the portion of the landscape intervening the
exposed portions of both habitat polygons. Following this, in
Step 4, a union of the convex hull polygon and the two
original polygons «; and «; (Uy) is calculated in order to
provide a basis for discriminating between the primary corri-
dor polygon and the other portions of the convex hull
(Fig. 2¢). Next, the polygons in U;; are queried to select the
polygon that touches both original habitat polygons, which is
the polygon comprising the corridor (Fig. 2d). Finally, the
lengths of the portions of exposed perimeters P; and P;; are
evaluated, the minimum of which is used to represent the
capacity of the corridor. For example, if the perimeter of area

i exposed to area j was 308 m and the perimeter of area j
exposed to area i is 305 m, then the capacity of the corridor
would be the smaller value, 305 m (Fig. 2d). In the event one
polygon is completely within S of another, the entire perimeter
of that polygon is evaluated in the computation of the corri-
dor’s capacity. While the algorithm is described for assessing a
corridor between two habitats, it can be easily applied to
evaluate and construct corridors between any pair of habitat
polygons.

The application of network analysis is an effective tool for
analyzing geospatial relationships among landscape features
[28]. The corridors generated in the previous section used to
denote the location and capacity of direct paths of movement
between habitat areas can be easily rendered as a network
topology to facilitate analysis of multi-step connectivity in
habitat systems. A network topology can be generated by
representing the habitat polygons as nodes and the direct
corridors as arcs. Given a set of polygon corridors, this can
be easily accomplished by starting with an empty network
G(N,A) where N is the set of nodes and A4 is the set of arcs.
Next, all habitat polygons can be rendered as nodes and added
to the network G. Following this, an arc (i,7) between each pair
of nodes can be added to the network whenever a corridor Cj;
exists and any attributes of corridor Cj; (i.e., capacity) can then
be transferred to the corresponding arc (7,/). For example, the

Fig. 2 Vector corridor generation
steps: a a set of two polygons, (@
b the perimeter of the two
polygons within range S of one
another ¢ geometric union of
convex hull and the two habitat
polygons d selected corridor 27
polygon and its capacity A
(minimum perimeter length)

(b)

(©)

(d)
T, =308m

@, =305m T, =305m
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polygons ¢; and ¢ in Fig. 3a are represented as nodes and an
arc is used to represent the presence of the corridor between
the nodes (Fig. 3b). Once the network topology has been
established, many network analysis techniques are now
enabled.

4 Application—Modeling Amphibian Habitat Corridors

For many species, such as amphibians, research increasingly
suggests that successful dispersal of individuals among viable
habitats is not necessarily contingent upon the presence of a
least-cost path. That is, decisions to move are likely incremen-
tal, made without knowledge of location of destination breed-
ing sites and qualities of the intervening landscape. In the case
of amphibians, it is thought that straight-line (Euclidean) or
Great Circle distances (in the case where curvature of the
Earth can impact the measurement of distance) between two
breeding sites is thought to be one of the primary factors
influencing colonization and extinction [41]. Distance ranges
for amphibian dispersal can vary among species, life stage,
and possibly regions [47, 51]. For instance, Tiger Salamander
(Ambystoma tigrinum) dispersal distances range from 245 to
2,830 m [14]. Long-term mark-recapture data for the Wood
Frog (Rana sylvatica) indicates an average dispersal distance
of 1,275 m [7]. Similar dispersal data for the Marbled
Salamander indicate average distances of 440 m, ranging from
142 to 1,297 m [18]. While research has focused on estimating
the cost of traversing different types of landscape features,
there is much debate on how these costs should be derived.
Moreover, there is still some doubt as to whether a less costly
or resistive matrix is indeed something that promotes disper-
sion. For example, higher quality and more amenable matrix
conditions could in fact decrease movement while less desir-
able matrix qualities could trigger the search for better habitat
and facilitate movement [45]. In other words, while relative
barriers or obstacles to movement may exist, they may simply
degrade dispersion success versus forcing species to seek
alternative paths to a destination habitat. Given these realities
of species movement, a more conservative approach to

identifying potential corridors among habitat sites might be
to delineate all of those areas of the landscape that would fall
within the range of a particular species or taxa. These polyg-
onal corridors would then represent a geographic bound on
movement that could then be further refined based upon their
relationship to other landscape features contained therein as
new behavioral information is gathered.

