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ABSTRACT 

Over time, small local disturbances may result in large regional changes in 

landscape structure and function. For example, lighming strikes may lead to large-scale 

wildfire or land clearing to urbanization. In either case, landscape patterns change as the 

type and distribution of landscape elements change in response to disturbances. 

Additionally, changes in landscape patterns often affect ecological processes. For 

example, wildfires and urbanization affect succession and productivity, which changes 

the distribution of habitat features, and which may affect landscape connectivity for 

species inhabiting the landscape. 

I used rank-size distributions and their scaling exponents to illustrate landscape 

character and change in Yellowstone National Park and a portion of the metropolitan area 

of Tucson, .Arizona, through patterns associated with the distribution of patch size. I 

found that natural and anthropogenic disturbances affected landscape organization 

similarly and thus produced similar distributional patterns of patch size. However, the 

magnitude of change created by natural and anthropogenic disturbances differed. Fires in 

Yellowstone National Park produced scaling exponents > 1, suggesting that large patches 

affected the distribution of patch size disproportionately. Comparatively, urbanization in 

the Tucson metropolitan area produced scaling exponents =1, suggesting that large and 

small patches affect the distribution of patch size proportionately. 

To link changes in landscape patterns with changes in ecological processes I 

compared four commonly used landscape metrics with rank-size distributions and their 

scaling exponents. Rank-size distributions described the scaling properties of the 
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landscape with regard to patch size, whereas other metrics did not. This is meaningful 

because there is an integral relationship between scaling properties of the landscape and 

scaling properties of species using the landscape. A species may perceive a landscape as 

connected when the patch-size characteristics of the landscape scale proportionally with 

the body-size characteristics of the species. As a result, the species may be more likely to 

move through and therefore persist in that landscape. 

I develop a theoretical relationship between natural and anthropogenic 

disturbances, describe landscape organization, and link landscape and species scaling 

characteristics. 



II  

INTRODUCTION 

Explanation of format 

This introduction prov ides a description of the problem I address in this study, my 

goals and objectives, and a background section in which I present issues, concepts, and 

theories that may assist the reader with the remaining portions of this dissertation. 

Following the introduction I present die three papers that comprise the body of 

this dissertation. I describe the (1) statistical and theoretical similarities associated with 

the distribution of patch size attributable to natural and anthropogenic disturbance and 

their resulting patch dynamics, (2) changes in landscape organization as indicated by 

rank-size distributions and their scaling exponents, (3) benefits of using the scaling 

properties of patch size to describe landscape character and change, and (4) relationships 

between the scaling properties of patch size and body size (i.e., allometry) to illustrate 

potential effects of disturbance on landscape connectivity. Each paper is a self-contained 

manuscript formatted for the journal to which I intend to submit it. 

Finally, I conclude by reviewing my goals and objectives, summarizing the intent 

and results of my research, and suggesting additional research that may complement and 

advance this work. 

Present study 

Description of the problem 

Natural and anthropogenic disturbances, including wildfire, weather-related 

events, resource extraction, and urbanization, affect virtually every landscape on Earth. 
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Changes brought about by these disturbances modify landscape structure (i.e., the 

composition and configuration of the landscape, McGarigal et al. 2002), creating a 

mosaic of patches (Urban et al. 1987) where a different landscape element occupies each 

patch (Forman 1995). This mosaic of patches occurs as a hierarchy across a range of 

spatial scales (McGarigal et al. 2002). As such, landscapes may be considered species-

specific (Wiens 1989) and can be of any size. For example, large landscapes, on the 

order of thousands of hectares, may be appropriate for large animals, and small 

landscapes, on the order of a hectare or less, may be appropriate for small animals. 

Natural and anthropogenic disturbances also affect ecological processes, which 

reflect changes in landscape structure or pattern (Forman and Godron 1986, Turner and 

Gardner 1991a). As disturbances alter landscape patterns, ecological processes including 

succession, animal movement, and resource acquisition are affected. Changes in 

landscape patterns and their associated effects on ecological relationships may be of 

particular interest based on the physical and behavioral characteristics of species 

inhabiting the landscape. For example, for a species to occupy a landscape, the landscape 

must contain a minimum amount of habitat, which in turn must contain a minimum 

density of resources including food and cover. Similarly, the species must possess the 

ability to perceive resources at the scale at which they exist, and move within the 

landscape to use those resources. Therefore, for a species to inhabit a landscape the 

scaling properties of the species and the landscape must approximately match (Chapter 

3). If disturbances alter the amount of habitat or density of resources beyond the 

movement or perceptual abilities of the species, the landscape may become disconnected 
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for that species. As a result, the species inay not be able to acquire resources or find a 

home range, and thus may fail to persist within that landscape. 

Patch dynamics is a term applied to the disturbance-mediated spatial and temporal 

changes within and among patches, and in the flow of organisms, materials, and energy 

within the landscape (see Pickett and Thompson 1978, Pickett and White 1985a, Levin et 

al. 1993, Meffe and Carroll 1997). Natural and anthropogenic disturbances such as fire 

and changes in land-use continually influence patch dynamics. Therefore, landscape 

patterns and the ecological processes that occur within and among landscapes are 

constantly changing. From an anthropocentric perspective, many disturbances are small 

and localized initially. From an ecological perspective, the quality and quantity of habitat 

and resources that exist within habitat may be similarly affected. For example, a fire may 

begin with one lightning strike, and a change in land-use may begin with land clearing. 

Eventually the effects of small changes may accumulate causing a substantive change in 

landscape structure and function. That is, small changes may accumulate to a point 

where the addition of one small change causes a disproportionate change in landscape 

character. For instance, an accumulation of changes in the proportion and distribution of 

land cover may substantively affect the diversity and distribution of species living within 

that landscape. Capturing and describing the patterns of landscape character and change 

can provide important information regarding their effect on ecological processes. 

Establishing a common theoretical basis for natural and anthropogenic 

disturbance provides a common point of reference to explore similarities and differences 
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in the ecological effects of both. This is necessary to explain and eventually understand 

the effects of changing landscape patterns on ecological relationships. 

I explore the ability of rank-size distributions and their scaling exponents to 

describe landscape character and change. My intent is to describe the scaling properties 

and organization of landscapes as they are affected by disturbances. Scaling exponents 

indicate the relative influence of large and small patches on the distribution of patch size 

and the degree to which patch size affects landscape structure. Additionally, rank-size 

distributions illustrate the magnitude of change in patch size. Regressing log area on log 

rank indicates where patch sizes deviate from values generated by the model and when 

scaling properties are fractal. 

Rank-size distributions provide a useful static guide to the dynamic processes 

occurring in the landscape. Patterns formed by patch dynamics can be captured as a 

distribution of patch sizes. Additionally, effects on ecological processes including animal 

movement and resource acquisition may be inferred by the scaling properties captured in 

this distribution. 

Goals and objectives 

Goals 

My interest is to use the distributions and scaling properties of patch size to 

describe the effect of natural and anthropogenic patch dynamics on landscape 

composition, structure, and function. Specifically, I want to describe the relationship 

between landscape character and change, and effects on landscape connectivity using 

patch-size distributions and scaling exponents. This information is important to land 
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planners and ecologists as they investigate on-going changes in landscape patterns and 

attempt to conserve landscapes, maintain viable populations of species, and ultimately 

protect biodiversity. Linking the scaling properties of landscapes with the scaling 

properties of the species inhabiting those landscapes may help in this regard. 

Complexity theory provides a basis from which to explore the relationship 

between natural and anthropogenic patch dynamics. In this endeavor, I use fire and 

urbanization as examples of self-organized phenomena to describe the effects of patch 

dynamics on landscape connectivity and resource acquisition. Fractal patterns emerge 

from the statistical relationships associated with rank-size distributions. The scaling 

properties associated with the distribution of patch size describe the scaling properties of 

the landscape, which in turn can be used in conjunction with allometric relationships to 

assess movement potential and resource acquisition. Tools that describe changes in 

landscape character attributable to natural and anthropogenic disturbance may assist land 

planners and wildlife ecologists develop a more comprehensive understanding of the 

relationship between landscape structure and ftmction in this context. Additionally, such 

tools may foster a clearer understanding of the role of natural distiirbance in landscapes 

and better management of anthropogenic land-use to minimize its adverse effects on 

species. 

Objectives 

1. Describe the statistical pattern and theoretical basis linking natural and 

anthropogenic patch dynamics, and introduce the relationship among scaling 
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properties associated with Zipf s law, the landscape, and species that inhabit the 

landscape. (Chapter 1) 

2. Use rank-size distributions and their scaling exponents to describe landscape 

character and change in Yellowstone National Park through the distribution of 

patch size. Describe landscape organization and reorganization using the scaling 

relationships of patch size. (Chapter 2) 

3. Assess landscape character and change attributable to urbanization in a portion of 

the Tucson metropolitan area. Describe the utility of rank-size distributions and 

their scaling exponents with regard to scaling properties of the landscape. Link 

landscape scaling with allometric relationships in the context of resource 

acquisition and movement potential. (Chapter 3) 

Background 

Landscape pattern, process, and measurement 

Landscape ecology is concerned with the explicit effects of spatial patterns on 

ecological processes (Turner 1989). Landscape patterns result from complex interactions 

among geomorpholog>', biota, climate, topography, disturbance, and land use over a 

continuum of temporal and spatial scales (Forman and Godron 1986, Urban et al. 1987, 

Turner 1989, Garcia-Moliner et al. 1993). The landscape represents a composite of 

patterns resulting from these interactions captured in a mosaic of patches (Urban et al. 

1987, Kotliar and Wiens 1990). Landscapes can be considered spatially heterogeneous 

areas with three key traits: (1) structure, (2) ftmction, and (3) change (Forman and 

Godron 1986, Turner 1989, Turner and Gardner 1991b). These three traits are related in 
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that they affect each other in space and time, and together describe the character of the 

landscape. 

The most basic landscape component is the patch, the composition, geometric 

characteristics, and spatial relationships of which describe landscape structure. 

Additionally, patches exist along a spatial and temporal continuum, thus they are scale 

independent and may be difficult to identify. There is not just one mosaic of patches in a 

landscape, rather there exists a hierarchy of patch mosaics across a range of scales 

(McGarigal and Marks 1995). 

Patches also play a functional role in the landscape, and may be related to a 

particular characteristic of interest, for example habitat or connectivity. Process-oriented 

characteristics are also part of the landscape hierarchy and occur across a range of scales. 

To draw cormections between patterns and processes it is necessary to devise 

meaningful ways of measuring landscape characteristics. Patch measurements include 

extent, the total area comprising the patch, and grain, the spatial resolution of focus. For 

example, the extent of a landscape may be 1 km", but the resolution at which 

composition, structure, and function are studied may be 1 ha. 

Patch boundaries can be identified several ways including defining the scale of 

observation, the processes of interest, or the level at which organisms interact with the 

environment (see Pickett and White 1985a, Levin et al. 1993, Hansson et al. 1995), and 

as an artifact of mapping the landscape extent at the resolution of interest (McGarigal and 

Marks 1995). 
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Landscapes are typically analyzed at the patch, class (all patches of a common 

type), and landscape level. Numerous metrics have been created to quantify landscape 

composition and structure (e.g., see McGarigal and Marks 1995, McGarigal et al. 2002). 

Landscape composition is quantified by measuring characteristics associated with the 

abundance and assortment of patches, including richness, diversity, dominance, and 

evenness. Landscape structure is quantified by measuring spatial characteristics 

including size, shape, and distribution, as well as spatial complexity (e.g., fractal 

dimension), area attributes (e.g., core area), dumpiness (e.g., contagion), contiguity (e.g., 

connectedness), and dispersion (e.g., interspersion and juxtaposition and nearest 

neighbor). Landscape metrics are also associated with investigation of a particular 

characteristic of interest at a scale suited to that characteristic. 

Patch dynamics 

Disturbances are agents of change in pattern formation or disruptions in 

ecosystem function in both natural and anthropogenic landscapes. White and Pickett 

(1985) adopted the term 'patch dynamics' to describe the relationship between landscape 

pattern created by disturbance and ecological processes. The role disturbance plays in a 

landscape therefore may be determined by analyzing the spatial and temporal variation in 

patch dynamics. 

Landscape disturbances are unique events that affect the physical environment 

(White and Pickett 1985) and which vary in magnitude, frequency, and size (Pickett and 

White 1985b). For example, disturbances range from mild, relatively frequent localized 

events like trees falling in a forest, to significant, infrequent large-scale events like an 
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asteroid striking Earth. A frequency distribution of disturbance events affecting the 

landscape indicates far more small (in magnitude and area) than large disturbances. 

Regressing disturbance frequency on magnitude or area on a logarithmic scale results in a 

negative sloping line, often producing a negative power-law over 1-2 orders of magnitude 

(Stauffer and Stanley 1989). 

Both natural and anthropogenic disturbances affect the landscape mosaic and thus 

landscape structure and function. However, there are differences between natural and 

anthropogenic disturbances, the largest of which includes the fact that anthropogenic 

disturbance is a cumulative agent of change, not a rejuvenating mechanism associated 

with succession (Pickett and White 1985b). Once a landscape is converted to 

anthropogenic uses, it is likely to remain committed to such uses for decades, centuries, 

or millennia interrupting the process of succession. Comparatively, ecosystems are the 

result of a long-term, co-evolutionary history. The resulting complexity and stability in 

these systems is fragile when exposed to disturbances apart from the norm (May 1973). 

For example, natural landscapes are resilient to natural disturbances where succession 

proceeds to regenerate the landscape. Alternatively, natural landscapes may not be 

resilient to anthropogenic disturbances where succession is precluded or halted at a 

particular stage. Although anthropogenic disturbances operate on an ecological time 

scale, their consequences may have evolutionary implications. Species not able to adapt 

to the kinds of changes brought about by anthropogenic disturbances are likely to perish 

(Pickett and White 1985b). 
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Anthropogenic changes 

Changes due to anthropogenic land-use are profound and receive great attention 

by scientists and the media. This attention is warranted as anthropogenic changes are the 

single most important component of global environmental change affecting ecological 

processes, as one-third to one-half of Earth's land base has been altered by human 

activities (Vitousek 1994). 

Natural disturbances, including wildfires and weather-related events can also be 

profound and receive great attention. However, much of this attention is focused on the 

economic and human-related effects of these events rather than on impacts to ecological 

processes. 

