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Analyzing Forest Fragmentation by Linear Features
Using Spatial Autocorrelation Over Graphs

ABSTRACT
This paper presents a replicable methodology to assess the extent of forest fragmentation
induced by natural and man-made features and disturbances. The analysis is presented in
the context of island biogeography and conservation ecology research and its relevance to
the development of environmental protection policy is discussed. Methodologically, the
approach utilizes Geographic Information Systems (GIS), Relational Database
Management Systems (DBMS), symbolic mathematics software, spatial autocorrelation
statistics and graph data structures. The intersection of these technologies and techniques
offers a potentially fertile area to extend the meaningful definition of natural forested areas
and their management as well as our understanding of how these areas can be preserved
through conservation policy. The paper concludes with suggestions for further extensions

of the research.



1. INTRODUCTION

1.1 Objective

Analysis of fragmentation of habitats is an active area of ecological and conservation
biological research (Noss and Csuti 1997). Woodland habitat fragmentation research
(Wilcox 1980, Harris 1984) has been linked to island biogeography or insular ecology in
an effort to understand the function and sustainability of isolated patches of habitat. This
type of analysis considers interactions within and between patches, for instance, clusters of
patches are considered functionally analogous to an archipelago. Within the last two or
three decades new mathematical tools have been applied to ecological analysis.

In particular, research in ecology and landscape ecology uses the idea of mathematical
graphs (Trudeau 1993) in a number of different ways. Graphs are used to model the
transfer of energy and materials among components of an ecosystem (Ulanowicz 1986).
More recently, graphs have been used as a framework for exploring the spatial structure
and configuration of ecosystem components (Cantwell and Forman 1993, Anderson and
Danielson 1997). This paper demonstrates the usefulness of applying this methodology,
which abstracts spatial relationships from strict Euclidean measures of distance and

adjacency, to the problem of forest fragmentation.

The notion of using mathematical graphs for spatial analysis has been popular for a
number of years. In fact, some current Geographic Information System (GIS) software
uses a limited notion of graph data structures for storing the topological relationships that
exist between the lines and polygons that are used as graphic primitives for representing

spatial phenomena. Graphs and extended graph types (Bollobas 1986) have been



discussed in GIS research (Bouillé¢ 1978, Clementini and Di Felice 1996) as a way to move
beyond Euclidean metrics for spatial, and spatio-temporal analysis (Egenhofer and Al-
Taha 1992). Graph theoretical approaches have also proven useful in research in robotic
vision for object recognition and pose determination, and general pattern recognition
(Wong, Constant and You 1989, Wong, Lu and Rioux 1989). This latter research has
explored ways to automate efficient searches for structure in spatial data which are
applicable to analyzing landscape structure. Further, the raster input data format upon
which applications have been developed is immediately compatible with remotely sensed
imagery. This is significant, especially given the thrust of more recent work which seeks
to develop theory and applications that are robust against noisy real world environments

and data (Wong, Lu and Rioux 1989).

The second tool used in this paper for analyzing spatial structure is spatial autocorrelation,
which is a statistical methodology, derived originally from econometrics, that quantifies
spatial relationships and has been applied to many geographic problems (Cliff and Ord
1973, Goodchild 1986, Tiefelsdorf 1997). Recent research has used GIS software in
conjunction with C and FORTRAN-based application programs to generate spatial
autocorrelation statistics (Ding and Fotheringham 1992, Shen 1994). Further, raster
satellite imagery has also been used to generate graphs of topological relationships (Keitt,

Urban and Milne 1997).

By synthesizing the analysis techniques from the research identified in the preceding

paragraphs, this paper presents an operationally feasible and easily replicated methodology



for modelling woodland fragmentation. The methodology utilizes GIS software as a
source of topologically structured input data and a Relational Database Management
System (DBMS) as an aid to manipulate potentially very large data sets. Further, symbolic
mathematics software is used to generate graph data structures and to calculate spatial
autocorrelation statistics over these graphs. The integration of these technologies and
techniques allows derivation of a more relevant and useful definition of forested areas and
an increased understanding of how woodlands and woodland function can be preserved

through environmental protection policy.

1.2.2 Structure of paper

The next section reviews the literature relevant to the objective introduced above. What is
known, what issues remain unresolved and how this paper addresses the problem of forest
fragmentation analysis is discussed. In the third section, a general methodology is
described that incorporates and extends the ideas introduced in the literature review. In
this section an implementation of the methodology is presented. The fourth section
presents the results of applying the methodology to a real world data set and policy

context. Finally, concluding remarks and directions for future research are offered.



2. REVIEW

2.1 Background

Forest habitat fragmentation can be a consequence of natural topology, such as a mountain
ridge or streams and rivers that partition a landscape (Harris 1984). Changes in habitat
type and extent are, in this case, tied either to generally slow geological or climatic
processes or more abrupt natural phenomena such as fires or flooding. Habitat
fragmentation, which is usually associated with a broader process of habitat loss or
degradation, can also be human-induced by resource extraction, agriculture, and

urbanization (Noss and Csuti 1997).