To demonstrate the utility of the proposed vector corridor
generation approach, it is applied to an area within the Grand
River watershed, located in Linn County, MO. The Grand
River is an important 303(d) listed impaired stream whose
water quality has been greatly diminished, primarily by sedi-
ment [29]. The Muddy Creek watershed is one of the impor-
tant contributing sub-watersheds, for both sediment and nutri-
ents flowing into the Grand River watershed. The Muddy
Creek watershed encapsulates and area of approximately
17,388 acres and is connected to the Grand River via Locust
Creek. Ecologically, the wetland system in this watershed
contains a variety of federal and state listed aquatic and
terrestrial species [53]. This wetland system is also composed
of multiple types of wetlands, including freshwater emergent
wetlands, freshwater forested/shrub wetlands, riverine wet-
lands, and freshwater ponds. Land use within the watershed
is approximately 60 % cropland, 25 % pasture, 8 % woodland,
and 7 % urban and other uses. Excessive sediment and non-
point source (agricultural) pollution are the major water qual-
ity problems within the watershed. The condition of the aquat-
ic habitat ranges from poor to good, primarily due to extensive
channelization that has resulted in excessive sedimentation.
Within this watershed there are 26.7 km of perennial streams,
5.6 km (21 %) of which are channelized [53].

In this application, only the portion of the amphibian
habitat system that is completely contained in the study wa-
tershed is examined. Wetland polygon data obtained from the
National Wetlands Inventory (NWI) dataset are used to repre-
sent the location and shape of potential amphibian breeding
sites in the watershed [55]. A total of 388 wetland polygons
were recorded in the NWI for the Muddy Creek Watershed,
ranging from 4.8 to 825,660 m” in area. The size of the
database needed to store the geometry and attributes of these

Fig. 3 a Polygon habitats and
corridor, b network representation
of habitats and corridor

(b)
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polygons in approximately 465 KB. As a matter of perspec-
tive, a raster representation of the same watershed at a mini-
mum mapping unit of 4.8 m*> would involve 31,967,100
pixels, 2.4 % of which represent portions of wetlands, the
remainder representing intervening matrix. Moreover, simply
because the minimum mapping unit is the same as the area of
the smallest wetland does not necessarily imply that it ade-
quately represents the geometry of the wetland. For instance,
Fig. 4 illustrates the 4.8 sq. meter pixel representing the 4.8 sq.
meter wetland. Clearly, in order to accurately reflect the ge-
ometry of the wetland polygon, the minimum mapping unit
would have to be much smaller, which would make the raster
database unwieldy. While the NWI dataset does not provide a
complete enumeration of all habitat sites important to amphib-
ians, such as those that are extremely small [31, 46], it is

|:| Wetland polygon

- Wetland pixel

Fig. 4 Comparison of a wetland polygon and a pixel of an equivalent
area
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examined here to better understand how different definitions
of suitable amphibian breeding habitat can impact the charac-
teristics of the habitat system. With respect to the NWI data,
three scenarios of viable habitat in this watershed are evaluat-
ed. In the first scenario, the 388 wetland polygons delineating
freshwater emergent wetlands, freshwater forested/shrub wet-
lands, freshwater ponds, and riverine wetlands are considered
viable components of an amphibian breeding habitat system
(Fig. 5a). In the second scenario, perennial riverine wetlands
and freshwater ponds are not considered viable breeding sites
given the presence of fish [50] thus reducing the number of
viable breeding sites to 129 wetlands (Fig. 5b). In addition to
excluding ponds and riverine wetlands, the final scenario does
not consider palustrine forested wetlands (PFOs), modeling a
situation where the hydroperiod in the watershed is too short
to support amphibian breeding, reducing the number of viable
breeding sites to 122 wetlands (Fig. 5¢). Extensive research on
amphibian movement potential has found that individuals are
unlikely to move more than 2,000 m in a single generation
[47]. As such, it is assumed that if any portion of a pair of
wetlands are within 2,000 m (S) of one another, they can be
directly connected via one, single-step corridor polygon. The
VECTORCORRIDOR algorithm was coded in the Python
programming language using the geographical processing
functionalities of ESRI’s ArcGIS, a commercial geographic
information system. Given these three plausible configura-
tions of amphibian breeding sites in the watershed, corridors
between each pair of wetlands (Fig. 6a—c) were generated
using the VECTORCORRIDOR algorithm.