One of the most far-reaching anthropogenic effects is conversion of natural to 

agricultural landscapes, eliminating natural plant diversity to one or a few crops (Ratti 

and Scott 1991). Agricultural lands as well as forest and grasslands are being converted 

to more intense uses. For example from 1982-1992, over 56,000 km' of agricultural or 

forested lands in the United States were urbanized (U.S. Department of Agriculture -

Natural Resources Conservation Service 1992). 

The negative effects of anthropogenic land-use include loss and fragmentation of 

habitat (Soule and Simberloff 1986, Quinn and Harrison 1988, Hudson 1991, van 

Apeldoom et al. 1998), reduction in biodiversity (Vitousek et al. 1997, Wilcove et al. 

1998), isolation of populations (Lomolino and Channell 1995, Pimm and Askins 1995), 

and reduction in the exchange of genetic material by decreasing landscape connectivity 

(van Apeldoom et al. 1998), which is important in maintaining biodiversity and 
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ecosystem function (MacClintock et al. 1977, Fahrig and Merriam 1985, Rosenberg et al. 

1997. Noss et al. 1998). 

Only about 3% of the world's land is managed for conservation purposes 

(McNeely 1994). with the remaining 97% subject to a myriad of direct and indirect 

anthropogenic effects. In the United States, local government has jurisdiction over 

approximately 79% of land (Ratti and Scott 1991). Much of this is low elevation, highly 

productive land and represents many threatened ecosystems (Noss et al. 1995). These 

lands are the most sensitive and often the first to be converted to anthropogenic uses. 

Similarly, most land-use decisions that make possible this conversion are made by local 

governments - county commissions and city councils, where such decisions can have 

profound effects on landscape connectivity and ecological processes. Regional and 

perhaps global land-use patterns emerge from the interaction of local factors (Batty 1995) 

including current landscape conditions, population, economic conditions, and stochastic 

events (B. Deal unpublished manuscript). As changes to landscape patterns and 

processes accumulate across spatial and temporal scales, the capacity for ecosystems to 

persist in their natural condition diminishes (Grant et al. 1996). 

Complexity 

Complexity theory attempts to explain systems in which two or more components 

exist and interact at multiple scales, are linked in such a way that it would be difficult to 

separate them, and in which emergent properties arise from the interaction of system 

components. Additionally, emergent properties may not be predicted from the initial 

state of their component parts. Some specific examples of complex phenomenon in 



nature include; (1) fractal or self-similar patterns found in patch shapes and edges, 

dendritic drainage patterns, and the branching of limbs on a tree, (2) action of strange 

attractors which corresponds to the concept of dynamic equilibrium associated with 

landscape succession, and (3) chaos and criticality as represented by the unpredictable 

and non-linear ways in which landscapes change. 

Two components of complexity theory, criticality and self-organization are of 

particular note. Criticality suggests that changes in systems are threshold-based, for 

example properties associated with landscape connectivity (Gardner et al. 1989, Andren 

1994, Green 1994, With and Crist 1995, With et al. 1999). A landscape is considered 

connected when a critical proportion of the landscape contains patches of habitat for a 

species arranged in a useful pattern. Percolation theory states that when the proportion 

(P) of a landscape occupied by a patch type exceeds a critical threshold (Pc) = 0.5928, 

that patch type spans the landscape (e.g., Gardner et al. 1987, Gardner et al. 1989). This 

is the case in very large (e.g., > 10^ cells) landscapes, containing two patch types, and 

when connectivity is defined by nearest neighbors in the cardinal directions (Gardner et 

al. 1987, Gardner et al. 1989, Stauffer and Aharony 1992). Although it is unlikely that 

the critical threshold predicted by percolation theory would occur in a real landscape, the 

relationship between movement probability of animals and the amount of habitat for that 

species in real landscapes is not linear (Wiens 1995). Below some critical threshold in 

the proportion of habitat, landscapes are not connected; above this threshold, they are. 

Gardner et al. (1991) used percolation models to show that variation in the dispersal 
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function of organisms determines how a population is affected by landscape 

fragmentation at a given scale. 

Additionally, landscapes are self-organized. That is, they are characterized by 

self-reinforcing, feedback mechanisms in which emergent properties are likely to arise. 

Jensen (1998) described three patterns indicative of self-organization: scale independence 

in time and space, the presence of thresholds, and the existence of power laws. For 

example, forest fires exhibit these patterns: (1) the fire mosaic results in patch shapes that 

are self-similar (i.e., fractal, Ricotta et al. 1999); (2) patch dynamics result from a set of 

conditions that exceed a certain threshold (e.g., diminished moisture content in fuels. 

Green 1994); and (3) characteristics of burned areas (e.g., the size and intensity of the 

bum) produce power-law relationships (Malamud et al. 1998). 

Self-organization is important because it suggests that system components interact 

in specific ways across spatial and temporal scales, and that they respond automatically to 

feedback within the system. This is the phenomenon of emergence. Additionally, 

although the change in condition is predictable, the actual moment of transition or scope 

of the reaction by the system may not be (Bak 1996). 

Land-use, land-use theory, and the causes of anthropogenic landscape change 

The term land use has several connotations and uses, and for the purposes of this 

project include: (1) functional, anthropocentric, landscape attributes including residential, 

commercial, industrial, military, and agricultural uses, (2) a framework for describing 

such areas including their patterns and the physical facilities required to accommodate 
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these patterns, and (3) the value people assign to the places in which these patterns 

emerge (Chapin 1965). 

Comparatively, land cover reflects the physical or biotic nature of a site (Vitousek 

1994). The two differ in that land use assumes utilitarian attributes from an 

anthropogenic perspective. For example, the land cover of an area may be forest, 

however the land use may be timberland. This distinction disappears when land cover 

and land use are anthropogenic (e.g., urban or cropland). 

Land use is tied to economic theories derived from the historical context of 

human discourse and commerce. Land derives value based on: (1) its resources (e.g., 

plants, animals, and minerals), (2) its realized productivity (e.g., through agriculture or 

commercial activity), (3) the use or value of land in the vicinity, and (4) the potential for 

any of the above (i.e., the speculative value of land). Thus, land is used to realize its 

inherent or potential value (Chapin 1965). The origins of land use are important because 

it is from these principles that all anthropogenic landscape patterns originate. The 

physical patterns of anthropogenic landscapes are a manifestation of the economic values 

assigned to land. 

There <ire a host of concepts describing land use and urban form. These concepts 

are based on economic models and generally focus on a hierarchy of uses centered on a 

city in which to market goods. The simplest models assume away all unique features of 

the landscape and are based on the idea that the landscape is a homogeneous plain. This 

type of model originated with Johann H. von Thiinen (who published Der isolierte Staat 
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in 1826) and was further described by central place theory (see Christaller 1933, Losch 

1940). 

Land value drives this process. Site rent is the market value of a site (often 

denoted as its rent) less the rent it could command in an agriculture use. This simplified 

model yields the general form of human settlement with which we are familiar; 

concentrated activity at the urban center with a decline in intensity towards the edge 

(Heilbrun 1987). Site rent describes how the value of land contributes to this general 

form. As various land uses compete for particular sites, the market allocates sites to the 

'highest and best use' (Heilbrun 1987). This free market allocation of sites to certain 

uses can have positive and negative effects on land value and thus on land use. 

Von Thunen (1826) described the economic organization of the landscape around 

an existing city by detailing the relationship between the costs of producing and 

transporting crops (Figure 1). The decision to grow a crop in a particular location forces 

other crops to be grown elsewhere. These decisions in turn affect the value of land. This 

model is complex as it displays emergent behavior. The organization of the landscape 

per se is not the result of planning, rather it is the result of individual farmers making 

'rational' decisions about how much to spend on transportation based on the crops they 

intend to grow. 
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Bill rmt 

Figure I. The von Thiinen model. Competition for land around a town leads to the 
emergence of concentric rings of production (Krugman 1996). 

This model gives rise to the idea that urban environments are organized in a series 

of concentric rings. Whereas this is a good model in the abstract, it is not how cities 

really look. Modem urban environments have multiple centers across a range of spatial 

scales and are somewhat better explained by an extension of von Thiinen's model. 

Central place theory (Christaller 1933) explains how a network of urban places 

forms to serve an agricultural hinterland (Heilbrun 1987). Again, crop production and 

transportation costs affect rents within each market area. This much is the same as the 

von Thiinen model. However, central place theory relies on distributing cities based on 

economies of scale (Krugman 1996). Numerous city centers (i.e., central places) form on 
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the landscape, each providing serv ices to a discrete population. The size of the 

population and area serv ed is determined by the scale of the economy. Eventually a 

hierarchy of central places forms as the urban environment grows and becomes more 

complex. We see examples of this hierarchy in modem urban environments; many 

neighborhoods reside within towns, many towns reside within cities, many cities reside 

within metropolitan areas, and many metropolitan areas reside within megalopolises. 

Central place theory is the first theory that fully describes the self-organization of 

anthropogenic landscapes (Krugman 1996). 

Other concepts based on observations of land-use pattern include the concentric 

zone (Burgess 1925). sector (Hoyt 1939), and multiple nuclei (McKenzie 1967) concepts. 

These concepts attempt to explain the 'ecological' relationships in a city by describing 

urban zones that reflect land use based on economic forces confronted by land users 

(Chapin 1965). 

Models developed in the 1950s through 1970s tended to incorporate the social 

aspects of land use, including the idea of urban ecology. Urban ecology describes the 

interaction of people with their environment and the process of structural and functional 

change in the environment this brings about. These changes are iterative and dynamic, 

just like changes in natural landscapes. The primary and broadest process identified by 

urban ecology is 'aggregation,' which describes development of urban communities in 

space and time (Chapin 1965). Ericksen (1954) identified the localized components of 

aggregation as including the following processes: (1) concentration and dispersion, (2) 

segregation (or clustering), (3) dominance and the gradient of receding dominance, and 
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(4) invasion and succession of one group by another. These same processes affect 

patterns in natural landscapes. 

Schelling (1978) devised a model to illustrate aggregation. In his model, he 

evenly distributed two cell values on a lattice and devised rules to describe how the 

distribution of the two values would change on the landscape. The rule generally states 

that like values 'want' to be proximate. As openings occur on the landscape, cells of like 

value congregate. For example, in a block of 3 - 5 cells, two must be of the same value. 

The result is a spatially auto-correlated, segregated landscape. 

Obviously real landscapes are comprised of more than two uses, each with 

particular affinities and repulsions. Additionally, real landscapes are not homogeneous 

plains. However, the above theory is useful in describing and explaining the complexity 

of landscapes by how they self-organize. 

Tlie processes inherent in this body of theory relate to the pattern generated by 

people occupying the landscape (i.e., social organization) and the process of urban 

environmental change. Decisions made by individuals accumulate across the landscape 

causing larger, regional patterns to emerge. Urban environments grow at the edges 

through a process called agglomeration, creating economies of scale, and result in new 

central places to serve new hinterlands. These patterns are repeated at numerous spatial 

and temporal scales. 

This section provides the theoretical basis that links the dynamic behavior of 

natural and anthropogenic systems. The patch dynamics of natural and anthropogenic 

disturbance create complex, self-organized landscapes through the interaction of 
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landscape components at multiple scales. These commonalities make it possible to use 

one descriptive technique built upon the same theoretical framework to describe 

landscape character and change regardless of the source of those changes. 

Zipf's law and rank-size distributions 

Zipfs law (Zipf 1949) describes the rank-size distribution of objects. Regressing 

log rank on log area produces a line where the slope is approximately negative one. This 

distribution represents a power-law where rank is inversely proportional to size. Power-

law relationships are common in natural systems and indicate the scale-free or fractal 

property of landscape organization (Stauffer and Stanley 1989). Additionally, these 

relationships result from the interaction of landscape conditions and components internal 

to the system and from which new landscape characteristics emerge. 

Zipfs law can be stated as 

S - r ' '  ( 1 )  

where the frequency of a patch of size S is inversely proportional to its rank r, and b is 

approximately one (Adamic unpublished manuscript). Another way of describing this 

relationship is 

S > s  =  k r ' ^  (2) 
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where S is patch size above some threshold s, k is a constant, r is the rank of patch size, 

and b is the scaling exponent. 

Plotting patch size against the rank of each patch based on size produces a 

hyperbolic curve, where the scaling exponent describes the direction and strength of the 

relationship. The shape of the curve changes at a threshold where the magnitude of 

change in patch size and patch rank occurs. 

Taking the logarithm of both sides of the equation results in 

log S > s = log ^ - 6 log r (3) 

where S is patch size above a threshold s, and k is the size of the largest patch in the 

landscape and b the slope of the line estimated by regression. The threshold s is included 

to indicate a patch size below which it is meaningless or difficult to capture (e.g., 

urbanization smaller than an average parcel size or forest fires smaller than several 

hectares). Regressing log rank on log size produces a negatively sloping straight line 

where the slope is approximately one. 

The scaling exponent b describes the relative effect of large and small patches on 

the distribution of patch size in the landscape, and the magnitude of change in rank 

relative to patch size. In a Zipf relationship = 1, where the relative effect of large and 

small patches on the distribution of patch size is proportional. Therefore, Zipf s law 

provides a benchmark to assess changes in the distribution of patch size attributable to 

disturbance and changes in the distribution of patch size for one or many types of land 
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cover. Because rank-size distributions produce power-laws, which indicate fractal 

patterns, the range over which rank-size data adhere to the power-law denotes patch-size 

patterns are self-similar over that range of patch sizes. Patches that deviate from the 

power-law are not well explained by the regression model. Additionally, the y-intercept 

estimates the size of the largest patch in the landscape indicating the level of dominance 

attributable to this patch and its associated land-cover type, k also serves as a point of 

reference to assess whether the largest patch in the landscape is larger or smaller than 

expected. 

Connectivity 

One of the key questions in landscape ecology is how landscape structure affects 

movement behavior of animals (Ims 1995). In this regard, landscape connectivity is 

essential because landscape composition and structure affect processes including gene 

flow, extinction, recolonization rates, and dispersal rates (Wiens 1995). Landscape 

connectivity has been defined a variety of ways (see Tischendorf and Fahrig 2000b). 

However, for the purposes of this project, connectivity is defined structurally as the 

amount of edge shared by patches, and functionally as the degree to which an organism 

can perceive the landscape as connected or use patches to move within the landscape 

(With el al. 1999). Cormectivity is an attribute of the whole landscape (Tischendorf and 

Fahrig 2000a) - habitat as well as matrix. 