The process of fragmentation can lead to population reductions in susceptible interior
woodland species that require a habitat that is beyond a minimum distance from habitat
edges or ecotones. The erosion of the extent of remnant areas over time and the
degradation of native habitat and species by the invasion of generalist or exotic (non-
native) species are other consequences of landscape changes that lead to habitat
fragmentation. Further, broader habitat loss often increases both the distance between
desirable habitat patches and the hostility of inter-patch habitat for certain species. Thus,
the probability of influx to the remnant patches of pioneer species, to allow regeneration of
unselfsustaining populations within the smaller fragments, is decreased. Conversely, many
species require at least two different habitat types, for example nesting versus foraging, so
a degree of heterogeneity is beneficial. However, this benefit is dependent upon quality

and accessibility of the other habitat types (Dunning, Danielson and Pulliman 1992).



Island biogeography (Wilcox 1980) research has been applied in the last decade and a half
to non-island ecosystems that are isolated by physical barriers to species mobility such as
wooded areas surrounded by agricultural development. These systems generate particular
circumstances of ecological function that are different than processes in more
homogeneous landscapes. Migration, colonization, species range and diversity are all
affected by the fragmentation of habitat, although the actual functions and differences are
not well understood (Noss and Csuti 1997) and the validity of applying the island model to
terrestrial systems has been questioned (Forman 1997, pp. 55-63). Recent research in
island biogeography or insular biology has been presented within the context of
conservation biology, which is an emerging synthetic discipline that examines the
biodiversity and sustainabilty of ecosystems disturbed by human activity. Much of the
conservation biology literature deals, either directly or indirectly, with issues of habitat

fragmentation.

A specific concern of conservation biology is ecological activity at habitat edges.
Ecotones are defined as areas at the edge of homogeneous ecosystems. These areas can be
considered as habitats characterized by increased diversity, including many generalist
species. The amount of edge habitat is a function of the overall shape of an area’s
boundary and the configuration of interfaces between different habitats. Further, it has
been shown that some ecological processes are dependent on the configuration of habitats
across the landscape (Dunning, Danielson and Pulliam 1992). Obviously, habitat

fragmentation directly impacts the types of configurations found in an area. The process of



fragmentation usually reduces the extent of habitat and, in turn, the ecological function in
an area, and this is often the focus of environmental conservation policy.

From an environmental protection policy perspective, one of the tools introduced for
policy implementation is cumulative effects monitoring. One indicator used in this
approach is the amount of habitat fragmentation as a general measure of ecosystem health.
Patches or core areas of ecological function are defined and the amount of connectedness
or disconnectedness between core areas is analyzed (Forman 1990). The methodology
introduced in this paper offers a way to define, both qualitatively and quantitative,

woodland habitat contiguity, and track changes to this structure over time.

Another policy approach introduced to address issues of ecological function is the
designation of complexes of habitat patches, for example wetland complexes, to meet
ecological and planning (cultural) goals (Government of Canada 1984). Complexes of
other habitat types based on ecological function or some definition of contiguity is also
possible. A definition of contiguous woodland based on the width of intersecting linear
features, such as roads or utility corridors, has been offered in policy implementation
guidelines (Government of Ontario 1995). This definition is given in Section 3.2.1 and

helps to frame the questions and solutions presented in this paper.

The preceding discussion emphasizes the importance of shape and configuration in the
study of habitat fragmentation, which prompts a consideration of the techniques of
mathematical morphology in general (Serra 1982) and the dilation and erosion of shapes in

particular. In the context of this paper, the two transformations are thought of as positive



and negative polygon buffering respectively, but Serra (1982) provides some theoretical
rigor via algebraic topology for these concepts. One of the theoretical insights presented in
Serra (1984) that is relevant for this paper is that a dilation does not admit an inverse and it
is this property that is exploited in the methodology presented in Section 3.2.2. Formally
the operations preformed may be viewed, as in equation 1, as the composition of dilation,
erosion and minus operations. Note also that the composition of dilation and erosion
operations is referred to as a closing operation (Serra 1984).

;;/P) BY B‘?! P (1)

dilution #

erosion

However, the major mathematical tool incorporated into the approach discussed in this
paper is the concept of a mathematical graph, introduced in section 1.1. Mathematical
graphs may be used to abstract relationships between objects and reason about and
quantify these relationships. Graphs allow adjacency to be modelled with or without a
coordinate system or metric. Graphs have also been used to model the flow of material or
energy in many types of engineered and natural systems. Further, system dynamics such
as system responses or behaviours endemic to a particular system may be studied using
graph theoretic approaches. Modelling evolving complex structures, tracking relationships
in space and time, is also an application where a graph approach has proven useful (Burns,

Patten and Higashi 1991).

