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INTRODUCTION

Landscape ecology, if not ecology in general, is largely foumthethe notion that
environmental patterns strongly influence ecological processesdiTd989). The
habitats in which organisms live, for example, are spatsilyctured at a number of
scales, and these patterns interact with organism perceptidrebadior to drive the
higher level processes of population dynamics and community studoinnson et
al. 1992). Anthropogenic activities (e.g. development, timberdstirncan disrupt the
structural integrity of landscapes and is expected to impeden @ome cases
facilitate, ecological flows (e.g., movement of organismeloss the landscape
(Gardner et al. 1993). A disruption in landscape patterns mayfdrei@mpromise
its functional integrity by interfering with critical ecolicgl processes necessary for
population persistence and the maintenance of biodiversity and ecodysédiim
(With 2000). For these and other reasons, much emphasis has beah giace
developing methods to quantify landscape patterns, which is considprectquisite
to the study of pattern-process relationships (e.g., O'Re#l. 1988, Turner 1990,
Turner and Gardner 1991, Baker and Cai 1992, McGarigal and Marks Tég5has
resulted in the development of literally hundreds of indices of tapespatterns. This
progress has been facilitated by recent advances in computersgingceand
geographic information (GIS) technologies. Unfortunately, accortbn@Gustafson
(1998), “the distinction between what can be mapped and measured anttdhres pa
that are ecologically relevant to the phenomenon under investigatmaragement
is sometimes blurred.”

WHAT ISA LANDSCAPE?

Landscape ecology by definition deals with the ecology of lapsc Surprisingly,
there are many different interpretations of the term “landstaphe disparity in
definitions makes it difficult to communicate clearly, and evenemdifficult to
establish consistent management policies. Definitions of landsoaéably include
an area of land containing a mosaic of patches or landscape aegisamtbelow).
Forman and Godron (1986) defined landscape as a heterogeneous |lamgesed
of a cluster of interacting ecosystems that is repeatednitasiform throughout. The
concept differs from the traditional ecosystem concept in focusingromps of
ecosystems and the interactions among them. There are naaianty of the
definition depending on the research or management context.

For example, from a wildlife perspective, we might define laagde as an area of
land containing a mosaic bébitat patches, often within which a particular "focal” or
"target" habitat patch is embedded (Dunning et al. 1992). Becausat lpsthithes can
only be defined relative to a particular organism's perception asthgof the
environment (Wiens 1976), landscape size would differ among orgartswmgver,
landscapes generally occupy some spatial scale intermédiateen an organism's
normal home range and its regional distribution. In-other-wobdsause each
organism scales the environment differently (i.e., a salamamdea hawk view their
environment on different scales), there is no absolute size llordscape; from an
organism-centered perspective, the size of a landscape varies dgpendivhat
constitutes a mosaic of habitat or resource patches meaniogthiat particular
organism.



This definition most likely contrasts with the more anthropocentgifinition that a
landscape corresponds to an area of land equal to or larger thaa,laeye basin
(e.g., several thousand hectares). Indeed, Forman and Godron (198&3tesliogy
lower limit for landscapes at a "few kilometers in diametaithough they recognized
that most of the principles of landscape ecology apply to ecalbgiosaics at any
level of scale. While this may be a more pragmatic defimithan the organism-
centered definition and perhaps corresponds to our human perception of the
environment, it has limited utility in managing wildlife populatiaghgou accept the
fact that each organism scales the environment differently. Fronorganism-
centered perspective, a landscape could range in absolute soalarfrarea smaller
than a single forest stand (e.g., a individual log) to an entmeegion. If you accept
this organism-centered definition of a landscape, a logical consagwé this is a
mandate to manage habitats across the full range of spalres;seach scale, whether
it be the stand or watershed, or some other scale, will lb@lynportant for a subset
of species, and each species will likely respond to more thaadel sc

KEY POINT It isnot my intent to argue for a single definition of landscape. Rather,
| wish to point out that there are many appropriate ways to define
landscape depending on the phenomenon under consideration. The
important point is that a landscape is not necessarily defined by its
Size;, rather, it is defined by an interacting mosaic of patches relevant
to the phenomenon under consideration (at any scale). It is incumbent
upon the investigator or manager to define landscape in an
appropriate manner. The essential first step in any landscape-level
research or management endeavor is to define the landscape, and this
is of course prerequisite to quantifying landscape patterns.