Structurally, connectivity involves the effect of disturbance on the degree to 

which patches of resources are connected (e.g., the amount of edge they share), as well as 

the type of disturbance (e.g., natural or anthropogenic). Functionally it includes the 



degree to which organisms can make use of patches of habitat or perceive them as 

connected (see Taylor et al. 1993, With et al. 1999). Sites in a landscape become 

connected when patterns and processes are linked in some way (Green 1994, Miller and 

Urban 2000), and they may become disconnected when that linkage disappears. 

Disturbance is responsible for both connecting (i.e., aggregating) and disconnecting (i.e., 

fragmenting) landscapes. 
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Natural and anthropogenic patch dynamics and ZipFs law 

I use Zipfs law to provide a link between natural and anthropogenic disturbances 

so that similarities and differences in the ecological effects of both can be explored. I 

relate several supporting models to introduce the statistical patterns and scaling properties 

associated with rank-size and patch-size frequency distributions. Additionally, I present 

rank-size data for burned patches in Yellowstone National Park and urbanized patches in 

a portion of the Tucson metropolitan area. These models provide evidence of similarities 

between disturbances generated from natural and anthropogenic sources. Assessing 

changes in patch-size distribution is a usefiil way to explore changes in ecological 

patterns because these distributions reflect processes that influence patch dynamics. The 

effects of patch dynamics enable linkages among the scaling properties associated with 

Zipf s law, the landscape, and species that inhabit the landscape. 

1. Introduction 

Establishing a theoretical basis for patterns associated with natural and 

anthropogenic disturbance and the ecological consequences of these disturbances is 

useful because the effects of both types of disturbance can accumulate in the landscape 

and influence ecological processes. Complexity theory provides such a basis, specifically 

the area of complexity theory known as self-organized criticality, which explains that 

changes within a system are not linear and interactions of system components give rise to 
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emergent properties (Allen & Sanglier, 1979; Bak. 1994; Jensen. 1998; Krugman. 1996: 

Malamud. et ai, 1998; Ricotta et ai. 1999). Examples of self-organized criticality 

related to natural and anthropogenic disturbances include processes associated with forest 

fires (e.g., Malamud. ei al., 1998; Ricotta, et ai, 1999) and urbanization (e.g., Allen & 

Sanglier. 1979; Batty. 1997; White & Engelen, 1993). 

In natural landscapes, lightning strikes can lead to fire as environmental 

conditions such as fuel moisture, topography, wind, and fuel distribution interact 

synergistically (Green. 1994a; Miller & Urban. 2000). The result is a marked change in 

landscape character where fire creates a new landscape mosaic of burned and unbumed 

patches. In landscapes dominated by anthropogenic changes, an increase in settlement 

may foster urbanization as environmental, economic, social, and political conditions 

interact. This too may result in a marked change in landscape character where land 

clearing may lead to a new landscape mosaic of urban, agricultural, and natural areas. 

From an ecological perspective, changes in landscape patterns may result in 

changes in ecological processes. For example, colonization and succession may occur at 

a larger spatial scale influencing biodiversity and population dynamics, and animal 

movement may be affected as changes in the type and distribution of land cover alters the 

landscape mosaic. 

Patch dynamics is defined as the disturbance-mediated spatial and temporal 

changes within and among patches, and in the flow of organisms, materials, and energy 

within the landscape (see Levin, et ai, 1993; Meffe & Carroll, 1997; Pickett & 

Thompson. 1978; Pickett & White, 1985). One way to describe patch dynamics is to 
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examine rank-size and frequency distributions of patch size before and after disturbances. 

Changes in the distribution of patch sizes attributable to disturbances may indicate 

changes in ecological processes including succession and animal movement. Therefore, 

the distribution of patch size in a landscape may be a useful description of the effects of 

disturbance on landscape structure and ecological processes. 

Zipfs law (Zipf, 1949) provides a way to illustrate the distribution of patch sizes, 

and therefore may be a useful tool to describe the effects of patch dynamics attributable 

to natural and anthropogenic disturbance on ecological processes. Specifically, Zipfs 

law describes the size of an object relative to its rank, where rank and size are inversely 

related. The statistical pattern associated with Zipfs law is a classic example of self-

organized criticality (Bak, 1996), where power-laws indicate fractal patterns and 

criticality, which suggest the rise of emergent properties, threshold-based change, and the 

unpredictable nature of change within the system (see Bak, 1994; Batty, 1995; Green, 

1994b; Salingaros, 1998; Sole & Manrubia, 1995). 

Zipf s law may serve as a benchmark to assess changes in landscape structure 

attributable to natural and anthropogenic disturbances and may therefore indicate 

potential changes in landscape function. Additionally, because of its statistical patterns, 

Zipf s law provides a connection to theory. 

To understand why a patch is a particular size, one must examine the specific 

biotic, abiotic, social, or economic forces affecting it. However, to understand the 

distribution of patch sizes, this is unnecessary (Reed, 2002). The factors responsible for 

the distribution of patch size can result from essentially random interactions that vary 
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temporally and spatially (Reed. 2002). However as described above, the distribution of 

patch sizes results from the self-reinforcing interaction of system components which are 

likely not random. 

As with other processes, natural disturbances such as fire and anthropogenic 

disturbances such as changes in land-use continually influence patch dynamics. 

These disturbances may be often small and localized initially. For example, a fire may 

begin with one lighming strike, and a change in land-use may begin with land clearing. 

Eventually the effects of small changes may accumulate causing a substantive change in 

landscape composition (i.e., the type of land cover), structure (i.e., its spatial 

characteristics), and function. The effects of these changes may accumulate two ways. 

first as the summation of independent events, and second through contagion, or an 

accumulation of spatially and temporally dependent events. In either case, describing the 

patterns of landscape change can provide important information regarding effects on 

ecological processes. 

Establishing a common theoretical basis for natural and anthropogenic 

disturbance provides a common point to explore similarities and differences in the 

ecological effects of both. In this paper, I use Zipfs law to describe the statistical and 

theoretical similarities associated with patch-size distribution attributable to natural and 

anthropogenic disturbance, and suggest possible connections to ecological processes. 

I present several models that provide a link between natural and anthropogenic 

disturbances, and the idea of using the distribution of patch size as a method to assess 

changes in landscape character. Additionally, I describe patterns of landscape 
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disturbances attributable to forest fires in Yellowstone National Park and urbanization in 

a portion of the Tucson, Arizona metropolitan area. This provides evidence that Zipfs 

law is a useful point of reference from which to assess landscape character. The statistical 

patterns characteristic of self-organized criticality and consistencies in interpretation of 

those patterns regarding landscape processes provide strong connections to theory. 

2. Zipfs law 

Zipfs law describes the rank-size distribution of objects. Regressing log rank on 

log size produces a line where the slope is approximately negative one. This distribution 

represents a power-law where rank is inversely proportional to size. Power-law 

relationships are common in natural systems and indicate the scale-free or fractal 

property of landscape organization (Stauffer & Stanley, 1989). 

Zipfs law can be stated as 

S - r - ^  ( 1 )  

where the frequency of a patch of size S is inversely proportional to its rank r, and b is 

approximately one (Adamic, unpublished manuscript). Another way of describing this 

relationship is 

S > s = A: r (2) 



40 

where S is patch size above some threshold s, k is a constant, r is patch rank, and b is the 

scaling exponent. Taking the logarithm of both sides of the equation results in 

log S > s = log ^ - 6 log r (3) 

where S is patch size above a threshold s. and k is the size of the largest patch in the 

landscape and h the slope of the line estimated by regression. The threshold s is included 

to indicate a patch size below which it is meaningless or difficult to capture (e.g.. 

urbanization smaller than an average parcel size or forest fires smaller than several 

hectares). 

Relationships in which exponent values do not approximate one and which retain 

fractal properties are more generally termed rank-size distributions. In such cases, the 

relationships follow either a Pareto or power-law distribution (Reed, 2002). 

Rank-size distributions associated with human settlements yield exponents very 

close to one (Gabiax, 1999; loannides & Overman, 2000; Reed, 2001; Reed, 2002) 

indicating rank-size distributions of city size follow Zipf s law. Exponents are 

approximately one because trends in city size or growth by agglomeration (for cities and 

clusters over a minimum threshold) hold to Gibrat's law, where growth rate and variance 

in growth rate are constant (Gabiax, 1999). Achieving a Zipf relationship therefore 

indicates that both small and large cities or agglomerations affect the system 

proportionally. Deviations from an exponent of one are attributable to variations in 
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growth rate or variance (Gabiax, 1999). As adherence to Gibrat's law is not assumed in 

the forest fire model, exponents are not likely to be Zipf. 

Zipfs law provides a useful standard against which to assess the scaling 

properties associated with the patch dynamics of natural and anthropogenic disturbances. 

Assessing the effects of disturbance attributable to anthropogenic land-use should yield 

exponents close to one. However, natural disturbances, in this case disturbance 

attributable to forest fires, are likely to produce exponents that are not close to one. 

3. Supporting models 

Others have described models that illustrate the relationship between patch rank 

and size, or fi-equency distribution of patch size. For example. White & Engelen (1993) 

used a cellular automata model to assess the frequency distribution of cluster size where 

clusters ser\'ed as proxies for land-use categories in urban environments. They found a 

hyperbolic relationship where the frequency of small clusters was greater than the 

frequency of large clusters. Thus, a log-log plot of frequency of occurrence in each size 

class and cluster size would be linear if the relationship was fractal (see Bak & Chen, 

1989; Mandelbrot, 1983). White & Engelen (1993) concluded that cities display fi-actal 

properties, complex structures, and critical thresholds related to the size of the system and 

its connectivity. 

Additional research on landscapes dominated by anthropogenic change suggests 

that urban growth is dependent upon the characteristics of the neighborhood in which it 

takes place. That is, urban growth tends to cluster around areas that are already 
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urbanized, which is a characteristic pattern of agglomeration (see Mulligan, 1984). The 

boundaries of urban-growth clusters display fractal patterns (Makse, et ai, 1995). Makse 

et al. (1995) also explored quantitative relationships as smaller clusters agglomerate on 

the larger urban cluster. Their results indicated that the cumulative distribution of cluster 

area follows a negative power law for simulated and actual urban areas. 

In a different context, Hastings et al. (1982) described the cumulative frequency 

of area as a hyperbolic distribution 

prob (A < a) = (const) x a"® (4) 

or 

log prob (A < a) = log (const) - 5 log a (5) 

where the latter form provides a useful way of estimating B by linear regression. 

In their assessment of the distribution of cypress (Taxodium sp.) patches in the 

Okefenokee Swamp, Hastings et al. (1982) found larger values of B corresponded to 

relatively larger numbers of small patches and vice versa. In other words, larger values of 

B indicated a system in which the size distribution was biased by larger numbers of small 

patches. The fractal model described in equations 4 and 5 is a useful neutral model for 

determining relative patchiness in which B measures the spatial effects of disturbance on 

succession (Hastings, et ai, 1982). 
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Agglomeration is not often thought of in an ecological context. Yet, there are 

analogs in the natural world (e.g., growth of higher-order fire or successional clusters) 

and it too affects patch dynamics and thus ecological processes. Hastings et al. (1982) 

captured the fundamental nature of how the statistical pattern associated with the 

distribution of patch size can describe patch dynamics through succession. In the models 

below, I describe the existence of a similar statistical pattern associated with the 

distribution of patch size attributable to natural and anthropogenic disturbance. 

4. Disturbance models 

4.1. YELLOWSTONE NATIONAL PARK 

I used two data sets fi-om Yellowstone National Park, USA, one of which contains 

land-cover data captured prior to the 1988 fire season. The second data set contains land-

cover data captured after the 1988 fire season. Data were mapped into 40 land-cover 

classes. Pre-1988 land-cover data were captured using aerial photographs of 1 ;15,840 

nominal scale and were interpreted with the help of ground-truth transects throughout the 

park. Post-1988 land-cover data were captured using satellite imagery taken on October 

2, 1988 and updated with data captured via aerial photography taken in 1991. All data 

were transferred to 15' US Geological Survey quad maps. Five land-cover categories 

were considered disturbed classifications, post-disturbance whitebark pine {Pinus 

albicaulis, wbO), post-disturbance Douglas-fir (Pseudotsuga menziesii, mdfD), post-

disturbance lodgepole pine (P. contorta) and non-forest (IpO/nf), post-disturbance 

lodgepole pine (IpO), and climax and post-disturbance whitebark pine (wb/wbO). 
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Remaining categories were considered undisturbed classifications. These data were 

obtained from the Spatial Analysis Center, Yellowstone National Park. 

I calculated the rank-size distribution associated with disturbance land-cover 

classifications for pre and post-fire data sets. I estimated the exponent by regressing log 

rank on log area. 

Scaling e.xponents associated with the Yellowstone National Park pre and post-

fire land-cover data were b= 1.90 and b= 1.21 respectively. The decrease in the post-fire 

exponent indicated a landscape-level change where large and small patches had a more 

balanced effect on the system (recall that an exponent of one describes an inversely 

proportional relationship). However, the distribution was disproportionately affected by 

large patches. Ecological processes were likely affected in this manner as well. 

In addition to the change in exponents, the plots of pre and post-fire data (Fig. 1 a-

b) indicated a marked change in landscape character. The pre-1988 plot indicated smaller 

large and small patches than expected. This is likely attributable to the fire return interval, 

proportion of the landscape at higher-order serai stages, and specific abiotic conditions 

within the park (Romme & Despain, 1989). The post-1988 plot indicated large patches 

were larger than expected and that the size of small patches approximates what was 

expected. This too may be due to the specific conditions affecting the growth of the 1988 

fires including wind, drought, or fuel load. Comparing the two plots shows a substantial 

increase in the size of the largest patch as well as an increase of approximately two orders 

of magnitude in log rank. The number of disturbed patches increased from 175 in the pre-

1988 data to 22,739 in the post-fire data. 
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4.2. TUCSON METROPOLITAN AREA 

Data from the Tucson metropolitan area were captured using the Landscape 

Thematic Mapper (TM) sensor on May 26, 1984 and May 1, 1998. Both data sets covered 

approximately the same spatial extent (i.e., the extent of the 1984 data set is 65.78 ha 

larger than the extent of the 1998 data set) at the same spatial resolution (30 m for TM 

bands 1-5 and 7, and 120 m for TM band 6), and were classified using the same methods 

(Christel. et ai. 1999). Both images were classified into five land-cover types: urban, 

tree, irrigated, desert, and barren. These data were obtained fi^om the Arizona Regional 

Image Archive. The University of Arizona. Tucson, Arizona, USA. 