As mentioned previously in section 1.1, graphs are already used in some commercial GIS
software packages. These systems model polygons as directed graphs (shown in Figure

la). In this case, the vertices are joined by directed edges which allow the left and right



hand polygons of an arc to be indexed and thus provide topological information. These
systems also allow for the geometric primitives of points (vertices), arcs (edges), and
polygons to have associated attributes, which allow for further spatial analysis. It is these
two features that are utilized in the methodology presented in this paper.

Other extensions to basic graph theory are considered in this paper. Random graphs
(shown in Figure 1b) are graphs in which particular vertices and edges are present, or not,
in the graph following a probability distribution that is derived either empirically or
theoretically. These structures may be used to model the frequency of possible
configurations of woodland fragments in order to compare different landscapes and derive
more general models of the fragmentation process. Random graphs are mentioned again

only in the discussion of future research in section 5.

Hypergraphs (shown in Figure 1c) are graphs that also include sets of vertices as another
structural element independent of edge interconnections (Bollobas 1986, Wong, Constant
and You 1989, Wong, Lu and Rioux 1989). In this paper, sub-graphs model the woodland
complexes since the entire graph of woodland patches across the landscape consists of the
set of disconnected sub-graphs. However, the set of all the woodland patches that belong
to the largest size class could be modelled by the set of vertices labeled as belonging to the
first size class. Note that this set ignores the sub-graph partitions. Since the environmental
protection policy introduced in section 3.2.1 applies only to the largest size class, the
concept of a hypergraph is useful to model this situation. However, this idea is not

developed further in this paper.

10



Another useful graph structure is the multi-graph (shown in Figure 1d) which allows more
than one edge to connect two vertices. Some woodland patches are discontinuously
adjacent. For example, two woodland areas joined around the edge of a lake or pond.

Multi-graphs allow this configuration of forest fragmentation to be modelled.

The final graph type used in this paper is the dual of a graph (shown in Figure 1e). The
dual graph is discussed in section 3.1 in the description of how the graph structures used in
this paper were created from the graph structures used in the topologically structured GIS

data.

a) directed graph ~ b) random graph  c) hypergraph  d) multi-graph e) dual of a
graph

Figurel Graph types

It is also possible to use graphs to generalize adjacency as edges can themselves be
expanded into subgraphs. Graphs have been proposed to model qualitative relationships
among spatial objects with indeterminate boundaries in such a manner and to enable
inferences to be drawn about these relationships (Egenhofer and Al-Taha 1992, Clementini
and Di Felice 1996). These ideas suggest that graph-like data structures may be a good

basis for a more general spatial analysis/GIS data model. In this paper graphs are used to
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model a limited form of adjacency as defined by the contiguity criteria described in section

3.2.1.

The final mathematical tool used in this paper is spatial autocorrelation (Cliff and Ord
1973, Goodchild 1986, Tiefelsdorf 1997). As the terminology implies, this is a statistical
method used to quantify spatial associations. Similar features that are close together are
considered positively correlated with each other while dissimilar features close together are
considered negatively correlated. Usually some normalized global index with a value

between -1 and 1, is calculated to define a measure of the degree of association (see

examples below).

Case 1 Case 2 Case 3

2121212 1221112 1111111
1212121 2121111 1111111
2121212 2222112 2222222
1212121 2122111 2222222

global index -1 0 +1

Figure2 Spatial Autocorrelation

The most commonly used spatial autocorrelation statistics generate global structural
information but it is the graph structure, used to model the spatial association, that retains
information about local connectivity. Recently however, Local Indicators of Spatial
Association (LISAs) have been introduced such as Anselin’s (1995) local Moran’s I and
Getis and Ord’s G; and G¥*; statistics. A different approach to exploring global structure
and local connectivity is offered via algebraic topology and simplicial complexes (Atkin

1972, Atkin and Casti 1977, Gould 1980). These authors have begun to develop a
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framework for exploring structural issues like the ones addressed in this paper as well as
others in which relationships among parts needs to be analyzed. Connectivity and
relationships as well as obstructions to certain patterns occurring on specific structures are
also examined in this research. It would be interesting to explore combining ideas from
each approach as they both utilize finite discrete mathematics in interesting ways, however,
this avenue is not explored further in this paper. A good introduction to simplicial
complexes and other topological ideas in the context of GIS may be found in chapters 3

and 4 of Worboys (1995).

2.2 Issues

Many of the ecological ideas presented in the previous section are still actively debated in
the literature and experimental evidence to support theories of ecological function is
difficult and costly to acquire. Thus, empirical analysis of specific environmental systems
remains a useful task for increasing the amount of data available for theoretical work. For
instance, modelling the flow of biotic and abiotic materials among disaggregated habitat
patches, modelling spatial relationships between patches, analyzing functional links across
landscapes, and examining the cumulative effects of habitat fragmentation are all valuable
inputs to theory. A methodology to quantify relationships between landscape elements,

such as described in this paper, provides a framework for this type of analysis.