CLASSES OF LANDSCAPE PATTERN

Real landscapes (at any scale) contain complex spatialnsaitethe distribution of
resources that vary over time; quantifying these patterns anddyremics is the
purview of landscape pattern analysis. Landscape patterns can midiepian a
variety of ways depending on the type of data collected, the mammehich it is
collected, and the objectives of the investigation. Broadly considéaedscape
pattern analysis involves four basic types of spatial data pomdsg to different
representations of landscape pattern. These look rather differeatioaihy, but they
share a concern with the relative concentration of spatial Vitgiabi

(1) Spatial point patterns represent collections of entities where the geographic
locations of the entities are of primary interest, rathen thay quantitative or
qualitative attribute of the entity itself. A familiar expl® is a map of all trees in a
forest stand, wherein the data consists of a list of treeserefed by their geographic
locations. Typically, the points would be labeled by species, arttaperfurther
specified by their sizes (a marked point pattern). The gopbwit pattern analysis
with such data is to determine whether the points are mores®rclastered than
expected by chance and/or to find the spatial scale(s) at wiecpoints tend to be
more or less clustered than expected by chance (Greig-Smith[1£i&31999).




(2) Linear network patterns represent collections of linear landscape elements that
intersect to form a network. A familiar example is gonod streams or riparian areas
in a watershed, wherein the data consists of nodes and linkagasofsathat connect
nodes); the intervening area is considered the matrix and saltypignored (i.e.,
treated as ecologically neutral). Often, the nodes and corridogs further
characterized by composition (e.g., vegetation type) and spdtsacter (e.g.,
width). As with point patterns, it is the geographic location arghgement of nodes
and corridors that is of primary interest. The goal of lineavok pattern analysis
with such data is to characterize the physical structure @gidor density, mesh
size, network connectivity and circuitry) of the network, and &tsaof metrics have
been developed for this purpose (Forman 1995).

(3) Surface patterns represent quantitative measurements that vary continuously
across the landscape; there are no explicit boundaries (ichepatre not delineated).
Here, the data can be conceptualized as representing a thesesidinal surface,
where the measured value at each geographic location is repeeby the height of

the surface. A familiar example is a digital elevation mobal, any quantitative
measurement can be treated this way (e.g., plant bioma$sarésa index, soil
nitrogen, density of individuals). In many cases the data lisotet! at discrete sample
locations separated by some distance. Analysis of the spapehalencies (or
autocorrelation) in the measured characteristic is the purvieyeastatistics, and a
variety of techniques exist for measuring the intensity ande soh this spatial
autocorrelation (Legendre and Fortin 1989, Legendre and Legendre 1999).
Techniques also exist that permit the kriging or modeling of thedalspatterns;

that is, to interpolate values for unsampled locations using theieatlpilestimated
spatial autocorrelation. These surface pattern techniques weslbpiey to quantify
spatial patterns from sampled data (n). When the data is extea(isti, the whole
population, N) over the study landscape, like it is with the caserobtely sensed
data, other techniques (e.g., two-dimensional spectral anaR@id and Renshaw
1984, Renshaw and Ford 1984, Legendre and Fortin 1989; or two-dimensional
wavelet analysis, Bradshaw and Spies 1992) are more approptiaterface pattern
techniques share a goal of describing the intensity and scapattrn in the
quantitative variable of interest. In all cases, while thetiocaof the data points (or
quadrats) is known and of interest, it is the values of the nevasut taken at each
point that are of primary concern. Here, the basic questiois, Samples that are
close together also similar with respect to the measuredblaPi’ Alternatively,
“What is the distance(s) over which values tend to be similar?”

