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ABSTRACT
The amount of fragmentation present in a landscape is an important characteristic to wildlife managers, ecologists and others interested in studying the functioning of the landscape as a whole.  However, quantifying the amount of fragmentation present in a landscape is highly difficult, because there are a huge number of possible landscape configurations that exhibit what are functionally identical amounts of fragmentation.  The result has been a large number of metrics designed to measure landscape fragmentation.  All of these metrics are functionally similar to one another, but none is considered universally better than its competitors.

From a GIS perspective, landscape fragmentation determines the size of a quadtree representation of a raster map.  This implies that it should be possible to derive a measure of landscape fragmentation from a quadtree.  This study is investigating the possibility of developing exactly such a measure, and compare it to existing landscape fragmentation metrics.


DEFINITION, IMPORTANCE AND MEASUREMENT OF LANDSCAPE


FRAGMENTATION
Over the last several years, landscape ecologists, wildlife managers, and others have become increasingly concerned with the amount of fragmentation present in a landscape.  Various technical definitions of fragmentation have been proposed, but none of them are universally accepted (and some actually contradict one another) (Sanderson and Harris, 2000; McGarigal and Marks, 1994).  In general, fragmentation is a measure of how one or more land cover types are distributed across the landscape.  If these land covers are concentrated into a small number of large, contiguous patches, the landscape is said to have little fragmentation.  In contrast, if the land cover types are broken up into a large number of small, noncontiguous patches, the landscape is said to have a high degree of fragmentation.

Current thinking holds that landscape fragmentation plays a crucial role in the ecological function of a landscape (Sanderson and Harris, 2000; Farina, 1998).  For example, wildlife that are restricted to certain habitat types may suffer when fragmentation separates individuals animals into small, isolated groups.  This situation may lead to genetic inbreeding, heightened susceptibility to disease and/or disturbance, and localized overpopulation and habitat degradation.  As a result, wildlife researchers and ecologist are very interested in evaluating the degree of fragmentation in a landscape.

A large number of spatial statistics have been developed to measure landscape fragmentation (McGarigal and Marks, 1994).  None of these statistics is wholly adequate.  Many existing statistics measure only certain aspects of fragmentation and do not provide enough information to allow researchers to truly evaluate the entire fragmentation situation.  Other statistics are considered unreliable for a variety of reasons (Farina, 1998).  As a result, most current fragmentation assessments involve many statistical analyses, and conclusions can only be drawn by comparing the results of many separate measurers.  This process is difficult, and even individuals with a great deal of experience in assessing landscape fragmentation do not always reach the correct conclusions.

This paper describes an ongoing study aimed at developing and evaluating a new approach to measuring landscape fragmentation.  This new approach is based on the relationship between landscape fragmentation and quadtrees.  As far as is known, this fragmentation/quadtree linkage has not been explored previously, so the new approach adopted here has the potential of developing completely new fragmentation measurement approaches.


THE RELATIONSHIP BETWEEN FRAGMENTATION AND QUADTREES
Quadtrees have long been used as an efficient means of organizing raster data (Samet, 1990a; Samet, 1990b).  In the quadtree approach, a raster matrix is recursively divided into quadrants.  If multiple cell values are present in any given quadrant, the quadrant is divided into four smaller subquadrants, and the data evaluation process is repeated on each of these smaller subquadrants.  When all the raster cells in any given quadrant are found to contain a single uniform value, this value is simply recorded in the quadtree and no further processing of the quadrant is undertaken.  This results in the four- or fewer-branched data tree characteristic of the quadtree approach (Figure 1). 
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Figure 1. A simple raster map and its quadtree representation. "UL" stands for the upper left quadrant, "UR" for the upper right,
"LL" for lower left, and "LR" for lower right. The heavy lines in the raster map show the quadrants used in the first level
of the quadtree, the lighter solid lines show second-level quadrants, and the dashed lines show third-level quadrants.




Any node in a quadtree that contains a value representing one or more cell values is called a leaf.  The numeric values in leaves are called leaf values.  It is important to keep in mind that dependent on a leaf value=s position within the tree, the leaf value may represent the value of only one or many hundreds of cells from the original raster matrix.

The primary appeal of the quadtree approach lies in the fact that for many raster maps, it requires much less computer storage space than a conventional raster matrix.  Consider the raster map shown in Figure 1.  If we assume that the values in the raster matrix are stored in the computer as integers, under a 32-bit operating system each integer value will require 4 bytes of computer storage space.  Thus, storing the entire map requires (8 rows of cells)  (8 columns of cells)  (4 bytes per cell) = 256 bytes of storage.  Contrast this to the quadtree representation of the same map.  If we assume that each pointer (the arrows linking one node to another in the quadtree shown Figure 1) also requires 4 bytes of storage space, and we assume that a single pointer is needed to identify the topmost node in the tree, the quadtree in Figure 1 requires (45 integers and pointers)  (4 bytes per integer or pointer) = 180 bytes of computer storage space -- a saving of approximately 30% over direct storage of the raster matrix. 