Landscape elements may fulfill several ecological roles. Linear features such as roads,

utility corridors and streams may act as barriers or filters or conduits for wildlife

movement (Mader 1984). This function may change seasonally, for example, as rivers
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freeze in winter they change from barrier to corridor for some species. The role of these
features as habitat may also change, for example, seasonal road "kill" or road salt
application attracts certain wildlife. Further, barriers to movement are known to be species

specific but data are unavailable for many species and habitat types (Noss and Csuti 1997).

Linear features also function as boundaries to homogeneous habitat patches - possibly
fragmenting the habitat. Further, the shape of the boundary of an area affects the function
of the area or the nature of its function relative to neighbouring areas. Concave or convex
edges, the length of the boundary between areas or the fractal dimension of the boundary
curve have been considered in analysis of the impact of boundary geometry (Forman
1990). Modelling habitat edges or ecotones, especially their role in increasingly globally
fragmented systems, may require more sophisticated tools such as fuzzy boundaries (a
move away from standard metrics) or functional boundaries (new metrics based on more
general notions of space or geography). The graph theoretical approach presented in this
paper provides a framework for these types of analyses by allowing a more generalized

representation of the notions of boundary, adjacency and linkage.

2.3 General Approad

The methodology presented in this paper models remnant forest patch adjacency and
fragmentation from digital vector structured data. It uses the topological information and
spatial processing functionality of a standard GIS software package, namely ARC/INFO
for UNIX, and the ability to manipulate graph data structures offered by Waterloo Maple, a

symbolic mathematics package. How this methodology differs from existing published
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approaches is described below, along with the advantages it offers over the research

discussed in this section.

The manual analysis of landscape features or habitat configurations via landscape graphs
was introduced in Cantwell and Forman (1993) and a method for automating this process
was presented by Keitt, Urban and Milne (1997) in the context of measuring scales of
habitat connectivity across a landscape. The current methodology retains the flexibility
and graph theoretic advantages of the manual method but automates the graph generation.
It differs from Keitt, Urban and Milne (1997) in the method of generating adjacency
(referred to in their paper as connectivity) relationships. Their method relies on a
calculated minimum distance between neighbouring edges generated from raster data. The
method proposed here uses polygon buffering of vector data, which is a standard algorithm

incorporated in the GIS software.

Also, as discussed in Shen (1994), centroid to centroid distances, calculated in Ding and
Fotheringham (1992) as a way to measure nearness, is more a measure of proximity than
adjacency. The linear fragmentation problem addressed in this paper focuses upon
adjacency issues, however, the polygon buffering process can be considered as a measure

of both proximity and adjacency.

The approach differs from the method of Shen (1994) in the way buffering is used to

generate adjacency relationships and the way this topological information is used to

generate spatial autocorrelation values. Shen's (1994) method is more computationally
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intensive, in fact, applied to the sample set of data used in this paper it would have required
over 60 hours of CPU time, on a Sun Sparc2 workstation, just to complete the first step.
Topological information is taken directly from the topology generated and maintained
within the GIS, as proposed in Ding and Fotheringham (1992). However, rather than
directly creating an incidence matrix for calculation of autocorrelation parameters, the
topological information is used to create a graph data structure over which the spatial
autocorrelation is calculated using the adjacencies inherent in the graph structure. This
avoids very large, unstructured and sparse incidence matrices. However, a recent paper
Pace and Barry (1997), addresses the issue of calculations with large, sparse incidence
matrices. Both Shen (1994) and Ding and Fotheringham (1992) considered only small
numbers (100 or less) of polygons in their papers, effectively avoiding this issue. The data
set, representing the woodland areas in the Town of Caledon, that is used in this paper
starts with 1156 polygons and during processing, specifically the generation of gap

polygons, almost doubles to 2288 polygons.

The resulting graph structures, and spatial statistics generated from these graphs,
characterize and quantify configurations of habitats and the barriers or filters or
connections between them. General landscape fragmentation can be assessed from the
frequencies of different configurations of subgraphs and the configuration of each
subgraph type may be analyzed to understand the structure of the derived woodland patch
complexes. Descriptive statistics that quantify features aspatially are readily calculated
from the polygons generated early in the process described in section 3.1. Moreover, the

more global measure of landscape structure, calculated by spatial autocorrelation analysis,
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is generated using the graph's topology. In essence, this is abstracting the landscape's
connectivity structure from the source data's Cartesian space to a more general geography
(Gatrell 1979) by considering adjacency to be modelled by the nearest neighbouring

vertex.

Since the graph structure is automated, further manipulations are possible to allow
additional analysis. Graph isomorphisms may be used to reveal probability distributions
based on frequencies of configurations. Other possible extensions are discussed in the
final section of the paper. The next section outlines the methodology and how this
methodology was operationalized with actual data applied to a woodland conservation

policy implementation issue.