(4) Categorical (or thematic; choropleth) map patterns represent data in which the
system property of interest is represented as a mosais@ete patches. From an
ecological perspective, patches represent relatively descaetas of relatively
homogeneous environmental conditions at a particular scale. Thebpaitutharies are
distinguished by abrupt discontinuities (boundaries) in environmentalctbastates
from their surroundings of magnitudes that are relevant to the ézalpfpenomenon
under consideration (Wiens 1976, Kotliar and Wiens 1990). A famiiamele is a
map of land cover types, wherein the data consists of polygonsi(¥eanat) or grid
cells (raster format) classified into discrete land col@sses. There are a multitude
of methods for deriving a categorical map (mosaic of patok&h has important
implications for the interpretation of landscape pattern metses below). Patches
may be classified and delineated qualitatively through visuajpirgttion of the data




(e.g., delineating vegetation polygons through interpretation @ gdrotographs), as
is typically the case with vector maps constructed fromidggitlines. Alternatively,
with raster grids (constructed of grid cells), quantitative infiiom at each location
may be used to classify cells into discrete classes anditealel patches by outlining
them, and there are a variety of methods for doing this. The coostnon and
straightforward method is simply to aggregate all adjacentkting) areas that have
the same (or similar) value on the variable of interest. Aerradtive approach is to
define patches by outlining them: that is, by finding the edgasnd patches (Fortin
1994, Fortin and Drapeau 1995, Fortin et al. 2000). An edge in thisscasearea
where the measured value changes abruptly (i.e., high locanuarior rate of
change). An alternative is to use a divisive approach, beginnithgawsingle patch
(the entire landscape) and then successively partitioning this egtons that are
statistically homogeneous patches (Pielou 1984). A final method dteqoatches is
to cluster them hierarchically, but with a constraint of spatihcency (Legendre
and Fortin 1989). Regardless of data format (raster or vector)natdod of
classifying and delineating patches, the goal of categariegl pattern analysis with
such data is to characterize the composition and spatial coniftguit the patch
mosaic, and a plethora of metrics has been developed for this p(Foosen and
Godron 1986, O'Neill et al. 1988, Turner 1990, Musick and Grover 1991, Turder a
Gardner 1991, Baker and Cai 1992, Gustafson and Parker 1992, Li and Reynolds
1993, McGarigal and Marks 1995, Jaeger 2000).

Although a large part of landscape pattern analysis dealsthdtiidentification of
scale and intensity of pattern, landscape metrics focus on thectgr&ation of the
geometric and spatial properties of categorical map pattepnesented at a particular
scale (grain and extent). Thus, while it is important to recegtiie variety of types
of landscape patterns and goals of landscape pattern analysid, foams on
landscape metrics as they are applied in landscape ecology.

PATCH-CORRIDOR-MATRIX MODEL

Landscapes are composed of elements—the spatial components thatipmtie
landscape. A convenient and popular model for conceptualizing and reprggbeti
elements in a categorical map pattern is known agdtah-corridor-matrix model
(Forman 1995). Under this model, three major landscape elements/mcally
recognized, and the extent and configuration of these elemeiriesdtife pattern of
the landscape.

(1) Patch.--Landscapes are composed of a mosaic of patches (Urban1&83).
Landscape ecologists have used a variety of terms toteetbe basic elements or
units that make up a landscape, including ecotope, biotope, landscape component
landscape element, landscape unit, landscape cell, geotope, Fedidgat, and site
(Forman and Godron 1986). Any of these terms, when defined, astaciatiy
according to the preference of the investigator. Like the lapdscaatches
comprising the landscape are not self-evident; patches mustibeddedlative to the
phenomenon under consideration. For example, from a timber management
perspective a patch may correspond to the forest stand. Howevstartidemay not
function as a patch from a particular organism's perspectiven fan ecological
perspective, patches represent relatively discrete aspasial domain) or periods
(temporal domain) of relatively homogeneous environmental conditionsevihe



patch boundaries are distinguished by discontinuities in environmentalctenara
states from their surroundings of magnitudes that are perceyed relevant to the
organism or ecological phenomenon under consideration (Wiens 1976). From a
strictly organism-centered view, patches may be defined asoamental units
between which fitness prospects, or "quality", differ; althoughpractice, patches
may be more appropriately defined by nonrandom distribution of activitgsource
utilization among environmental units, as recognized in the concepGain
Response”.