The numbers of direct corridors involved in the three
configurations in Fig. 6a—c are 10,794, 1,750, and 1,587,
respectively, as detailed in Table 1. The corridor systems vary
significantly over the three wetland configurations. In Fig. 6a,
90 % of the watershed’s land area is involved in at least one
corridor. However, in the configurations shown in Fig. 6b—c,
only 46 and 27 %, respectively, of the watershed are involved
in a corridor. The capacity, or the minimum geographically
exposed perimeter of the breeding site pair can be approxi-
mated as shown in Fig. 2. Higher corridor capacity can be
interpreted as greater levels of habitat exposure or higher
potential for movement. Lower corridor capacity can be
viewed as lower geographic exposure among habitats or lower
potential for movement. Total corridor capacities associated
with Fig. 6a—c are 2,442,450, 473,022, and 337,636 m, re-
spectively (Table 1). Corridor capacities average 113 m, rang-
ing from 0.13 m to 5,623 m. Given the small size of many of
the wetlands and corridors it would therefore be extremely
cumbersome to attempt their representation using a raster-
based approach. While the location and characteristics of the
corridors present in each configuration is informative, it is also
important to consider how the configurations support system
connectivity. For instance, given that there are 388 habitat
sites in configuration Fig. 6a, 150,156 (i.e., (388 x388)—
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Fig. 5 Alternative configurations of amphibian breeding habitat: a all wetlands, b no ponds or riverine wetlands, and ¢ no ponds, riverine or PFO

wetlands

388) site pairs could theoretically be somehow connected.
However, when limiting species movement to a single step
or corridor, only 21,588 site pairs can be connected in the case
of Fig. 6a, only approximately 14 % of the potential connec-
tivity in the system.

Note that while the direct corridors between wetland pairs
are shown in Fig. 6a—c, prospects for multi-step paths between
wetlands that may not be directly connected also exist. The
capacity of an indirect path between a pair of wetlands is equal
to the minimum capacity of the direct corridors com-
prising the path. The exact number of paths potentially
providing connectivity among wetlands and the capaci-
ties of the corridors depends on the spatial configuration
of the wetlands in the watershed. The identification of other
feasible paths supported by the system of wetlands and

direct corridors can be better analyzed by viewing the
configurations as networks as in Fig. 3b. The network repre-
sentation of the corridor configurations in Fig. 6a—c are
depicted in Fig. 7a—c.

While the habitat networks shown in Fig. 7a—c suggest that
all three representations of amphibian breeding sites could
facilitate movement among all pairs of sites given that all
nodes are integrated in the network, biological constraints on
movement restrict the use of a system as geographically
expansive as this one by any individual in a single breeding
cycle. Additionally, amphibian movement in this watershed is
restricted to certain times of the year. Research on amphibians
has also indicated that aside from practical distance limitations
on dispersal, amphibians likely do not move among multiple
breeding sites in a single event. Only when considering
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Fig. 6 Wetland corridors for a habitat system involving: a all wetlands, b no ponds or riverine wetlands, and ¢ no ponds, riverine or PFO wetlands

movements representing dispersal over multiple generations
(e.g., can be assessed with molecular genetic markers) are

Table 1 Summary of corridor configurations

multiple step paths reasonable (Semlitsch, unpublished data).
As such, in this application, it is assumed that a maximum of

Site Config. # of sites # of corridors  Total site #1 step paths  # site pairs ~ Total 1-step ~ #2 step paths  # site pairs  Total 2-step
pairs connected connected in  capacity (m) connected  capacity (m)
1 step in 2 steps
Fig. 7a 388 10,794 56,181 21,588 21,588 2,442,450 1,312,631 35,593 122,685,631
Fig. 7b 129 1,750 7,429 3,500 3,500 473,022 106,456 3,929 9,964,179
Fig. 7c 122 1,527 5,704 3,054 3,054 337,636 88,608 2,650 8,242,053
Fig. 9a 388 7,900 35,390 15,800 15,800 1,748,543 710,336 19,590 66,125,263
Fig. 9b 129 987 3,516 1,974 1,974 257,778 34,920 1,542 3,266,068
Fig. 9¢c 122 811 2,936 1,622 1,622 166,101 25,778 1,314 2,209,889
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Fig. 7 Habitat network for a habitat system involving: a all wetlands, b no ponds or riverine wetlands, and ¢ no ponds, riverine or PFO wetlands

two direct corridors or arcs can be traversed (one- and two-
step paths) to permit assessment of movement over multiple
generations. Using the network representations of the wetland
systems, all one and two-step paths among pairs of wetlands
were then enumerated.