3.METHODOLOGY

3.1 Modedlling

Linear features between two woodland fragments are modelled as an attributed edge
between two attributed vertices. Subgraphs made up of connected vertices model
woodland complexes. The entire graph composed of all the subgraphs models landscape
connectivity between forest patches or woodland remnants created by agriculture,
urbanization and other factors. Finally, spatial autocorrelation statistics are calculated over
the entire graph. This section describes how such a graph is generated and details the
spatial autocorrelation calculations. The steps in the process may be summarized as
follows;

* Assign the woodland polygons to size classes.
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* Buffer (or dilate, then erode) the woodland polygons to create gap polygons and assign
the gap polygons attributes by an overlay operation on linear transportation and water
features.

* Create a graph structure using the topological information stored in the GIS database.

* Prune the graph of dangling gap vertices and collapse the remaining attributed gap
vertices to attributed edges (if desired this step may be omitted to allow for other types
of analysis).

* Split the graph into components which are used to derive frequencies of woodland
fragment and complex types by size class.

* Use graph topology for the calculation of spatial autocorrelation statistics.

* Assemble frequencies of woodland complex configurations (presently this is a manual
process).

This approach was developed after considering various ways of using buffering, within the

context of tiled polygon data, as presented by Shen (1994). Shen's paper and an earlier one

by Ding and Fotheringham (1992) first introduced the use of GIS as an appropriate tool for
using spatial autocorrelation to quantify spatial relationships. The large number of

polygons in the current data set, the need to create complexes from disjoint polygons and a

desire for greater flexibility in subsequent analysis led to the development of the approach

listed above. Graph data structures (Trudeau 1993) are introduced in order to explore the
possibilities of abstracting the adjacency relationships inherent in the polygon topology.

Attributed graphs (Bouillé 1978, Wong, Lu and Rioux 1998) allow spatial autocorrelation

to be performed directly on the graph structure and also offer possibilities for

quantitatively analyzing the pattern of woodland configurations and other attributes across

the landscape (Cantwell and Forman 1993).

The process creates a dual graph (Figure 1e) from the GIS polygon graph (Figure 1a)

omitting a universe vertex which corresponds to the world polygon of the GIS data model.
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The dual graph is then simplified as described in section 3.2.2. This graph captures

adjacency relations across the gaps between the forest fragments.

Frequencies of subgraph types are compiled manually for the sample area (see section 4
and Figure 6). This is the main area not currently automated, although Wong, Constant
and You (1989) describe approaches for searching graph structures that could be the basis
for automation. Note that the second largest subgraph in Figure 6 is not planar. This
indicates a gap polygon that joins 5 polygons and is a consequence of the approach taken
for collapsing gap vertices that join more than two woodland vertices. The gap vertex and
its associated edges are replaced with a fully connected subgraph of woodland vertices (see

Figure 4 below).

T K
create “dual” graph collapse centre vertex and

connecting edges to enough
edges to fully connect remaining
vertices

Figure3 Nonplanar graph example

Fully connected graphs with more than 3 vertices contain edges that overlap in the plane
and thus are nonplanar (Trudeau 1993). Where two woodland fragments meet at more

than one place an attributed edge is created for each meet. This means that some of the
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subgraphs (again the second largest subgraph in Figure 6 is an example) contain more than

one edge and hence are more precisely called multigraphs (see Figure 1d).

Join count statistics for nominal data are calculated and spatial autocorrelation indices are
generated using equations 2 - 8 (Goodchild 1986, Cliff and Ord 1973). Since the number
of vertices (polygons) of each of the three sizes classes is known, non-free sampling can be
assumed and the statistical hypothesis is that the number of joins for each combination
follows a normal random distribution The first two moments for joins between same size
class (w;;, the expected number of joins and o; *, the standard deviation of the number of
joins) are given by:

an®
u; = e )

)

9i =0

An? 2D (A(4-1)-2D)n (An;2>)2
n

(3) (4) n®

n n

where, n is the total number of vertices, n; is the number of vertices of class I, n® is given

by
n® = ni (- 1) ..(n-b+1), @

and L is defined as the number of neighbours of vertex k. A, the total number of joins in

the graph structure is defined by
L, )

and D is given by

D = E L(L, -1). (6)
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Using the above definitions, the first two moments for joins between different size class
(w;;, the expected number of joins and o; *, the standard deviation of the number of joins)
are given by:

u =2Al’l[ n;

i An(z) 7

2

y n(Z)

(2),( 2
ol - 2An;n, .\ 2Dnn;(n; + n; - 2) . 4(A(A4 -1) - 2D)ni2)nj2) _ 4( Anl.nj) ®)

(3) (4) n®

n n

3.2 Data and Operationalization

3.2.1 Data and policy context

This section describes an example of applying the methodology presented in the previous
section. The example uses specific software and data to address a policy implementation
issue for the Regional Municipality of Peel, located in southern Ontario, Canada.
Protection of the ecological function of woodland habitat is offered through the definition
of a Regional Greenlands System (RGS) in the current Peel Region Official Plan. Part of
this definition includes a hierarchy of constraints to land use based on characteristics of the
features of the system. Area is the criteria used to determine the level of protection given
to woodland fragments, with only the largest size class of fragment receiving protection at

the Regional level.