I calculated the rank-size distribution of patch size for the urban land-cover class 

and no-data patches. Note that patches of no-data comprised < 1% of the landscape in 

both data sets. I estimated the scaling exponent by regressing log rank on log area. 

Scaling exponents associated with urban land-cover in the Tucson metropolitan 

area in 1984 and 1998 were b = 0.94 and b = 0.99 respectively. This suggests landscape 

patterns associated with urbanization adhered to Zipfs law, where the relationship 

between rank and size was nearly inversely proportional. Additionally, there was little 

change in the scaling exponents associated with the Tucson metropolitan area data sets, 

unlike the change in scaling exponents associated with the pre and post-1988 data of 

Yellowstone National Park. This suggests that processes affecting the landscape over 

time did not substantially affect the statistical pattern of patch-size distribution in the 

Tucson metropolitan area. 
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The plots of urban land-cover in both Tucson data sets indicated a few patches 

larger than expected (Fig. 2 a-b). As was the case with the Yellowstone National Park 

data, the number of disturbance-related patches increased, in this case the number of 

patches of urban land-cover rose from 15,629 in 1984 to 22,400 in 1998. 

5. Discussion 

5.1. LINKS WITH THEORY 

Zipf s law is a special case of rank-size distribution where the exponent is close to 

one, suggesting an inversely proportional relationship between rank and size. Exponents 

that differ from one imply that large or small patches exert a disproportionately large 

influence on the distribution of patch size. Furthermore, Zipfs law is fairly robust to 

minor temporal or spatial deviations from Gibrat's law (Gabiax, 1999), which is why 

Zipf relationships have exponents close to one. Although Gibrat's law seems well applied 

to urban growth and city size, there is no expectation that it should hold for natural 

disturbances. In fact, it seems logical that growth rate and variance for patches affected 

by fire would vary because of spatially and temporally inconsistent biotic and abiotic 

conditions. The examples I provided support this. The exponents from the Tucson 

metropolitan area data approximate Zipf, yet the exponents from the Yellowstone 

National Park data do not. 

However, in both Yellowstone and Tucson the rank-size curves indicate a fractal 

relationship over two to four orders of magnitude (see Figs. I and 2, c.f, Stauffer & 

Stanley, 1989). This pattem indicates the critical nature of landscape change and defines 
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the self-organized critical nature of landscapes (Ricotta, et ai, 1999). At the critical state, 

the addition of each new disturbance may result in a patch size that falls anywhere along 

the curve. Thus it seems useful to avoid explanations of individual patch sizes, but rather 

to develop a general supposition that captures the full range of patch sizes (Bak, 1996; 

Ricotta, ei al., 1999). This is the role that Zipfs law plays in assessing the patch 

dynamics of natural and anthropogenic disturbance. Zipfs law provides the theoretical 

foundation to describe the full range of patch-size possibilities and the relationships 

among these patches. From this theoretical basis, one may move toward inferring the 

effects on ecological processes such as resource acquisition and animal movement, as 

well as describing the differences between natural and anthropogenic disturbance. 

5.2. LINKS WITH PATCH DYNAMICS AND ECOLOGICAL PROCESSES 

Changes in the rank-size distribution of patch size indicate the patch dynamics of 

a particular landscape. For example, the patterns associated with Yellowstone and Tucson 

suggest changes in the rank-size distribution of disturbance-related and urban patch sizes 

and thus in patch dynamics. These may include changes in the type and proportion of 

land cover within the landscape mosaic; destruction, fragmentation, and insularization of 

habitat; aggregation of disturbed areas and creation of barriers; dispersion and adjacency 

of land-cover types; dispersal abilities of animals; edge effects; and succession and 

productivity. The literature is rich with research that has explored the connection between 

these patch dynamics and ecological processes (e.g., Bascompte & Sole, 1996; Beier, 

1995; Hanski & Gilpin. 1997; Harrison & Bruna, 1999; Haskell, et ai, 2002; With & 

King, 1999). 
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A specific example of how rank-size distribution patterns are linked to ecological 

processes includes scale-free relationships. Many ecological processes are manifested at 

different scales. For example, the distribution of organisms in a landscape depends on the 

presence of food and other resources at a fine scale and vegetation characteristics 

determined by climate at a course scale. Because the above size-rank distributions are 

scale-free over a range of patch sizes, they are useful in linking landscape structure with 

ecological processes at multiple scales (Milne, 1992; Milne, et ai, 1996). For example, 

allometric relationships including dispersal, home range size, resource acquisition, and 

population density all scale with body size (Haskell, et al.. 2002; Milne, 1991; Olff & 

Ritchie. 2002; Ritchie & Olff. 1999; Ziv, 1998). Therefore, changes in patch size may 

affect a species' ability to inhabit a landscape. Concentrations of resources within habitat 

may vary with patch size, as may the ability to establish a home range, disperse, or 

maintain specific population densities (Milne, 1991; Olff & Ritchie, 2002; Ritchie & 

Olff, 1999; Ziv. 1998). 

Additionally, the fractal patterns of Zipfs law describe the scaling properties of 

the landscape. This information indicates the legacy of disturbance patterns, size range of 

disturbances, and relative effect of large versus small disturbances on the landscape, all 

of which contribute to the ability of species to inhabit that landscape. 

5.3. DIFFERENCES BETWEEN NATURAL AND ANTHROPOGENIC 

DISTURBANCE 

Although there are similarities between natural and anthropogenic disturbance, 

there is at least one meaningful difference. Biota have evolved to accommodate a range 
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of changes in landscape character attributable to natural disturbance, however they may 

lack the "evolutionary pedigree" that allows them to accommodate changes due to 

anthropogenic disturbances (May, 1973). 

Unlike natural disturbances, anthropogenic changes - specifically urbanization 

and agriculture - are generally not rejuvenating processes (May, 1973). Rather, 

anthropogenic land uses are maintained in a particular state and not allowed to "recover.'' 

Even catastrophic fires set into motion a process where succession regenerates the 

landscape. However, anthropogenic change is largely unidirectional in that areas remain 

committed to residential, commercial, industrial, and agricultural uses for long periods of 

time. Even if a particular land use were abandoned, another anthropogenic use would 

likely replace it. hi addition, in cases where an anthropogenic use was abandoned and a 

site left 'vacant,' the landscape context in which it was situated would likely prevent the 

site from reverting to its original land-cover, suite of species, or function. In essence, the 

process of succession is curtailed if not stopped while committed to many anthropogenic 

uses. As a result, landscape composition changes as buildings and e\'entually towns 

occupy areas that were formerly occupied by natural land-cover; landscape structure 

reflects the legacy of urbanization - patches of natural land-cover shrink in size, become 

more regular in shape, and become more isolated (Krummel, et ai, 1987); and landscape 

function is diminished as anthropogenic disturbance reduces biodiversity (Vitousek, et 

ai, 1997; Wilcove, et ai, 1998), isolates populations (Henein & Merriam, 1990; Kareiva 

& Wennergren, 1995; Lomolino & Channell, 1995; Pimm & Askins, 1995), and reduces 

the exchange of genetic material by decreasing landscape connectivity (van Apeldoom, et 
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a i ,  1998). As the synergistic effects of these changes accumulate across spatial and 

temporal scales, the capacity for ecosystems to sustain themselves diminishes (Grant, et 

ai, 1996). Though ecosystems may persist, they may do so with less resiliency and in a 

substantially altered state. This suggests that effects of anthropogenic disturbances 

occurring on an ecological time scale may have evolutionary consequences. 

6. Conclusion 

The supporting models describe statistical patterns associated with disturbance in 

urban and natural environments. They provide a starting point from which I use Zipf s 

law to evaluate the distribution of patch size, and describe theoretical properties 

associated with these statistical patterns as well as connections to ecological processes 

associated with patch dynamics. 

The rank-size distribution of disturbed patches in Yellowstone National Park 

produced exponents greater than one. This indicates large patches disproportionately 

affect the distribution of patch size and may have a greater effect on the system than 

small patches. However, exponents associated with the Tucson metropolitan area adhere 

to Zipf law. The statistical patterns associated with both models suggest they retain 

similarities in their scaling properties. 

Patch dynamics links Zipfs law and ecological processes because the effect of 

disturbance on patch structure and function forms the foundation of patch dynamics. 

ZipFs law simply provides a mechanism and standard to use in analyzing and assessing 

the condition of the landscape described by the rank-size distribution of patch size. For 
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example, Zipf s law describes the relative influence of large and small patches in a 

landscape. The accumulation of disturbed patches in Yellowstone National Park may not 

only describe the legacy of large-scale fire, it may also indicate changes in succession 

and productivity, as well as the ability of species across a range of body sizes to colonize 

new habitat or disperse to undestroyed habitat. Concordantly, an accumulation of urban 

patches in Tucson may not only describe shifts in land-cover composition, it may also 

indicate the inability of animals to assemble home ranges or successfully disperse across 

the landscape. 

The linkage is the scaling properties of the landscape and the species that inhabit 

it. That is, the scale-free patterns associated with patch size, resources, and body-size. 

Although there are similarities between natural and anthropogenic disturbances, 

there are also differences. The Yellowstone fires initiated successional changes that 

follow predictable patterns. This is likely not the case with increased urbanization. Land 

committed to anthropogenic uses is apt to remain so committed for decades, centuries, or 

millennia, and it is probable that only select species will be able to persist in a more 

urbanized environment. 

The statistical patterns generated in the supporting models and in the two I present 

show that changes in landscape character attributable to natural and anthropogenic 

disturbance are similar, even though the magnitude of change differs. Additionally, the 

patterns display properties that signify self-organization; thus, they adhere to theory. In 

this sense, rank-size distributions capture the changing character of landscapes. They also 
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provide insight into the new character of the landscape manifested through patch 

dynamics and ultimately changes in ecological processes. 

I would like to thank J. Geek and R. Dial for introducing me to some of the concepts 

contained in this paper, and R. Gardner. E. Gustafson, B. Halvorson. R. Steidl, and C. 

Wissler for comments on an earlier draft of this manuscript. I also thank the LJSGS 

Global Change Research Program for funding this research. 
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FIG. 1. Rank-size distribution for disturbed patches in Yellowstone National Park pre-

1988 (a) and post-1988 (b). R' values for pre-1988 and post-1988 data were 0.90 and 

0.96 respectively. Solid lines are regression lines. 

FIG. 2. Rank-size distribution for urban patches in the Tucson metropolitan area 1984 (a) 

and 1998 (b). R" values for 1984 and 1998 were 0.97. Solid lines are regression lines. 
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APPENDIX B. Scaling exponents and rank-size distributions as indicators of landscape 

character and change 
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Scaling exponents and rank-size distributions as indicators of landscape ciiaracter 

and change 

Abstract 

I use rank-size distributions and their associated scahng exponents to investigate 

changes in landscape character over time. Fires during the 1988 fire-season substantially 

affected the distribution of patch size in Yellowstone National Park. Rank-size 

distributions indicate the relative effect of patch size on landscape structure, and whether 

the number of patches differs from what is expected. Specifically, scaling exponents 

describe the distribution and magnitude of change in patch size, and may indicate the 

effect of fire on ecological processes including succession and resource distribution. My 

results suggest that large patches have a disproportionate effect on the landscape. For 

example, patches >100 ha occupy a majority of the area, even though they represent a 

minority number of patches in the landscape. Additionally as described by regression 

plots, fractal properties exist over several orders of magnitude, indicating that processes 

acting at one level of the landscape hierarchy may be acting similarly at other levels of 

the hierarchy. This has implications for linking the scaling properties of patch size with 

allometry. Finally, the distribution of patch sizes in conjunction with fire-return interval 

may be useful in assessing the likelihood of landscape-level disturbances. Changes in the 

distribution of patch size indicate structural changes in the landscape and may indicate 

ftmctional changes as well. 
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Key words: Fire, Fractal, Rank-size distribution. Scaling exponent. Self-organized 

criticality, Yellowstone National Park 

1. Introduction 

Metrics can be used to indicate structural and compositional characteristics of 

landscapes (McGarigal and Marks, 1995; McGarigal, et al., 2002). However, indices 

provide information about the landscape at one moment in time. To gamer information 

about the effect of ecological processes on landscape structure or composition, one must 

capture information about the dynamic nature of landscape change. I propose using rank-

size distributions of patch size and their associated scaling exponents as indicators of 

landscape character and change. Although rank-size distributions also provide 

information from one point in time, they may be more useful than other metrics to 

describe dynamic processes occurring in the landscape. Regressing log rank of patch size 

on log patch size produces a scaling exponent that describes the magnitude of change in 

patch size relative to rank. Additionally, rank-size distributions provide information 

about each patch in the landscape as well as all patches in aggregate indicating the effect 

of previous environmental processes. 

I produced rank-size distributions using data from Yellowstone National Park 

(YNP) to indicate the character of the landscape before and after fires that occurred 

during the 1988 fire season. This distribution is described by 
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S > s -  k f '  (1 )  

where S is patch size above some threshold s. r is the rank of each patch size, k is a 

constant, and h is the scaling exponent. Taking the logarithm of both sides of equation 1 

results in. 

log S > s = log k - h log r (2)  

where k is the y-intercept and h the slope of the line estimated by regression. 

Rank-size distributions describe the legacy of changes to landscape structure, that 

when tied to specific processes and land-cover types reveal a meaningful description of 

the structure of the current landscape (Chapter 1). For example, disturbances affect the 

distribution of patch size where the scaling exponent b describes the magnitude of change 

in patch size relative to rank, and thus the relative effect of large and small patches on the 

distribution of patch size, k estimates the size of the largest expected patch in the 

landscape indicating the level of dominance attributable to this patch and its associated 

land-cover type, k also serves as a benchmark to assess whether the largest patch in the 

landscape is larger or smaller than expected. As such, rank-size distributions show 
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potential deviations of patch size in the landscape from what is expected (Chapter 1, 

Ricotta. et al., 1999). 