Patches are dynamic and occur on a variety of spatial and tanspates that, from
an organism-centered perspective, vary as a function of each 'anpesateptions
(Wiens 1976 and 1989, Wiens and Milne 1989). A patch at any given sca#@ has
internal structure that is a reflection of patchiness at fsoales, and the mosaic
containing that patch has a structure that is determined by pedshat broader scales
(Kotliar and Wiens 1990). Thus, regardless of the basis for defipaighes, a
landscape does not contain a single patch mosaic, but containsrahyesf patch
mosaics across a range of scales. For example, from an singemntered
perspective, the smallest scale at which an organism pescand responds to patch
structure is its "grain" (Kotliar and Wiens 1990). This lowereshold of
heterogeneity is the level of resolution at which the paitoh Isecomes so fine that
the individual or species stops responding to it, even though patch strociyre
actually exist at a finer resolution (Kolasa and Rollo 1991). der limit to grain is
set by the physiological and perceptual abilities of the osga@ind therefore varies
among species. Similarly, "extent" is the coarsest sdaleet@rogeneity, or upper
threshold of heterogeneity, to which an organism responds (Kotliar agais\¥990,
Kolasa and Rollo 1991). At the level of the individual, extent igrdéhed by the
lifetime home range of the individual (Kotliar and Wiens 1990) andesasimong
individuals and species. More generally, however, extent varigh whe
organizational level (e.g., individual, population, metapopulation) under
consideration; for example the upper threshold of patchiness for the fiapwauld
probably greatly exceed that of the individual. Therefore, frorarganism-centered
perspective, patches can be defined hierarchically in scaldagargween the grain
and extent for the individual, deme, population, or range of each specie

Patch boundaries are artificially imposed and are in fact meanhiogly when
referenced to a particular scale (i.e., grain size andh@xteor example, even a
relatively discrete patch boundary between an aquatic surface I@kg) and
terrestrial surface becomes more and more like a continucadiegt as one
progresses to a finer and finer resolution. However, most environnaémgnsions
possess 1 or more "domains of scale” (Wiens 1989) at which the indishtal or
temporal patches can be treated as functionally homogeneous;riaetiitde scales
the environmental dimensions appear more as gradients of continuougwariat
character states. Thus, as one moves from a finer resolutiomateer resolution,
patches may be distinct at some scales (i.e., domains ef ba&lnot at others.

KEY POINT Itisnot my intent to argue for a particular definition of patch. Rather, |
wish to point out the following: (1) that patch must be defined relative
to the phenomenon under investigation or management; (2) that,
regardless of the phenomenon under consideration (e.g., a species,
geomorphological disturbances, etc), patches are dynamic and occur



at multiple scales; and (3) that patch boundaries are only meaningful
when referenced to a particular scale. It is incumbent upon the
investigator or manager to establish the basis for delineating among
patches and at a scale appropriate to the phenomenon under
consideration.

(2) Corridor.--Corridors are linear landscape elements that can be defmtnd basis
of structure or function. Forman and Godron (1986) define corridors asvinatrips
of land which differ from the matrix on either side. Corridors rhayisolated strips,
but are usually attached to a patch of somewhat similar viegetathese authors
focus on the structural aspects of the linear landscape elenseatcAnsequenasf
their form and context, structural corridors may functigrhabitat, dispersal conduits,
or barriers. Three different types of structural corridorsteXiL) line corridors, in
which the width of the corridor is too narrow to allow for interior iemvmental
conditions to develop; (&trip corridors, in which the width of the corridor is wide
enough to allow for interior conditions to develop; and<B¢am corridors, which
are a special category.

Corridors may also be defined on the basis of their function iratigstape. At least
four major corridor functions have been recognized, as follows:

1. Habitat Corridor-Linear landscape element that provides for survivorship,
natality, and movement (i.e., habitat), and may provide eitmepdeary or
permanent habitat. Habitat corridors passively increase |grelscanectivity
for the focal organism(s).

2. _Facilitated Movement Corridetinear landscape element that provides for
survivorship and movement, but not necessarily natality, betweenhathigat
patches. Facilitated movement corridors actively increase lapésc
connectivity for the focal organism(s).

3. _Barrier _or Filter CorridefLinear landscape element that prohibits (i.e.,
barrier) or differentially impedes (i.e., filter) the floof energy, mineral
nutrients, and/or species across (i.e., flows perpendicular terigéh of the
corridor). Barrier or filter corridors actively decrease nmatonnectivity for
the focal process.

4. Source of Abiotic and Biotic Effects on the Surroundifetrix.—Linear
landscape element that modifies the inputs of energy, minera¢mstrand/or
species to the surrounding matrix and thereby effects the fumgiaifithe
surrounding matrix.