The data used to implement the policy comprise digital woodland polygons which were
derived from air photo interpretation and classification of satellite imagery. They are
based on contiguous wooded area and are split by breaks in canopy such as, roads, utility
corridors, larger watercourses, and so on. Guidelines for policy implementation give the

following direction for defining woodland extent, specifically,
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“[w]oodlands should be identified as contiguous polygons irrespective of
ownership, whether or not they have been divided (intersected) by standard roads
less than 21 m wide and/or by other linear transportation or utility corridors less
than 21 m in width.” (Province of Ontario 1995)
The RGS protects woodlands based on 3 size classes, namely woodlands greater than 30
hectares (ha) are classified as Core Areas; woodlands less than or equal to 30 ha and
greater than 3 ha are classified as Natural Areas and Corridors; woodlands no greater than
3 ha are defined as Potential Natural Areas and Corridors. Protection at the Regional level
is provided only for Core Areas. The smaller classes may be protected at the discretion of
lower tier municipalities, within the jurisdiction of the Regional municipality. Figure 4
shows the data set of woodland areas used in this analysis. The source data was obtained
from the Ontario Ministry of Natural Resources (the water and transportation linear feature
data came from digital base mapping from the same agency). Note the difference in the
pattern and distribution of woodland patches due to agricultural and urban development in
the southern part of the area and the constraints on such activity in the remainder of the

study area due to the natural topography of the Oak Ridges Moraine in the north and

Niagara Escarpment to the west.
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3.2.2 Data integration and processing

The “area” item (or column) of the Polygon Attribute Table (PAT) of an ARC/INFO
format coverage (the data set of polygons in vector format, shown in Figure 4) was used to
classify the woodland polygons into the 3 policy classes. An arbitrary sample set of
woodland polygons, also indicated on Figure 4, was created to test the methodology
presented earlier. Gap polygons were generated by creating a positive buffer of 35 metres
around the woodland polygons. These buffered polygons were then negatively buffered by
35 metres. This next set of buffered polygons was then unioned with the original

polygons. Figures 5a - 5c illustrate this process.

Figure 5a shows the woodland polygons grey-scale shaded by size class and the
transportation and water linear features that intersect these polygons. Figure 5b shows the
original woodland polygons coloured medium grey, the positive buffer is dark grey and the
gap polygons created by the union are black. Finally, Figure 5c shows the original
polygons in light grey and the created gap polygons in black. This combined data set of
original woodland polygons and generated gap polygons is used to generate the graph
shown in Figure 5d. The gap polygons were overlaid on a coverage of transportation and a
coverage of water linear features and the attributes of the coincident linear features applied
to the polygons. Note that a coding scheme was applied to the results of this operation
whereby the first character indicates the type of transportation feature present with for
example road being assigned for all road or mixtures of road and other transportation
feature types an X indicating unknown or no transportation feature. Similarly the second

character indicated the presence or absence of a linear water feature. Figure Sc also reveals
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that the buffering process rounds corners and fills in linear cuts at the woodland edges.
These artifacts of the methodology are dealt with by using a minimum cut off area (35 m?)
for gaps; which, in this case, eliminates most of the acute angle “gussets” and gap
polygons that are assumed too small to function as connections. The linear cuts were

removed from the graph structure in a later step.

Database tables containing polygon-id numbers and attributes of size class or gap type
were generated from the coverage PATs. Additionally, database tables of the left and right
polygon-id numbers were generated from the coverage Arc Attribute Table. This was
suggested in Ding and Fotheringham (1992) as a way to create an incidence matrix which,
incidentally, can easily be generated from the graph structure. These INFO database tables
were converted to Oracle tables for further processing, after which text files were created
from the Oracle tables for importation into the symbolic mathematics package, Maple.

The files were created in pairs, one for vertices and one for edges.

Maple scripts and functions were used to create the initial graph structure (see Figure 5d).
The polygon ID numbers were used for the vertex names and the woodland size class or
gap type was used as the vertex weight. The graph was broken into components. Gap
vertices and associated edges that connected to only one woodland polygon were deleted.
Gap vertices and associated attributes (weights) were collapsed to attributed edges joining

the woodland vertices (see Figure 5d).
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Using the equations given in section 3.1, spatial autocorrelation statistics were calculated
from the graph structure using Maple scripts. Finally, a frequency of complex types was
complied manually from plots of subgraphs created within Maple. The results are

discussed in the next section.