Furthermore, rank-size distributions produce power-law relationships that indicate 

scale-free or fractal properties. The range over which rank-size data are fractal denotes 

patch-size patterns are self-similar (i.e., the scaling patterns are the same). As I show 

below, data from YNP suggest fractal patterns over several orders of magnitude. 

Additionally, other research has described fire-size distribution as having characteristics 

associated with self-organized criticality (Malamud, et al., 1998; Ricotta et al.. 1999; 

Song, et al.. 2001). This is useful because self-organization implies new landscape 

characteristics emerge as a result of the self-reinforcing interaction of landscape 

components (Allen and Sanglier, 1979; Bak, 1994; Krugman, 1996; Jensen, 1998; 

Malamud et al., 1998; Ricotta et al., 1999). That is, at different organizational levels of 

the biotic and abiotic hierarchy existing within a landscape, components respond either 

positively or negatively to changes within the system. The interactions of components 

within and across levels of this hierarchy yield emergent properties that could not have 

been predicted by the individual components themselves. For example, fire is an 

emergent property that cannot be predicted by studying properties of the flame. To 

understand forest fires, it is important to understand feedback mechanisms associated 

with the forest in which they occur including the interaction of ftiel moisture, topography, 

wind, and fuel distribution (Green, 1994; Miller and Urban, 2000). 

Additionally, criticality implies that over time, landscapes will change, although 

the details of that change may be unpredictable. For example, we may predict forest fires 
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will occur given a specific set of environmental conditions. Yet, we may not be able to 

predict when fires will ignite and how big they will grow. Rather these characteristics are 

attributable to the condition of the landscape components described above and how they 

interact at a point in time. The statistical patterns described by rank-size distributions 

indicate criticality where data follow power laws. As a result, we may predict that fires 

will cause changes in the distribution of patch size in a landscape, but theory suggests 

that the size of those patches may fail anywhere within the interval where data adhere to 

the power law. 

Lines created by regression models describe the patch-size distribution of a 

hypothetical landscape; a distribution we would "expect" given the available data and the 

constraints of the model. Comparatively, real landscapes are subject to a myriad of 

environmental variables not included in the model. When deviations between the model 

and data occur, we may be able to use theory associated with self-organization as well as 

what we know about the ecology of the system to try to understand the effects of 

structure on function. 

In this context, rank-size distributions and their scaling exponents are useful 

diagnostic tools for describing landscape character because they indicate landscape 

organization and properties associated with self-organized criticality. These 

characteristics describe the underlying ecological patterns caused by patch dynamics 

associated with disturbances including fire (Chapter 1). Rank-size distributions may also 

indicate changes in the distribution of resources and species attributable to disturbance. 
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In this paper, I describe the organization of YNP before and after the 1988 fire 

season. My results suggest YNP was re-organized, and that changes in landscape 

character due to fire are reflected in the scaling exponents of rank-size analyses and in 

their associated regression plots. From a theoretical perspective, scaling exponents and 

regression plots are useful because they describe fractal patterns, changes in landscapes 

due to self-organization, and the critical nature of landscape change. From an ecological 

perspective scaling exponents and regression plots are useful because they imply effects 

of patch dynamics, relationships with other scaling properties including allometry, patch-

size distribution and therefore species distribution, and ties to ecological processes 

including succession and disturbance. 

2. Materials and methods 

1 used two data sets from Yellowstone National Park, USA. Data were mapped 

into 40 land-cover classifications. Pre-1988 land-cover data were captured using aerial 

photographs of I :I5,840 nominal scale and were interpreted with the help of ground-truth 

transects throughout the park. Post-1988 land-cover data were captured using satellite 

imagery taken on October 2, 1988 and updated with data captured via aerial photography 

taken in 1991. All data were transferred to 15' US Geological Survey quad sheets. Five 

land-cover categories were considered disturbance-related classifications, post-

disturbance whitebark pine {Pinus albicaulis, wbO), post-disturbance Douglas fir 

{Pseiidotsuga menziesii, mdfD), post-disturbance lodgepole pine (P. contorta) and non-

forest (IpO/nf), post-disturbance lodgepole pine (IpO), and climax and post-disturbance 

whitebark pine (wb/wbO). Remaining categories were considered undisturbed 
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classifications. These data were obtained fi-om the Spatial Analysis Center, Yellowstone 

National Park. 

I converted raster data to vector format using a geographic information system 

and calculated patch size in m". I subsequently took the log of patch size, ranked each 

patch according to size, and then took the log of each rank. 

I calculated the rank-size distribution of patch size by using linear regression of 

log rank on log area for all landscape patches, as well as disturbed and undisturbed 

patches for both data sets. 

3. Results 

3.1 Landscape characteristics 

Pre-1988 data contained 7,880 patches, 175 of which were classified as disturbed. 

Disturbed patches occupied 25,115 ha, =3% of YNP. The largest disturbed patch was 

5,160 ha. Post-1988 data contained 73,122 patches, 22,739 of which were classified as 

disturbed. Disturbed patches occupied 277,886 ha, =s31% of YNP. The largest disturbed 

patch was 79,293 ha. The smallest patch in all data sets was 0.25 ha. 

Comparing pre and post-1988 data, the total number of patches for each land-

cover classification either increased or remained the same after the 1988 fire season, 

however virtually all disturbed patches increased and all undisturbed patches decreased in 

size (Table 1). Specifically, the number of disturbed patches increased by 22,564, and 

the total size of disturbed land-cover increased 252,772 ha (Table 2). 
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3.2 Scaling exponents and regression 

Rank-size analyses indicated that b > 1 (Table 3), suggesting that large patches 

had a disproportionate effect on landscape character at multiple scales. This signified 

that large patches were the dominant landscape feature in both data sets. Although there 

were fewer large patches in absolute terms, more of the landscape was occupied by large 

patches (Table 3). Additionally, large patches affected the scaling distribution where the 

magnitude of change in patch size was rapid and where patch size decreased more rapidly 

than rank increased. In YNP, this indicated that large fires disproportionately affected 

the size of burned patches therefore the size distribution of early successional types of 

land cover may be biased towards large patches. 

All pre-1988 plots indicated that small patches were smaller than expected, 

however all post-1988 plots accurately described the size of small patches (Fig. 1 a-f). 

Comparatively, the size of large patches increased after the 1988 fire-season. Most 

notable was the increase in the size of large disturbed patches, where large patches were 

larger than expected. 

3.3 Fractal patterns and self-organization 

The range over which patterns produce power-laws, and are therefore fractal, 

varied by patch configuration. Assessing all landscape patches for both data sets, fractal 

patterns ranged over =2 orders of magnitude (e.g., log area 7.5 to log area 5.5, Fig. la-b). 

Evaluating disturbance-related patches fractal patterns spanned =2 orders of magnitude 

(e.g., log area 7 to log area 5) before the 1988 fire-season and =3.5 orders of magnitude 



(e.g.. log area 7.5 to log area 4) after it (Fig. Ic-d). Finally, the range of fractal patterns 

for undisturbed patches diminished slightly with both spanning =2 orders of magnitude 

(e.g., from log area 8 to log area 6, Fig. le-O-

4. Discussion 

4.1 Scaling exponents 

Scaling exponents close to one indicate a specific type of rank-size distribution 

described as Zipf s law (Zipf, 1949), where size is inversely proportional to rank. 

.A.Ithough none of the exponents in this analysis was close enough to one to adhere to 

Zipf s law, decreases in b associated with each configuration indicated a modification in 

the distribution of patch size. This change described movement towards a more 

proportional (i.e., Zipf) distribution of patch size, therefore a greater effect attributable to 

small patches. In other words, the total area occupied by small patches increased (Table 

3) therefore changes in the distribution of land-cover types due to succession and the 

distribution of resources in the landscape should reflect this. 

Clearly one metric cannot describe all landscape characteristics. However in this 

regard, b describes the distribution of patch size in a landscape, where b ^1 indicates an 

asymmetrical scaling relationship. When A = 1 the distribution is said to be Zipf, where 

large and small patches affect the landscape proportionally. In all patch configurations 

for both periods b > 1 (Table 3), suggesting large patches had a disproportionate 

influence on the landscapes I studied. In YNP, large fires and thus large patches play a 

disproportionate role in the landscape as noted by the value of b, where b describes the 
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asymmetry of patch-size scaling. In fact, large, disturbed patches occupied a greater 

share of the landscape than small patches even though there were substantially fewer 

large patches (Table 3, c.f. Song et al., 2001) 

The influence of large patches in the pre-1988 data may indicate the effects of 

ecological process occurring over long periods of time. For instance, the fire retum 

interval in YTMP is estimated at approximately 250-300 years (Romme and Despain, 

1989). In this case, the last stand-replacing fires occurred in the early 1700's (Romme 

and Despain, 1989), providing approximately 280 years for succession to proceed. The 

result of long-term successional changes in the absence of large disturbances appears to 

have been a landscape mosaic with relatively few, but very large patches of late seral-

stage vegetation. Stands of this age class are the most flammable (Romme and Despain. 

1989). 

In the pre-1988 data, 113 of 7,880 patches were >1,000 ha and either climax, late, 

or middle successional stage (150-300 + years old) vegetation. This combination of 

vegetation types covered about 626,175 ha (i.e., approximately 70%) of YNP. 

Alternatively, early successional stage vegetation (40-150 years old) accounted for 11 

patches covering about 70,053 ha, and disturbed vegetation accounted for five patches 

covering about 25,115 ha (see Despain, 1990 for ages of generalized successional stages). 

Analyzing the post-1988 data, 58 of 73,122 patches were >1,000 ha and either 

climax, late, or middle successional stage vegetation. These patches covered about 

390,697 ha (i.e., approximately 44%) of YW. Early successional stage vegetation 

accounted for 10 patches covering about 14,494 ha. Comparatively, disturbed vegetation 
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accounted for 18 patches covering about 277.887 ha (i.e.. approximately 26% of YNP). 

Clearly, the characteristics of large patches in the post-1988 data appear to reflect the 

long-term effects of succession and the multi-scale effects of disturbance. 

For the pre and post-1988 data, the general shift in the distribution of patch size 

indicates an increase in the number of large patches (Figure 1). Furthermore, decreases 

in b over time suggest changes in the post-1988 landscape. Most notable is the decrease 

in h associated with disturbed patches. This suggests small fires and thus small patches 

began to contribute more to the overall mosaic of patch sizes. A decrease in b in all patch 

configurations also indicated an increase in the effect of small patches. In the pre-1988 

data, there were 6.808 patches < 100 ha. However, in the post-1988 data there were 

72,164 patches < 100 ha. many of them disturbance related. Evidence of this change 

indicates the number of small patches increased to what is expected (Fig lb, d. and 0-

Changes in the landscape due to fire not only indicated an increase in the number 

of disturbed patches, but fragmentation of formerly large patches some of which were 

undoubtedly not disturbance related. The literature is replete with ecological concerns 

regarding landscape fragmentation including loss of diversity and movement potential 

through edge effects (Harrison and Bruna, 1999), patch isolation (Saunders, et al., 1991; 

Cornelius, et al., 2000; Norris and Sturchbury, 2001), and reduction of patch size 

(Andren, 1994; Fahrig, 1997). Additionally, aggregation of disturbed patches may create 

barriers to movement, increase homogeneity, destroy habitat for some species and create 

it for others, or all three (Saunders et al., 1991; Doak, et al., 1992; Pimm and Askins, 

1995; Gustafson and Gardner, 1996; Fahrig, 1997; van Apeldoom, et al., 1998; Brooker, 
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et al., 1999; Jaeger, 2000). Although many of these examples relate to anthropogenic 

disturbances, the same characteristics may be affected by natural disturbances. 

Additionally, burned patches are habitat for early successional stage species, and 

ecotones created by disturbances may attract edge-adapted species, therefore diversity in 

some locations may increase over what existed prior to disturbance. 

4.2 Regression plots 

Regressing log rank on log size describes the relationship between large and small 

patches. When rank-size data are above the regression line, it indicates larger patches 

than expected and vice versa. In all patch configurations, there was an increase in the 

size and number of small patches after the 1988 fire-season (Fig. 1) to match more 

closely what was expected. This was especially true regarding disturbed patches. Notice 

that log rank increased by ~2 orders of magnitude (Fig. Id) indicating a substantial 

increase in the number of small patches. Additionally, notice that in figure-pairs la-b and 

1 e-f large patches were smaller than expected. This may indicate some landscape process 

was suppressing the size of large patches, or that some process was being suppressed 

therefore constraining the size of large patches, although this is a conjecture. However, 

in figure-pair Ic-d, the size and number of large, disturbed patches increased after the 

1988 fire-season. In fact, the size of these patches exceeded what was expected (Fig. Id). 

This suggests that fire re-organized the distribution of patch size of disturbed patches in 

YNP. There has been some speculation that fire suppression contributed to the size of 

fires during the 1988 fire-season (see Romme and Despain, 1989). However, the 1988 

fires were not abnormal in a historical context, rather they were the result of the right 
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weather conditions (e.g., wind and lack of precipitation) and normal successional 

processes since the last round of catastrophic fires (Romme and Despain, 1989). 

4.3 Fractal patterns and self-organized criticality 

Fractals describe scale-free, self-similar phenomena (Mandelbrot, 1983). All 

patch configurations indicate fractal relationships exist over at least 1 order of magnitude 

(Fig. 1. see Stauffer and Stanley, 1989). Over the span in which rank-size relationships 

are fractal, the distribution of patch size is scale invariant and therefore may be related to 

other scale-free phenomena. Implications include relating the scaling properties of patch 

size with the scaling properties of body size to investigate the ability of species to move 

within landscapes and acquire resources. 

Scaling relationships can be used to link landscape structure with ecological 

processes at multiple scales (Milne, 1992; Milne, et al., 1996). For example, allometric 

relationships are important in ecology. Dispersal, home range size, resource acquisition, 

and population density all scale with body size (Milne, 1991; Ziv, 1998; Ritchie and OlfF, 

1999; Haskell, et al., 2002; Olff and Ritchie, 2002). The scaling properties of patch size 

appear to affect a species' ability to inhabit a landscape. Concentrations of resources 

may vary with patch size, as may the ability to establish a home range, disperse, or 

maintain specific population densities (Milne, 1991; Ziv, 1998; Ritchie and Olff, 1999; 

Olff and Ritchie, 2002). 