Considering both one- and two-step paths (i.e., permitting an
intermediate wetland to be traversed), 56,181 habitat pairs in
configuration 7a can now be viewed as connected (37 % of
potential system connectivity). Thus, allowing movements to
utilize multi-step paths vastly increases the prospects for system
connectivity. In addition to promoting extra system connectiv-
ity, the consideration of multi-step paths also promotes greater
capacity for movement. In the case of site configuration Fig. 7c,
the single-step corridors alone provide approximately
337,636 m of capacity. However, given the inclusion of two-
step corridors, an additional 8,242,053 m of capacity are gained.

As shown in Table 1, the three habitat configurations
(Fig. 7a—c) provide very different perspectives on the prospect
for amphibian movement. The configuration shown in Fig. 7a
suggests very strong site connectivity while that in Fig. 7c
indicates much weaker connectivity and greater susceptibility
to fragmentation. The choice of which representation of spe-
cies movement is most appropriate is therefore still a subjec-
tive one. While much debate on the suitability of the underly-
ing landscape for species movement is likely to continue, the
application discussed in this article renders several tiers of
geographical bounds on movement to assist in prioritizing
movement potential. In other words, Fig. 7a would represent
a more conservative and encompassing bound on potential
corridor connectivity while Fig. 7c might represent a more
restrictive geographic bound, but perhaps indicate locations of
higher movement potential or likelihood.
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While the corridors (Fig. 6a—) and networks (Fig. 7a—)
are useful tools for assessing how prospects for connectivity
vary given different representations of the amphibian habitat
system, they also indicate that some areas of the landscape
appear to participate in more corridors than others. To better
highlight how areas of the landscape vary with respect to
corridor location, the number of corridors overlaying each
portion of the study watershed were computed using a GIS.
Figure 8a—c illustrate how corridor density manifests in this
watershed. The number of overlapping corridors varies con-
siderably throughout the region for each habitat configuration
as well as between each habitat configuration. The corridor
configuration in Fig. 8a shows many portions of the region
participate in multiple corridors. As riverine, pond, and PFO
wetlands are removed from consideration (Fig. 8b—c), many

portions of the watershed no longer participate in any corri-
dors. However, regardless of change in system representation,
there are some areas of the region that continue to be located
within multiple corridors. For example, in Fig. 8a—c, there are
pockets of the landscape containing multiple corridors in the
Southern and Northern regions of the watershed. Taken in
sum, a systematic weakness in corridor location appears to be
present in the central portion of the watershed, perhaps indi-
cating a potential vulnerability to habitat fragmentation. Again
though, it is important to keep in mind that this analysis is
premised upon the NWI dataset which does not necessarily
include or accurately document all wetlands supporting am-
phibian populations in the region. A more complete wetland
dataset would certainly be needed to investigate these
findings.

b)

Legend

[ ] Watershed
® Wetlands
# of Corridors
1-7
8-23
24-45
I 46-78
I 79- 188

Fig. 8 Number of co-located corridors for systems representing: a all wetlands, b no rivers or ponds, and ¢ no rivers, ponds, or PFO wetlands
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Fig. 9 Corridors accounting for an absolute barrier for a system including: a all wetlands, b no ponds or riverine wetlands, and ¢ no ponds, riverine or

PFO wetlands

There are numerous parameters that can affect con-
nectivity among habitat sites other than distance, such
as barriers or obstacles to movement [30]. The corridor
generation approach outlined in this article can easily be
extended to incorporate the impact of other landscape
features (e.g., perennial streams, roads, etc.) and modify
the characteristics of the corridors and system connec-
tivity accordingly. Here, one modification, the barrier
effect of perennial streams to amphibian movement is
examined. All the corridors that require traversal of a
perennial stream are not considered conducive to am-
phibian movement and are removed from the original
network. Figure 9a—c illustrates the three polygon corridor net-
works resulting from this change and Table 1 reports the effect
of this modification on the habitat system and the connectivity it

supports. Although the number of wetlands for the three
habitat configurations is the same as before, by account-
ing for the stream barriers, the configurations shown in
Fig. 9a—c now become fragmented. For instance, even
though the system may appear to be intact, in Fig. 9a,
two wetlands become completely fragmented from the re-
mainder of the system and in Fig. 9b, three wetlands are
isolated from the others.