4. RESULTS

Frequencies of woodland polygon size class and gap attributes are shown in Table 1. The
shaded rows indicate the size class protected at the Regional level. The grouping of
woodlands into complexes, due to the definition of contiguity that was operationalized by
the buffering process described earlier, increased the of area that falls into the no
development policy category, for both the sample area and the whole data set. Road and
road/water features are the most prevalent gap types. Inspection of the source data for the
linear features seemed to indicate that in many of the road/water gaps the features
intersected at approximately right angles with the water course flowing through the
woodland. This is consistent with the notion that remnant woodland is located in less
developable areas such as areas traversed by water courses. It also demonstrates how the
surveyed grid of the road network and lot lines in southern Ontario do not respect the

natural topography of the area.

Join count statistics were generated using Maple scripts and these were used to compute
test statistics to determine whether the counts that were generated differed statistically
significantly from the expected value if the join counts were assumed to be asymptotically

normally distributed. Both of these results are shown in Table 2.
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Sample Area

Pre-grouping

# of patches
[1]31 (20%)
[2] 64 (41%)
[3]1 62 (39%)
total 157

Post-grouping

# of patches
[1] 12 (19%)
[2] 28 (44%)
[3]124 (37%)
total 64

Gap statistics
#

[PW]3  (2%)
[RW] 72 (53%)
[TW]3 (2%)
[XW] 7 (5%)
[PX]3 (2%)
[RX] 34 (25%)
[TX] 1  (1%)
[XX] 13 (10%)

Tablel

Area (ha)
[1]2728 (78%)
[2] 667 (19%)
[3]1 101 (3%)
total 3496

Area (ha)

[1] 3232 (92%)
[2] 221 (6%)
[3]42 (1%)
total 3496

Summary statistics
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Town of Caledon

Pre-grouping

# of patches
[1] 119 (10%)
[2] 444 (38%)
[3]1 593 (52%)
total 1156

Post-grouping

# of patches
[1163 (10%)
[2] 270 (41%)
[3]322 (49%)
total 655

Gap statistics
#

[PW] 11 (1%)
[RW] 347 (46%)
[TW] 20 (3%)
[XW] 80 (11%)
[PX]16 (2%)
[RX] 171 (23%)
[TX] 17 (2%)
[XX]90 (12%)

Area (ha)

[1]1 9697 (66%)
[2] 4157 (28%)
[3] 859 (6%)
total 14713

Area (ha)

[1] 11925 (81%)
[2] 2328 (16%)
[31460 (3%)
total 14713

Size

[1] (>30 ha)

[2] (>3 and <30 ha)
[3]1 (<3 ha)

Linear feature
P (path)

R (road)

T (train)

X (unknown)
W (water)




ij

[11[1]
[2][2]
[31[3]
[11[2]
[11[3]
[2]13]

ij

[11[1]
[2][2]
[31[3]
[11[2]
[11[3]
[2]13]

Notes for Table 2:
u i 1s the expected number of joins

1.
2.
3.

o’ jj is the variance of the number of joins
n;j is the number of joins between vertices (polygons) of class i and class j

_(n; ~ M;‘/‘)

Zjj

Table?2

29
17
17
40
18
15

nj;

95

102
110
147
133
170

99% significance level.

Sample

Wij
4.556589
19.755022
18.530132
19.441450
18.833904
38.882900

Caledon

Wij
7.309269
102.383903
182.734852
55.005347
73.464349
274.102278

0?2
V. 7 (normalized variate)
The +/- signs in the last column indicate positive or negative autocorrelation at the
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Join statistics

0'21j
5.238913
22.485654
21.212803
19.678365
19.123308
29.933097

0'21j
9.095390
155.17083
262.79332
75.992086
107.406203
207.54792

Zjj
10.679260
-.580994
-.332223
4.634447
-.190693
-4.365271

Zjj
29.076559
-.030818
-4.486786
10.553059
5.744634
-7.226051

+ o+



The large woodland fragments (class 1) show positive spatial autocorrelation with other
large fragments (which seems to agree with the clustering of larger patches seen in Figure
4) and with medium, and possibly small, fragments. Medium size fragments show no
spatial autocorrelation with other medium size fragments. Smallest fragments show
negative spatial autocorrelation with each other and with medium size fragments. Note

that the smallest fragments are generally at graph extremities, as seen in Figure 6.

The sample area and Caledon data agree for the [1][1], [1][2], and [2][3] joins, although
the Caledon values are further from the expected value. The sign of the remaining values
is the same except for the [1][3] joins where the value changes from a small negative value
for the sample area to a large positive value for Caledon data. Also note that almost all the
class 1 vertices are joined to at least one other class 1 vertex (see Figure 6 for
confirmation). There are a few double edges in the [1][1] count but it does suggest that
habitats of at least 60 ha are fairly numerous, although, the nature of the contiguity again

depends on ecological considerations of the linear features, as discussed above.