Obviously, the amount of memory savings created by the quadtree approach are going to depend upon the degree of similarity between neighboring raster cells in the map -- in other words, the degree of fragmentation in the map.  A map showing little or no fragmentation will tend to produce quadtrees where relatively few branches of the tree are fully populated  (Figure 2, part A).  In computer parlance, this would be a Ashallow tree@ or a tree with little Adepth.@  Conversely, maps with high levels of fragmentation will tend to produce Adeep@ quadtrees where virtually all branches are completely populated (Figure 2, part B).  It is this relationship between quadtree depth and map fragmentation that forms the basis of this study. 
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A. Map exhibiting slight fragmentation. B. Map exhibiting high fragmentation.

Figure 2. Examples of maps with differing levels of fragmentation and quadtrees of different depths.




Unfortunately, the relationship between landscape fragmentation and quadtree depth is not perfect; it is quite possible to develop landscapes with dramatically different levels of fragmentation that exhibit the same quadtree depth.  Consider the two situations shown in Figure 3.  Common sense indicates that the map in part A shows relatively little fragmentation because all of the cells containing ones are concentrated into four distinct patches.  Similarly, common sense indicates that the map shown in part B shows just about the highest level of fragmentation possible, because all of the cells containing ones are interspersed with other cells in a checkerboard pattern.  However, the quadtrees of both maps are identically deep.  In the case of the checkerboard map, this depth is intuitively expected; in the case of the map showing four patches, it is a consequence of an unusual geometric alignment of the patches with the quadrants into which the quadtree is dividing the map.

The potential for these unusual geometric alignments makes using quadtrees to measure fragmentation a less than trivial task.  However, there are at least two modifications to the simple quadtree system that might overcome the problems just described.
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A. Map exhibiting slight fragmentation.
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B. Map exhibiting high fragmentation.

Figure 3. Examples of maps with differing levels of fragmentation but identically deep quadtrees.




In the first approach, the quadtree=s leaves can be analyzed to identify identically valued, spatially adjacent leaf values not grouped into quadrants.  Consider the example shown in Figure 4. In the quadtree shown here, there are a total of 112 non-diagonal leaf value-to-leaf value adjacencies (Since none of the cells in the map were grouped together into identically-valued quadrants by the quadtree, we can count the cell-to-cell adjacencies in the map to find the number of leaf value-to-leaf value adjacencies in the quadtree.  Each row of the map has 7 horizontal cell-to-cell adjacencies and each column has 7 vertical cell-to-cell adjacencies, for a total of (87) + (87) = 112 non-diagonal cell adjacencies).  Analyzing the links that can be inferred from Figure 4, 80 links involve adjacent leaf values with identical values.  This implies that the quadtree is not doing a very effective job of aggregating identically-valued adjacent values, so the level of fragmentation in the map is likely less than what is implied by the depth of the quadtree.  In contrast, none of the 112 links in the highly fragmented map show in part B of Figure 3 involve identically-valued adjacent leaf values.  This implies that the map is indeed as fragmented as the depth of the quadtree would imply.
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Figure 4. Example of quadtree from Figure 3(A) where spatially adjacent leaf nodes not in the same quadrant have been linked to
one another. Note that adjacent cells listed within a single quadtree leaf node are not linked with arrows in this figure,
but can be identified using simple geometery. Further note that for the sake of clarity, four links are missing from this
figure.




An alternative method of evaluating quadtrees involves changing the geometry of the quadrants used to build the quadtree.  Returning to the map shown in Figure 3(A) and Figure 4, it is obvious that if the quadrant boundaries did not fall exactly where they are shown, the resulting quadtree might have been able to aggregate identically-valued adjacent cells into leaf values representing multiple cells.  This implies that if a number of alternative quadtree geometries are investigated, situations where patch and quadtree geometries align with one another can be avoided.


DEVELOPING A QUADTREE-BASED MEASURE OF LANDSCAPE


FRAGMENTATION
In the current study, we plan to develop at least two quadtree-based fragmentation measuring systems using the approaches just described.  We will then evaluate these systems by creating artificial landscapes exhibiting known amounts of fragmentation using the midpoint displacement method described by (Peiteg and Saupe, 1988).  By comparing the known amount of fragmentation in these artificial landscapes to the estimated amounts of fragmentation produced by our systems, we will be able to evaluate the accuracies of our approaches.  We will also use previously published landscape fragmentation statistics (such as those implemented in the widely used FRAGSATS software by McGarigal and Marks, 1994) to evaluate our artificial landscapes, and compare our new measurement systems to the measures produced by these statistics.  
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