5 Discussion and Conclusions
Connectivity among landscape features is essential to species’

persistence. Reasoning about and modeling how components
of'a landscape may function as a connected system is therefore
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important in understanding species movement. As part of this,
identifying likely landscape corridors that may support species
movement is of interest. A variety of methods for inferring the
location and qualities associated with corridors have been
proposed and adapted to represent the movement dynamics
of specific species. A popular approach to this is to character-
ize cost of traversing the landscape based upon a continuous
representation of space, such as the raster data model.
However, situations can often arise where such an approach
may not be appropriate. Raster representation needed to rep-
resent small, detailed landscape features over a large region,
such as those in the NWI polygons used in this application,
can quickly become unwieldy from a data management and
analysis perspective. Yet, management of species at this larger
scale is precisely what is needed to maintain species persis-
tence across their geographic ranges. Cost of traversing land-
scape features also have to be accurately ascribed to each areal
unit of analysis and species movement is modeled as an
optimal decision. For example, identifying paths based upon
the assumption that species’ can strategically evaluate many
alternative paths and select the best one often are not well
justified [35]. Also, when considering the broader ecological
system species utilize, it becomes necessary to identify and
represent the relationships among many habitats simulta-
neously, rather than considering a few individual origins and
destinations. Moreover, there are many characteristics of cor-
ridors aside from measures of cost that are not yet widely
incorporated in analyses of ecological systems such as their
morphological qualities and measures of the geographic ex-
posure or capacity among habitats.

To address these issues, a new vector-based methodology
for deriving corridor topology and system connectivity is
proposed in this article. This new vector corridor generation
approach is capable of delineating the area intervening any
pair of habitat polygons, regardless of their size or shape, and
does not require imposing a discretization of the landscape
intervening two habitats. This approach presents a conserva-
tive means of considering the geographic distance among
habitats and bases corridor form upon geographical exposure
of habitats to one another as would be encountered in a radial
dispersal event that may be more realistic, especially for
species such as amphibians [35]. Additionally, the developed
approach provides a measure of a corridor’s capacity, or
volume of movement a corridor could support. Moving be-
yond generation and analysis of a few habitat pairs, this new
approach can be used to quickly identify and characterize
corridors among many pairs of habitats in large ecological
systems. As such, this output could provide valuable decision
support in the development of landscape management plans,
especially for threatened or species of concern. To demon-
strate the utility of the developed approach, three configura-
tions of amphibian breeding habitats within a watershed were
analyzed. Corridors among habitats were generated using the
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new vector-based approach and their utility to the system was
assessed. Moreover, the utility of these corridors over the
broader ecological system was demonstrated by analyzing
them as a network, rather than individually. While the corri-
dors generated in this study were based upon wetlands inside a
single watershed, cases may arise where the edge effects
associated with the delineation of the study region could be
problematic. In such situations, the size of the study region
could be increased by the distance or cost threshold on move-
ment S and the corridor generation process repeated. If any
new wetlands outside the study area do not become connected
with those inside the study area, the system is isolated. Else,
the process of increasing the size of the study area could be
systematically repeated until no new wetlands become con-
nected with those in the original study area. The corridors and
networks generated by the proposed approach could provide
useful decision support for landscape restoration, mitigation,
and the development of species conservation plans. For in-
stance, providing a regional description of wetland connectiv-
ity could help inform efforts to locate new amphibian breeding
ponds to increase connectivity or strengthen the network to be
more resilience to perturbation. Further, our vector-based
corridors and networks could be analyzed to identify ponds
that are less critical in maintaining connectivity within this
ecological system and to highlight high-value wetlands that
are ecologically critical to the system.

The results have a number of applications related to the
protection and enhancement of wetland habitats, and land-
scape systems more broadly. The first application of under-
standing potential pathways of amphibian movement could
serve as a measure of biological connectivity between wet-
lands and waters of the U.S. Biological connectivity to waters
of the USA is one of the three types of connectivity (hydro-
logical and chemical being the other two) that would allow the
modification of wetlands (particularly isolated wetlands) to be
regulated under the Clean Water Act of 1972 [12]. This
standard for the regulation of isolated wetlands was
established by Justice Kennedy’s opinion when the U.S.
Supreme Court ruled in the Rapanos case [38].

The second application of this work is in the identi-
fication of the corridors that may support the successful
dispersion of amphibian populations. Elimination of the-
se corridors, as by infrastructure development, could
have tremendous negative impacts, both in limiting pop-
ulation movement and in the mortality that could result
from dessication while crossing roadways and in being
crushed by vehicles. Knowledge of these essential loca-
tions could better inform the selection of roadway
rights-of-way to limit or eliminate the severing of vital
connections. Additionally, knowledge of potential corri-
dors could provide valuable insight in the selection of
sites for compensatory wetlands or general land preser-
vation activities.
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