Figure 6, lists the frequencies of subgraph configurations (the woodland complexes).
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Figure 6 Frequency of complex types (sample area)

The frequency count of subgraphs shows two clear features. First, the majority of
woodland fragments are connected (113/157 or 72%) using the 35 metre buffer distance.
Second, there are two major complexes that dominate the sample area in terms of number
of contributing patches and area of habitat. The patches that remain isolated are, perhaps
not surprisingly, largely the medium and small patches. Most of the connecting paths
through the complexes are through large and medium size patches. The smallest patches

are generally at the periphery of the complexes - thus there are few "bottlenecks" in the
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connectivity structure. However, functional barriers are likely to be more directly related
to the edge attributes and the number of edges connecting vertices and therefore the

number of alternate pathways.

5. DISCUSSION AND CONCLUSIONS

This paper has reviewed forest fragmentation and the approaches reported in the literature
to modelling and analyzing this artifact of the urbanization process. A methodology was
introduced for generating an easily implementable model of habitat fragmentation based on
mathematical graphs and associated autocorrelation statistics. The implementation of this
methodology was demonstrated using empirical data and commonly used GIS and related
software. The remainder of this section offers discussion of the process, the results and

suggestions for further research.

Creating a graph structure from the topological information stored in the GIS is
straightforward, as is calculating spatial autocorrelation statistics from the derived graph
structure. The method presented avoids large unstructured, and sparse, incidence matrices
that would have resulted from applying the approaches described by Shen (1994) or Ding
and Fotheringham (1992). Additionally in contrast to those approaches, no attempt was
made in this research to bring the results of the statistical and graphical analysis back into
the GIS environment or build this functionality into an existing GIS platform. However, it
is intended to explore such avenues as part of a larger research effort in developing a
feature based GIS built upon general graph structures such as hypergraphs, as pioneered by

Bouill¢ (1978), and object-oriented programming models.
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Further, the analysis presented in this paper suggests that attributed graphs (or multigraphs)
offer a flexible approach to analyze quantitatively the structure of features on a landscape

and it is compatible with the use of spatial autocorrelation measures.

The gap polygons can be considered as barriers or bridges depending on the ecological
function being considered. The graph structure explicitly describes spatial relationships
between the woodland patches and, by extension, implicitly illustrates possible functional
relationships. For example, species mobility or dispersion between patches within the
newly defined complexes or possible habitat extent (a discontinuous species range) may be
inferred by comparing the ecological conditions required by the species and the present
configuration of the patches and gaps. Further, since the width of the gaps is, within
certain bounds, set by the buffering distance, an approximation of the gap length could be
easily derived and this could generate further analysis about boundary characteristics as
discussed in sections 2.1 and 2.2. Further, consideration of the rounded corners, filled in
cuts and interior polygons created by the buffering exercise could establish site specific
target areas for restoration efforts, since these places offer the most efficient way to
increase interior habitat. Moreover, retaining the filled in cuts within the graph structure
could allow quantitative measures of the amount of incursion into existing woodland

patches.
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The final sections of this paper suggest avenues for future work in applying graph theory
and spatial statistics to not only the problem considered in this paper but also possibly to
other similar problems. As mentioned in Section 3.1, it should be possible, although not
trivial, to automate the calculation of the frequency of specific configurations of subgraph
and display of these subgraphs by exploiting graph isomorphisms. Further, exploration in
the use of random graphs as a means of creating probability distributions of configuration
types might advance the study of the function of woodland patches, including conditional
probabilities of patch configurations given known components. Also, graphs can be used
to structure attribute data. A good deal of ecological data, for instance species
classification or ecological land classification, is hierarchical. Thus, there may be
efficiencies in structuring attribute data in the same way as topological data, allowing the

use of one set of analysis tools to query a combined graph data structure.

This analysis used classes of area (ordinal data) to calculate join count statistics. This
approach also allows for spatial autocorrelation calculation on nominal data, for example
habitat type. It is possible to use ordinal data to calculate a more global measure of spatial

autocorrelation like the Moran index (Shen 1994),

I Eizjwycif' (9)

-2
§ 21‘2/%

where, wj; is a locational proximity weight, z; is the value of the attribute for object I,

CV = (Zi - Zmean)(zj - Zmean) and’ (10)

)

o _ 2= Zen)
n

(11)
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In fact, for this type of index the unclassified areas could be used. A further possibility is
to apply spatial autocorrelation to other attributes to determine, for example, whether
species composition diverges over time in split patches by assuming they were similar
before the split then measuring the present similarity. Finally, the analysis could be
extended to calculate autocorrelation to lags beyond 1 (the nearest neighbour) to vertices

further away on the graph - which amounts to calculating a correlogram over the graph

(Goodchild 1986).
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