Additionally, self-organization implies the rise of emergent properties attributable 

to the self-reinforcing interactions of landscape components. In the case of fire, wind. 
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fuel moisture, vegetation patterns, topography, and a host of other factors interact within 

the system. The emergent property is the fire itself and the resulting changes in 

landscape character. The critical nature of self-organization is displayed by power-laws 

in the regression analysis. Criticality implies a system teetering on the edge of threshold-

based change where responses to system inputs are non-linear and unpredictable to a 

certain degree. Classic models of self-organized criticality include sand piles (Bak, et al., 

1988) and forest-fires (Drossel and Schwabl, 1992). In the former model, inputs of 

grains of sand result in avalanches of various sizes, and in the latter fire ignitions result in 

burned patches of various sizes. Although avalanches and burning are predictable system 

responses, the moment they occur and their size are not. Both models produce power-

laws when size and frequency are regressed. Moreover, just as in the above rank-size 

examples, the size of the avalanche or fire can fall anywhere along the range of data 

where the relationship is fractal (and beyond as noted in the YNP example). Therefore, 

system responses are predictable at one level, but unpredictable at another. 

In YNP, criticality suggests that the interaction of biotic and abiotic elements 

have matured to a state where the next fire could be very small or catastrophic (Ricotta et 

al., 1999). Landscapes such as YNP retain criticality through continued interaction of 

system components maintained by inputs into the system (e.g., precipitation and 

lightning), and reorganization attributable to disturbance (Ricotta et al., 1999). The y-

intercept (i.e., k) indicates the largest disturbed patch to be approximately 30,811 ha. 

This is about 48,482 ha smaller than the actual largest disturbed patch in the post-1988 

data. This discrepancy supports findings from above that show the actual size of the 
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largest disturbed patch in the post-1988 data to be larger than expected from regression. 

It also suggests the unpredictability of the system. 
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Table 1 

Number of patches and total area (ha) of each land-cover classification in Yellowstone 

National Park before and after the 1988 fire-season 

Pre l')88 Post 1988 DitTerence 

(Post 1988 - Pre 1988> 

Name Patches Total area Patches Total area Patches Total area 

Kruminholz 24 366 41 321 17 -45 

Krummholz and non-forest 3 204 4 198 1 -6 

aspen Ib7 151" 176 1539 9 21 

aspen and non-l'orcst 1 50 8 24 •7 -26 

climax Douglas-fir 435 33152 2538 25838 2103 -7313 

irlimax Douglas-fir and non-forest 299 17598 1393 14503 1094 -3095 

climax Engelmann spruce and subalpme fir 688 35187 2931 22902 2243 -12285 

climax E-.ngelmann spruce and subalpme fir and 

non-forest 67 7768 492 6296 425 -1472 

climax and late successional lodgepole pine 1 634 1 633 0 0 

climax and post-disturbance lodgepole pine 11 9371 187 8243 176 -I 128 

climax and post-disturbance whitebark pine 1 115 1 115 0 0 

climax lodgepole pine 379 45434 2178 29389 r99 -16045 

climax whitebark pine 412 58998 4890 38809 4478 -20189 

climax whitebark pmc and Douglas-fir 1 456 16 391 15 -64 

climax whitebark pine and non-forest 325 41774 2239 35833 1914 -5940 

climax whitebark pme. Engelmann spruce and 

subalpme fir 2 21 f 21 0 0 

early and middle successional lodgepole pine 1 254 4 220 3 -34 

early succcssional Douglas-fir 13 3I7 48 222 35 -94 

early successional lodgepole pme 686 62286 3743 40823 3057 -21463 

early successional lodgepole pme and climax 

Douglas-fir 1 117 12 86 11 -31 

early successional lodgepole pine and non-

forest 6 300 6 297 0 -3 



early successional whitebark pine 108 6753 370 5495 262 -1257 

early successional whitebark pine and non-

forest 1 28 1 28 0 0 

late successional lodgepoic pine 757 150434 12354 71468 1159" -78966 

late successional lodgepole pine and non-forest 4981 530 3517 437 -1464 

middle and climax lodgepole pine 15 15182 298 12616 283 -2566 

middle and late successional lodgepole pine 12 5168 584 1724 572 -3444 

middle successional lodgepole pine 976 198541 12106 125680 11130 -72860 

middle successional lodgepole pine and climax 

Douglas-fir 1 19 1 19 0 0 

middle successional lodgepole pine and non-

forest 36 1442 251 1045 215 -396 

middle successional whitebark pine 1 18 2 13 1 -5 

non-forest 1976 112556 1984 112363 8 -192 

posl-disturbance Douglas-fir 2 32 4306 10407 4304 10375 

post-disturbance lodgepole pine 146 221 13 12366 237282 12220 215168 

post-disturbance lodgepole pine and non-forest 7 2325 24 2251 17 -74 

post-disturbance whitebark pine 19 530 6042 27832 6023 27302 

pygmy and late successional lodgepole pine 23 12330 787 9303 764 -3026 

pygmy todgepole pme 3 92 25 24 -68 

pygmy lodgepoic pine and Engelmann 

spruce/subalpine fir 1 295 t 295 0 0 

water 179 40820 179 40822 0 2 
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Table 2 

Number of patches and area (ha) of disturbed patches in Yellowstone National Park 

before and after the 1988 fire season 

Pre 1988 Post 1988 Difference (Post-Pre) 

Land cover Patches Area Patches Area Patches Area 

Post-disturbance whitebark pine 19 530 6042 27832 6023 27302 

Post-disturbance Douglas-fir 2 32 4306 10407 4304 10375 

Post-disturbance lodgepole pine and 7 2325 24 2251 17 -74 

non-forest 

Post-disturbance lodgepole pine 146 22113 12366 237282 12220 215168 

Climax and post-disturbance 1 115 1 115 0 0 

whitebark pine 
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Table 3 

Scaling exponents, and number and total area (ha) of patches associated with 

Yellowstone National Park by patch type 

< 100 ha >100 ha 

Data Patch t\pe b Patches Total Area Patches Total Area 

Pre 1988 

All 1.74 6808 127659 1072 761912 

Undisturbed 1.74 6671 125317 1034 739139 

Disturbed 1.90 137 2342 38 22773 

All 1.47 72164 198002 958 690884 

Undisturbed 1.56 49581 159005 802 451994 

Disturbed 1.21 22583 38997 156 238890 
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Fig. 1. Regression plots associated with rank-size distributions for Yellowstone National 

Park: Pre-1988 - all patches (a), disturbed patches (c), and undisturbed patches (e). Post-

1988 - all patches (b), disturbed patches (d), and undisturbed patches (0- Points 

represent patches and lines were generated using linear regression. 
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APPENDIX C; Rank-size distributions, scaling, and landscape connectivity 
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Rank-size distributions, scaling, and landscape connectivity 

Abstract 

I assessed changes in landscape character attributable to urbanization in a portion of the 

Tucson, .\rizona metropolitan area using four commonly used landscape metrics and 

rank-size distributions. My intent was to: (1) describe changes in landscape character due 

to urbanization, (2) assess the utility of rank-size distributions and their scaling exponents 

compared to the other metrics, and (3) describe, in the context of connectivity, the link 

between patch-size scaling properties of landscapes and body-size scaling properties of 

species using landscapes. .A.11 five measures provided information about a particular 

aspect of landscape character related to urbanization and connectivity. However, rank-

size distributions provided information regarding scaling properties associated with patch 

size. Fractal patterns existed over approximately four orders of magnitude, hiformation 

provided by rank-size distributions can be associated with allometric relationships based 

on the idea of proportionality and therefore may indicate the ability of species to move 

within a landscape and acquire resources. That is, because landscape-scaling exponents 

describe the degree to which patch-size characteristics are proportional and body-size 

scaling exponents indicate the degree to which some physiological or life history 

characteristic is proportional, it follows that the two scaling properties must match for 

species to move within a landscape and acquire resources. 
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Key words: allometry, anthropogenic, connectivity, fractal, metric, patch dynamics, rank-

size distribution, scaling 

1. Introduction 

1.1 Landscape measures 

Landscape ecology focuses on the relationship between landscape structure and function, 

where structure is described as spatial patterns of landscape elements and function as 

ecological processes (see Forman and Godron 1986; Turner 1989; Turner and Gardner 

1991; Turner et al. 1991; Naveh and Lieberman 1994; Forman 1995). Patch dynamics -

disturbances that produce changes within and among patches, and in flows of energ>'. 

material, and organisms within a landscape (Pickett and Thompson 1978; Pickett and 

White 1985; Levin et al. 1993; Meffe and Carroll 1997) - affect landscape patterns and 

ecological processes. To study the relationships between pattern and process associated 

with disturbance it is necessary to develop meaningful ways of measuring landscape 

characteristics. Scores of landscape metrics have been developed that do this (e.g., 

O'Neill et al. 1988a; Li and Reynolds 1993; McGarigal and Marks 1995; Gustafson 1998; 

Hargis et al. 1998; He et al. 2000; Jaeger 2000). 

In previous research, I provided evidence that rank-size distributions and their 

scaling exponents are useful measures of landscape character and change for several 

reasons including ties to; (1) structural and compositional landscape characteristics, (2) 

fractal patterns described by power-laws, and (3) patch dynamics associated with natural 
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and anthropogenic disturbances (Chapter 1 and 2). I investigate the abihty of five metrics 

to describe landscape characteristics affected by urbanization. I am interested in the 

information each conveys regarding the ability of species to move within a landscape and 

therefore acquire resources. 

Metrics with explicit connections to landscape function are particularly useftil in 

landscape ecology. Such metrics are generally associated with investigation of specific 

ecological phenomena. As a result, metrics must be able to capture information about the 

landscape at the specific scale at which a phenomenon operates. Metrics that can capture 

information about landscape function in a scale-free context are particularly useful 

because the may be applied across scales in the same and different landscapes. 

Mandelbrot (1983) introduced fractal geometry as a way to quantify fractal, or 

scale-fi"ee patterns. Metrics based on the principle of scale invariance often relate 

specifically to patch shape, such as perimeter-area ratio or mean patch fractal dimension 

(see McGarigal and Marks 1995). However, others have extended use of fractal scaling 

to measure structural characteristics of the landscape mosaic and their effect on 

ecological processes including resource use (e.g., Milne 1992; Nikora et al. 1999; Haskell 

et al. 2002). 

Rank-size distributions describe fractal properties where data follow power laws 

(Mandelbrot 1983; Bak and Chen 1989; Stauffer and Stanley 1989). Additionally, 

scaling exponents associated with rank-size distributions describe the relative effect of 

large versus small patches on the distribution of patch size (Chapter 1). Although rank-

size distributions and their scaling exponents have not been described as landscape 
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metncs, they provide information about landscape structure and function (Chapters 1 and 

2) and therefore may be used in this context. Furthermore, rank-size distributions 

provide information about scaling relationships that occur within the landscape, 

information not available from most metrics. 

1.2 Scaling equations 

Rank-size distributions stem from the general scaling law 

where Y varies as a power of x, ̂  is a constant, and b is the scaling exponent (see Milne 

1992). Taking the logarithm of both sides of equation 1 results in. 

where k is the y-intercept and b is the slope of the line estimated by regression. 

In this analysis, I generate rank-size distributions of patch size for a portion of the 

Tucson, Arizona metropolitan area (TMA). This distribution is described by 

Y = k ( 1 )  

log Y  =  \ o ^ k -  b  log X (2) 

S > s  =  k x ' '  (3) 
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where S is patch size above some threshold 

the rank of patch size, k is a constant, and b 

of both sides of equation 3 results in. 

s (e.g., the smallest detectable patch size), r is 

is the scaling exponent. Taking the logarithm 

log S > s = log ^ 6 log r (4) 

where k is the y-intercept and b the slope of the line estimated by regression. 

Although rank-size distributions provide a static view of landscape conditions, 

they reflect the legacy of past events when tied to specific land-cover types or processes, 

and reveal a meaningful picture of the landscape (Chapter 1 and 2). Rank-size plots also 

show potential deviations of patch size from what is expected (Chapter I and 2), and 

more importantly, rank-size distributions and b describe scaling properties associated 

with the distribution of patch size in a landscape. 

I compared changes in landscape character using four commonly used landscape-

level metrics. Largest Patch Index (LPI), Fractal Dimension Index (FRAC), Euclidian 

Nearest Neighbor (ENN), and Interspersion and Juxtaposition (UI), plus the scaling 

exponent (b) associated with rank-size distributions of patch size. 

I am specifically interested in assessing the effects of urbanization on landscape 

connectivity, where connectivity is defined structurally as the amount of edge shared by 
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patches, and functionally as the degree to which an organism can perceive the landscape 

as connected or use patches to move within the landscape (With et al. 1999). In this 

context, connectivity describes the state of a landscape, whereas movement describes a 

process affected by that state. When a landscape is connected for a species, movement 

between patches may occur. 

Although 1 do not present movement or resource acquisition data, my intent is to 

provide a basis for using patch-size distributions and their scaling exponents to describe 

landscape character specifically because landscape and body-size scaling relationships 

are important for animals inhabiting a landscape (Wiens 1989; Milne et al. 1992; Ritchie 

and Olff 1999; Haskell et al. 2002; Olff and Ritchie 2002). From a theoretical 

perspective, scaling exponents and regression plots are useful because they describe 

fractal patterns, changes in landscapes due to self-organization, and the critical nature of 

landscape change (Chapter 1 and 2). From an ecological perspective they are useful 

because they imply, based on the distribution of patch size, effects of patch dynamics, 

relationships with other scaling properties including allometry. species distribution, and 

ties to ecological process including movement, resource acquisition, and succession. 

2. Methods 

2.1 Study area and data 

TMA data were captured using the Landscape Thematic Mapper (TM) sensor on May 26, 

1984 and May 1, 1998 (Figure 1). Both data sets covered approximately the same spatial 

extent (the extent of the 1984 data set is 65.78 ha, or 0.06% larger than the extent of the 
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1998 data set) at the same spatial resolution (30 m for TM bands 1-5 and 7, and 120 m for 

TM band 6), and were classified using the same methods (Christel et al. 1999). Images 

were classified into five land-cover types: urban, tree, irrigated, desert, and barren. Areas 

with Nodata values were also present, comprising approximately 0.05% of each data set. 

Data were obtained from the Arizona Regional Image Archive, The University of 

Arizona, Tucson, Arizona, USA. 

2.2 Metric calculation and analysis 

I calculated rank-size distributions of patch size for three patch configurations: (1) all 

landscape patches, (2) urban patches, and (3) non-urban patches for each data set. To 

accomplish this I converted raster data sets to vector format using a geographic 

information system and calculated patch size in m*. I subsequently took the logarithm of 

patch size, ranked each patch according to size, and then took the logarithm of each rank. 

1 estimated b by regressing log rank on log area. 

Additionally, I calculated LP I, FRAC, ENN, and UI using FRAGSTATS version 

3.1 (McGarigal et al. 2002) for the same three patch configurations. These metrics 

provided a comprehensive view of landscape characteristics including area, shape, 

isolation and proximity, and contagion\interspersion respectively. Previous research 

identified many of these as important patch characteristics (Griffith et al. 2000). 

Finally, I described (1) changes in landscape character using indices from the 

above metrics. (2) the utility of patch-size distribution and their scaling exponents 

compared with the other metrics, and (3) the link between patch-size scaling properties of 
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landscapes and body-size scaling properties of species using the landscape with regard to 

connectivity. 

3. Results 

3.1 Changes in the landscape mosaic 

The number of urban, tree, and desert land-cover patches increased 43.86%, 562.43%, 

and 34.53% respectively from 1984 to 1998, whereas the number of irrigated and barren 

land-cover patches decreased 64.26% and 55.58% respectively (Table 1). More broadly, 

urbanization during this 14-year period increased urban land-cover by 6,798 patches and 

17,822.79 ha. whereas desert land-cover increased by 5,385 patches and decreased by 

7,799.80 ha (Table 1). The total area occupied by urban and tree land-cover increased by 

18,238.17 ha, whereas the area of the remaining classes of land cover decreased by 

18,303.95 ha. 

3.2 Metric indices 

LPI remained approximately the same for all landscape patches in both data sets (Table 

2) therefore urbanization had little effect on the size of the largest patch as a percentage 

of the total landscape area. However, LPI decreased 4.25% for urban and 4.67% for non-

urban patches (Table 2), indicating urbanization fragmented these patch-types. This is 

supported by an increase in the total number of patches of urban land-cover (Table 1), 

and a decrease in the size of the average non-urban patch. 
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Additionally, LPI for all patch configurations in both data sets was less than 60 

(Table 2), indicating landscapes were structurally disconnected in 1984 and 1998. 

FRAC did not change and ENN changed slightly over the 14-year interval (Table 

2), indicating urbanization produced no detectable change in the mean complexity of 

patch shape and little change in the mean straight-line distance between patches of the 

same land-cover type. 

UI decreased approximately 15% in analyses of all landscape patches and non-

urban patches (Table 2), indicating increasing unevenness in patch adjacency attributable 

to urbanization. 

In all patch configurations, b =1 (Table 2), therefore urbanization in the TMA 

adhered to Zipf s law (loannides and Overman unpublished manuscript, Zipf 1949; 

Gabiax 1999; Reed 2001) where the relationship between large and small patches is 

approximately proportional. This indicated urbanization followed Gibrat's law 

(loannides and Overman unpublished manuscript, Gabiax 1999; Reed 2001; Reed 2002), 

where mean growth rate and variance in the growth rate were constant. The largest 

change in b occurred in the urban patch configuration. An increase of 0.05 indicated a 

shift in the distribution towards a more proportional relationship among large and small 

patches (i.e., b = 0.99). 

Additionally, rank-size distributions indicated that fractal patterns spanned 

approximately 4 orders of magnitude and occurred where patches were smaller than 

approximately 300 ha (Figure 2 a-f). However, patches greater than about 300 ha 
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deviated from what was expected, and thus did not share the fractal patterns described by 

the remaining data (Figure 2 a-f). Combining information provided by b and the fractal 

relationships described by rank-size distributions indicated that patch size, for all patch 

configurations in both data sets, scaled consistently for all but the largest patches. 

Finally, because the extent of a predefined landscape does not change, loss of one 

type of land cover necessarily results in gain of another. Interestingly, urbanization 

produced the expected number of small patches through fragmentation of desert land-

cover, however the number of large patches that resulted from fragmentation of desert 

and aggregation of urban land-cover exceeded what was expected. 

4. Discussion 

4.1 Landscape change and urbanization 

Increases in the area and number of patches of urban land-cover suggest that new 

urbanized patches appeared, accumulated in the landscape, and agglomerated on the 

existing urban cluster. Taken individually these changes may not have a substantive 

effect on the character of the landscape. However, cumulatively patches of urban land-

cover increase in number and size, and change the structure and function of the 

landscape. Changes of consequence related to connectivity include loss, fragmentation, 

and isolation of habitat (e.g.. Holt and Gaines 1993; Andren 1994; Komonen et al. 2000) 

for species not adapted to urban environments, change in the distribution and dispersion 

of land cover (see Fig. 1, Antrop 2000), edge effects (e.g., Harrison and Bruna 1999; 
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Debinski and Holt 2000), and creation of potential barriers to animal movement (e.g., 

Beier 1995; Ims 1995). 

Changes in desert land-cover reflect the effects of increased urbanization. As the 

total area occupied by desert land-cover decreased, the number of patches increased. 

This indicates that urban and tree land-cover, the two land-cover types that increased in 

area, both fragmented and replaced areas of desert land-cover, which is noteworthy for 

three reasons. First, habitat for desert species was eliminated and replaced with land-

cover that may be unsuitable. Second, habitat for deserts species was fragmented, where 

the number of patches increased but patch size decreased. Additionally, these patches 

may have been isolated by areas of non-habitat, which created barriers to movement (e.g., 

changes in IJI). Third, because home range size increases with fragmentation, this 

potentially affects the ability of species, especially large species, to acquire resources 

(Haskell et al. 2002). 

4.2 Effects on landscape character detected by landscape metrics 

LPI measures patch dominance as a percentage of the total landscape therefore decreases 

in LPI indicated diminished effects of the largest patch types. The decrease in LPI for 

urban land-cover may seem odd given that the total area occupied and the size of the 

largest urban patch increased over time. However, the size of the largest urban patch 

decreased as a percentage of the total area classified as urban, hence the index decreased. 

The index for non-urban patches decreased because the size of the largest non-urban 

patch and the total area classified as non-urban both decreased. Changes in LPI indicate 
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fragmentation of both these types of land cover as the amount of urban land-cover 

increased and non-urban land-cover decreased. 

Perhaps more telling. LPI provides a measure of landscape connectivity in the 

context of percolation theory. If LPI exceeds Pc = 0.5928, the landscape is connected for 

that patch type where patches are connected orthogonally (see Gardner et al. 1987; 

Gardner et al. 1989; Gustafson and Parker 1992; Stauffer and Aharony 1992). However, 

because LPI was < 60 for all patch types in botli data sets (Table 2), no patch type 

spanned the landscape and therefore the landscape was not structurally connected. 

Comparatively, assessing connectivity orthogonally and diagonally Pc = 0.4073. which 

suggests that urban patches spanned the landscape in 1984 and 1998 (Table 2). 

Therefore, urbanization may be both connecting and disconnecting the landscape 

depending on the habitat requirements of species trying to move within the landscape. 

FRAC measures the degree to which patches deviate from simple Euclidian 

shapes (i.e., circles or squares, McGarigal et al. 2002). An index close to one indicates 

simple geometry, whereas an index close to two indicates complex geometry. Because 

FRAC remained 1.02 in all patch configiu-ations in both data sets, there were no 

detectable effects associated with changes in the mean complexity of patch shape or edge 

characteristics over time. On average, all patches across the gradient of patch sizes (i.e., 

at multiple scales) had simple shapes. This is indicative of anthropogenic disturbance 

and the scale at which it operates on the landscape (Krummel et al. 1987). 

ENN measures the average distance between similar patch types in meters 

(McGarigal et al. 2002) and is therefore associated with functional landscape 
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connectivity. In this analysis, ENN associated with urban land-cover decreased 

approximately 7 m over 14 years, indicating urban patches became slightly more 

proximate. However, for all landscape patches and non-urban patches ENN remained 

approximately the same, suggesting that if the landscape was functionally connected or 

discormected for a species in 1984, it most likely remained so in 1998. 

Because the land-cover type of patches in interstitial areas also matters, straight-

line distance between similar patch types may provide too little information about 

connectivity. For example, patches of habitat separated by a patch of non-habitat may 

not be accessible to a species even if the distance between patches of habitat is within the 

species' gap-crossing tolerance. In this regard, ENN does not provide the level of 

information necessary regarding landscape coimectivity except in cases where 

information is known about how a species interacts with a specific landscape. 

IJI measures patch adjacency, describing the degree to which all patch types are 

integrated (McGarigal et al. 2002). An IJI approaching 100 indicates patch types are 

equally adjacent to all other patch types, whereas an UI approaching 0 indicates patch 

adjacency is increasingly uneven. In landscapes with low IJI, connectivity may also be 

low as mobile species are more likely to encounter patches of non-habitat as they search 

for resources, potentially increasing the chances of encountering anthropogenic features 

(e.g., roads, fences, and buildings, see Beier 1995). Additionally, sessile species and 

species with limited perception or mobility may be restricted to patches of habitat they 

already occupy. A decrease in UI from 1984 to 1998 (Table 2) indicated patch-types 
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became increasingly segregated or isolated from each other, therefore structural and 

functional connectivity diminished over time. 

b describes the scaling properties of patch size. Specifically, it describes the 

relative effect of large and small patches on the distribution of patch size. Because h =1 

for all patch configurations in both data sets, patch size decreased proportionally with 

increases in patch rank (Chapter 2). 

Additionally, rank-size distributions from which b is derived describe the range 

over which patch-size relationships are fractal. In the TMA, fractal patterns occurred 

over =4 orders of magnitude (Figure 2). suggesting that patterns associated with the 

distribution of patch size were similar at multiple scales. That is, over the range of patch 

sizes where relationships are fractal, the distribution of patch size will be similar 

regardless of the scale at which the landscape is studied. Only the largest patches in the 

landscape did not indicate fractal relationships (i.e.. patches greater than -300 ha. Figure 

2). and thus did not display self-similar patterns. 

Changes in the TMA associated with rank-size distributions and their scaling 

exponents indicated that both fragmentation and aggregation occurred (Table 1), however 

because b =1, the statistical patterns indicated that the effects of both were largely 

balanced. This does not mean the effects were benign. Rather it means that no single 

process seemed to be dominant. Also note that changes in land cover may continue to 

produce statistical patterns where 6=1. However, relative stasis in b should not suggest 

stasis in the landscape. Anthropogenic change is apt to continue as urbanization 

fragments and replaces other types of land cover. These changes are likely to affect 
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connectivity and thus the ability of species to move within a landscape. Relating the 

scaling properties of the landscape with the scaling properties of species using the 

landscape may indicate how. 

As urbanization in the TMA continues, the value of 6 associated with all patches 

will likely increase and approximate one. The same is likely for b associated with urban 

patches. Comparatively, the value of b associated with non-urban patches may be the 

most useful metric as urbanization continues because it describes the scaling relationship 

of patch size associated with patches that may represent habitat for species of primary 

conservation concern. Therefore, linking b and regression plots with a particular type of 

land cover, especially in landscapes where urbanization produces Zipf exponents, may 

provide information that is more useful than simply assessing the character of all 

landscape patches. 

4.3 Comparison of rank-size distributions and the other metrics 

Because of its links with percolation theory, LPI is scale based and is useful when 

assessing structural connectivity of the entire landscape. However, it is not useful when 

assessing functional connectivity or the scaling properties of the individual patches that 

comprise the landscape. 

FRAC also provides information regarding scaling properties; as the name 

implies, patterns associated with FRAC are fractal. Scale invariance associated with 

FRAC describes the mean self-similar pattern associated with patch edge. This may be 

an important landscape characteristic when assessing the effects of edges on connectivity 
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(see Gates and Gysel 1978; Beier 1995; Ims 1995; Lidicker and Koenig 1996; Debinski 

and Holt 2000). However, compared with the patch-size scaling properties of rank-size 

distributions, the scaling properties of FRAC are not readily relatable to the body-size 

scaling properties of species using the landscape. 

Although, ENN provides a useful measure of inter-patch movement for species 

that are able to perceive connectivity (With and Crist 1995; With et al. 1997; With et al. 

1999; With and King 1999) or which possess gap-crossing abilities (e.g., Brooker et al. 

1999), such species characteristics must be known a priori and applied to a specific 

landscape. ENN may offer useful information concerning functional connectivity, 

however by itself ENN does not explicitly describe scaling properties of patches or the 

landscape as a whole. Rather ENN appears to be indicative of the scaling properties of 

species using a landscape. 

Like ENN. IJI does not explicitly describe the scaling properties of the landscape 

or individual patches. Rather it may be associated with the scaling properties of species 

using a landscape and its abilities to perceive or realize functional connectivity. 

Finally, neither b nor rank-size distributions specifically describe connectivity and 

therefore the ability of species to move within a landscape. In this sense, they are like the 

other metrics. However, unlike the other metrics, rank-size analyses explicitly describe 

scaling relationships associated with all landscape patches individually and in aggregate. 

Therefore, rank-size distributions and their scaling exponents may be used to relate the 

ability of species to move within a landscape, acquire resources, establish home ranges. 
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and thus inhabit landscapes based on allometric relationships (Milne 1991b; Ziv 1998; 

Ritchie and Olff 1999; Haskell et al. 2002; OlfF and Ritchie 2002). 

5. Scaling and connectivity 

5.1 Why patch-size scaling is an important indicator of movement and resource 

acquisition 

Heterogeneity is a characteristic common to all landscapes across multiple scales, which 

results from geographic variation as well as disturbance. To inhabit landscapes, species 

have had to adapt to heterogeneity through evolution of physiological and life-history 

traits. Numerous physiological and life-history characteristics scale with body size 

including energy requirements, dispersal distance, and home-range size (see Calder 

1996). The distribution of patch size is one way heterogeneity is reflected in the 

landscape and is an important landscape characteristic associated with these physiological 

and life-history characteristics (Ims 1995; Wiens 1995). For example, resources are 

limited by the size of patches in which they exist. Additionally, foragers are limited by 

body size to the spatial extent they can search for food and other resources (Haskell et al. 

2002). Therefore, the ability of a species to move within a landscape and acquire 

resources is a function of patch size and body size (Haskell et al. 2002). 

The link between body-size scaling and patch-size scaling, and the fractal models 

that describe the two may permit similar conceptual treatment of processes occurring in 

different systems and at different spatial scales (Wiens and Milne 1989). For example, 

the smallest food-patch size that serves as habitat for a species scales positively with 
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body size and negatively with minimum resource concentration (Ritchie and OlfT 1999). 

Additionally, as body size increases, number of patches searched per unit time increases 

and proportion of the landscape occupied by a resource (e.g., food or cover) of interest 

decreases (O'Neill et al. 1988b). 

The effects of fragmentation are also scale dependent. For a species of a given 

size, fragmentation at small and large spatial scales may be benign, where at intermediate 

scales it may be harmful. For example, fragmentation at smaller spatial scales may not 

impair mobility as gap-crossing abilities of the species may be such that the landscape 

appears connected. Additionally, fragmentation at large spatial scales may leave the 

landscape in tact enough where the species can acquire necessary resources with minimal 

inter-patch movement. However, as habitat for a species becomes increasingly 

fragmented at intermediate spatial scales, species must range over larger areas mainly 

because more of the landscape is not usefiil. This may make it more difficult for 

individuals to acquire resources. Additionally, individuals may encounter barriers to 

movement as they attempt to traverse the landscape. The point at which the effect 

switches from benign to negative is expected to vary with the size and mobility of the 

species (O'Neill et al. 1989; Turner et al. 1989; Olff and Ritchie 2002). 

Landscapes must possess a minimum quantity of resources for organisms to 

persist; similarly, organisms must be able to acquire resources contained within a 

landscape if they are to persist (O'Neill et al. 1988b). When resources are sparsely 

distributed (e.g., fragmented landscapes) individuals must search a larger area, therefore 

they must interact with the landscape at larger spatial scales (O'Neill et al. 1988b). The 
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scale at which resource acquisition and movement takes place must be approximately 

equal to the scale at which resources are distributed, or the size of patches containing 

those resources. If the scale of acquisition and movement is too small, the species may 

not be able to move from patch to patch and may be unable to find food for example. 

Alternatively, if the scale of acquisition and movement is too large, the species may move 

too quickly from patch to patch and may miss resources present. Either way, the species 

will likely not persist. The image of a mouse trying to use a landscape where resources 

are distributed at a scale useful to an elephant, and vice versa, comes to mind as a 

situation were body-size scaling does not match patch-size scaling. A problem may exist 

if resources are distributed more sparsely than the movement abilities of the species, or if 

individuals cannot acquire resources fast or efficiently enough to maintain basal 

metabolic rates. Although a mouse and elephant may reside in the same geographic 

location, they may occupy two different 'landscapes,' one scaled appropriately for each 

species. Placing a mouse in a landscape scaled for an elephant and an elephant in a 

landscape scaled for a mouse would likely result in the demise of both organisms. 

This illustrates the implicit power of fractal patterns in helping to interpret 

species-landscape interactions. WTien resources are distributed fractally, species of 

differing body sizes encounter different densities of resources at multiple scales in the 

same landscape (Haskell et al. 2002). Therefore, when patch-size patterns in the 

landscape scale the same for the mouse as well as the elephant, the specific capabilities of 

the species matched to the specific characteristics of the landscape mediate the ability of 

the species to move within the landscape and thus acquire resources. 
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5.2 l^Tiat rank-size distributions tell us that other metrics do not 

Unlike rank-size distributions and their scaling exponents, there are no 

distributions associated with the other four metrics I used in this analysis. Rather each 

metric provides a stand-alone index related to the landscape characteristic it measures. 

The same is true for b. However, rank-size distributions that produce b include the size 

of every patch in the landscape and therefore describe statistical patterns that relate to the 

scaling of patch size. The only way to envision patterns associated with the other metrics 

would be to display categorical maps. Discerning patterns from such maps may be 

extremely difficult. 

Patch-size distributions and their scaling exponents may provide insight regarding 

the ability for organisms, across a range of body sizes, to move within a landscape. 

Species with home range scaling exponents = 0.75 indicate they use home range sizes 

proportional to their expected resource requirements (see Haskell et al. 2002). In 

landscapes where b = 1 large and small patches affect the distribution of patch size 

proportionally. Additionally, regression lines indicate patch sizes for each rank. This 

provides baseline information with which to assess the ability of a species to inhabit a 

particular landscape. 

For species where home range scales at 0.75, and that inhabit landscapes where b 

=1 and where patch sizes are close to what is expected, body-size and patch-size scaling 

appear to match. However, for species where home range scales > 0.75, and that live in 

fragmented landscapes where b < 1 and where there are fewer than expected large 

patches, body-size and patch-size scaling may not match. A proximate result may 
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include reduced habitat quality for that species as individuals have difficulty moving 

within the landscape and acquiring resources. An ultimate result could include 

extirpation of the species from the landscape of concern. 

In the TMA, rank-size distributions and their associated scaling exponents suggest 

a greater than expected number of large patches and proportional effects of large and 

small patches where patches are less than or equal to =300 ha (Figure 2). Alone, these 

results suggest that large species where home range scales < 0.75 may have difficulty 

inhabiting the landscape. Information provided by LPI and UI supports this, where LPI 

indicates landscape fragmentation and UI indicates isolation of patch types. For example, 

a species with a smaller than expected home range compared to its expected resource 

requirements may not find patches of the appropriate size, depending on the effects of 

fragmentation. Additionally, such patches may not be contiguous requiring movement 

through a potentially inhospitable envirormient. Patch sizes may be too large and 

resources distributed too sparsely for this species. Therefore, the fractal geometry of 

patch size and thus resource distribution may affect movement patterns (Milne 1991b), 

where the magnitude of the effect on animals is related to the scale at which they interact 

with the environment (Wiens and Milne 1989). 

6. Conclusion 

My intent was to use scaling exponents and regression plots associated with rank-size 

distributions of patch size to assess landscape character and change, specifically 

concerning the ability of animals to move within a landscape and acquire resources. This 
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is not to say that other metrics have no value in this regard, but rather that a combination 

of metrics will provide a more complete understanding of landscape patterns and 

processes than simply using any one metric. 

Body-size and patch-size scaling are closely linked because heterogeneous 

landscapes provide the setting in which species and ecological processes interact. The 

response of species to landscape structure varies, and is constrained by that structure 

(Milne 1991a) and the physical abilities of the species. For example, a species weighing 

100 g is expected to have a home range size of =0.45 ha. whereas a species weighing 100 

kg is expected to have a home range size of =515 ha (Calder 1996). Clearly, the 

arrangement and density of resources is not the same for all species (Milne 1991a), 

although the scaling exponent is, M' (where M is mass (kg). Table 11-1 Calder 1996). 

The distribution of patch size has an effect on species because, based on body size, 

species are limited to a specific scale at which they interact with the landscape. 

Landscape connectivity and resource acquisition are species-specific 

characteristics (see Wiens 1989; Wiens 1995). However, in lieu of ascertaining these 

characteristics for each species of interest, it may be helpful to use scaling propenies to 

assess them. Because properties associated with body-size scaling can be related to 

patch-size scaling, landscape connectivity and resource acquisition may be discemable at 

a generic level. This may provide a useful tool for resource managers and planners 

working to conserve biodiversity as the effects of anthropogenic patch dynamics increase 

worldwide. 
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Table I. Patch-count and area (ha) by type of land cover in the Tucson metropolitan area. 

Patches Area (ha) 

Land cover 1984 1998 Difference 1984 1998 Difference 

Urban 15500 22298 6798 20057 37879 17823 

Tree 535 3544 3009 1463 1879 415 

Irrigated 4412 1577 -2835 3153 1518 -1635 

Desert 15593 20978 5385 72758 64959 -7800 

Barren 22711 10089 -12622 12853 3990 -8863 

Nodata 129 102 -27 63 57 -6 

Note: The extent of the 1984 data set is 65.78 ha larger than the extent of the 1998 data 

set. 



Table 2. Indices for the Tucson metropohtan area data sets. 

Metric All patches Urban patches Non-urban patches 

1984 1998 1984 1998 1984 1998 

LPI 34.74 34.76 45.67 41.42 29.61 24.92 

FRAC (mean) 1.02 1.02 1.02 1.02 1.02 1.02 

ENN' (mean) 75.89 75.32 75.49 68.92 81.68 82.14 

IJl 55.1 39.64 NA- NA- 61.67 47.53 

h 0.96 0.97 0.94 0.99 0.97 0.96 

Measured in meters. 

" FRAGSTATS needs at least three patch classes to calculate UI. 
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CONCLUSION 

Research summary 

Recently, there has been discussion in the literature regarding the use and 

measurement of landscape cormectivity (see Tischendorf and Fahrig 2000). Taylor et al. 

(1993) defined landscape connectivity as "the degree to which the landscape facilitates or 

impedes movement among resource patches." Therefore, to assess landscape 

connectivity, researchers must investigate at an appropriate scale both the organism and 

the landscape through which it intends to move. This entails an investigation of 

landscape structure and the behavioral responses of the organism moving through the 

landscape. Tischendorf and Fahrig (2000) suggest that research is needed to identify 

"simple measures of landscape structure that can be used as measures of landscape 

connectivity." I agree. 

In this project, I introduced and described rank-size distributions and their scaling 

exponents as a measure of landscape character and change. I did this by describing 

changes in landscape character attributable to fire in Yellowstone National Park and 

urbanization in a portion of the Tucson metropolitan area. My interest was to discuss 

ecological ramifications of changes in landscape structure. In this regard, I was most 

interested in the effects of changing structure on landscape connectivity as described by 

the ability of species to move within a landscape and acquire resources. In each study 

area specific disturbance-caused changes affected landscape patterns associated with the 

distribution of patch size. These changes were captured using rank-size distributions 

where the scaling properties associated with patch size changed over time. As landscape 
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connectivity and resource acquisition are scale-related characteristics associated with 

landscapes and species, changes in landscape structure described by rank-size analyses 

appear useful in describing effects on connectivity. This connection can be made using 

scaling relationships based on body size (i.e., allometry). 

This does not eliminate the need to understand and apply life history 

characteristics to assess connectivity for a particular species. However, rank-size 

analyses appear to provide a context in which to investigate the general effect of changes 

in landscape structure on connectivity based on linkages to allometric relationships. 

This research suggests similarities and differences associated with natural and 

human-caused changes in landscape structure, landscapes are organized and reorganized 

by natural and anthropogenic disturbances, and landscape organization as described by 

patch-size scaling may affect the ability of species to use a landscape based on its body 

size. 

Land planners and wildlife ecologists, among others, may find this research useful 

for several reasons, -^irst, one theory describes the patterns of both natural and 

anthropogenic disturbance. Because both kinds of disturbances affect virtually all 

landscapes on Earth, one theoretical construct provides researchers and managers a 

benchmark with which to assess changes attributable to natural and anthropogenic 

disturbances, and therefore assess the similarities and differences of both. 

Second, researchers and managers may be able to determine a patch-size scale, 

based on body size, at which landscapes cannot support movement. This may provide 
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insight regarding when disturbances affect landscape organization to the detriment of 

species of concern. 

Third, this research has implications for species persistence in changing 

landscapes. This may be especially true for areas undergoing rapid conversion from 

natural to anthropogenic landscapes, and for reserves where disturbances occurring 

within the reserve are largely attributable to natural disturbance although changes 

occurring outside the reserve are largely attributable to anthropogenic disturbance. 

Body size dictates the scale at which species interact with the landscape therefore 

changes in landscape organization have potentially serious implications concerning the 

ability of species to inhabit a landscape. Rank-size distributions and their scaling 

exponents are a simple measure of landscape structure that can easily be related to 

landscape cormectivity. They provide a link that enables an intuitive understanding that 

the scale-based condition of the landscape must approximate the scale-based abilities of 

the species interacting with the landscape. For example, connectivity relates to the patch-

size structure of the landscape and the body-size abilities of the species using that 

landscape. When patch-size and body-size characteristics match, species may be able to 

move within a landscape, assemble a home range, and meet other life-history needs. 

When the scaling characteristics of patch-size and body-size do not match, species may 

be unable to continue to inhabit a landscape. This research may help land planners and 

wildlife ecologists assess when patch-size and body-size scale match, and may therefore 

provide insight into changes in species composition, abundance, and persistence as 

disturbances accumulate in a landscape. 
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Prospectus 

This research offers an analytical context in which to evaluate landscape character 

and change by describing the distribution of patch size. Because rank-size distributions 

provide information about the scaling properties of the landscape, they appear useful to 

assess movement potential and resource acquisition of species based on allometric 

relationships (Chapter 3). This being the case, connectivity and resource acquisition may 

be discemable absent detailed information about the landscape and life-history 

characteristics of every species inhabiting it. However, experiments should be conducted 

to test this h>pothesis. In this regard, I propose using graph theory to assess landscape 

connectivity. Landscape graphs are composed of'nodes' of habitat and 'edges' linking 

these nodes. When landscape edges connect nodes of habitat at a critical threshold 

specific to the landscape and species of interest, the landscape becomes connected (Keitt 

et al. 1997. Bunn et al. 2000, Urban and Keitt 2001). As the scaling properties of patch 

size change due to the effects of natural and anthropogenic disturbances, the ability of 

species to move within a landscape may be effected. I am interested in identifying a 

relationship between connectivity of the Yellowstone National Park and Tucson 

metropolitan area landscapes using graph theory and the scaling information associated 

with rank-size analyses of these landscapes. 

Disturbances that alter the network geometry of habitat patches in a landscape 

may affect dispersal success negatively for some species and positively for others (Keitt 

et al. 1997). As such, research regarding connectivity and scaling properties is 

potentially useful for conservation planners and resource managers. Results from 
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landscape graph analyses may indicate the edges and nodes that have the greatest 

potential to affect connectivity (Urban and Keitt 2001), whereas rank-size distributions 

describe scaling properties of the landscape, and thus the potential effects on species 

regarding resource acquisition and movement based on allometry. Moreover, these 

analyses require little more than basic information about the species of interest - body 

size and habitat type, and landscape - patch size and habitat distribution. Such data is 

relatively easy to acquire, therefore land planners and wildlife ecologists who do not have 

the luxury to wait for better data or speciesMandscape-specific models (see Urban and 

Keitt 2001) can act on critical conservation matters. 
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