Most of the attention and debate has focusefhatitated movement corridors. It has
been argued that this corridor function can only be demonstrated wieen t
immigration rate to the target patch is increased over wheduld be if the linear
element was not present (Rosenberg et al. 1997). UnfortunatdRgsasberg et al.
point out, there have been few attempts to experimentally dematnghis. In
addition, just because a corridor can be distinguished on the basisctdrgt, it does
not mean that it assumes any of the above functions. Moreoveyrtigoh of the



corridor will vary among organisms due to the differences in hown@ge perceive
and scale the environment.

KEY POINT Corridors are distinguished from patches by their linear nature and
can be defined on the basis of either structure or function or both. If a
corridor is specified, it is incumbent upon the investigator or manager
to define the structure and implied function relative to the phenomena
(e.q., species) under consideration.

(3) Matrix.--A landscape is composed typically of several types of |apgselements
(usually patches). Of these, the matrix is the mostnekte and most connected
landscape element type, and therefore plays the dominant role fianti®ning of
the landscape (Forman and Godron 1986). For example, in a large contgemus
mature forest embedded with numerous small disturbance patches tifelmer
harvest patches), the mature forest constitutes the mémeet type because it is
greatest in areal extent, is mostly connected, and exeldsnaant influence on the
area flora and fauna and ecological processes. In most lpedsthe matrix type is
obvious to the investigator or manager. However, in some landscayssa certain
point in time during the trajectory of a landscape, the matermeht will not be
obvious. Indeed, it may not be appropriate to consider any elemehe asatrix.
Moreover, the designation of a matrix element is largelpeddent upon the
phenomenon under consideration. For example, in the study of geomorphological
processes, the geological substrate may serve to define thiex @nadr patches;
whereas, in the study of vertebrate populations, vegetation struotyeserve to
define the matrix and patches. In addition, what constitutes thixnsatlependent on
the scale of investigation or management. For example, atieupsar scale, mature
forest may be the matrix with disturbance patches embeddechwithereas, at a
coarser scale, agricultural land may be the matrix withureaforest patches
embedded within.

It is important to understand how measures of landscape pattenilaeaced by the
designation of a matrix element. If an element is desigredethatrix and therefore
presumed to function as such (i.e., has a dominant influence ocdpeddynamics),
then it should not be included as another "patch" type in any ntbaicsimply
averages some characteristic across all patches (e.g., patdnsize, mean patch
shape). Otherwise, the matrix will dominate the metric @mdesmore to characterize
the matrix than the patches within the landscape, although thys itself be
meaningful in some applications. From a practical standpoint, itnportant to
recognize this because in FRAGSTATS, the matrix can Hedea from calculations
by designating its class value as background. If the migtmrot excluded from the
calculations, it may be more meaningful to use the clas$deestics for each patch
type and simply ignore the patch type designated as the nfatom a conceptual
standpoint, it is important to recognize that the choice and retatfpn of landscape
metrics must ultimately be evaluated in terms of their ecabgimeaningfulness,
which is dependent upon how the landscape is defined, including the choidelof pa
types and the designation of a matrix.

KEY POINT It is incumbent upon the investigator or manager to determine whether
a matrix element exists and should be designated given the scale and
phenomenon under consideration.



THE IMPORTANCE OF SCALE

The pattern detected in any ecological mosaic is a functioscale, and the
ecological concept of spatial scale encompasses both extentaandFprman and
Godron 1986, Turner et al. 1989, Wiens 19&3jent is the overall area encompassed
by an investigation or the area included within the landscape boundam. &r
statistical perspective, the spatial extent of an invagiigas the area defining the
population we wish to sampl€rain is the size of the individual units of observation.
For example, a fine-grained map might structure information irita @nits, whereas
a map with an order of magnitude coarser resolution would have informati
structured into 10-ha units (Turner et al. 1989). Extent and graimedék upper and
lower limits of resolution of a study and any inferences abcalesiependency in a
system are constrained by the extent and grain of investigatiems 1989). From a
statistical perspective, we cannot extrapolate beyond the populatigpiesi, nor can
we infer differences among objects smaller than the expeminenits. Likewise, in
the assessment of landscape pattern, we cannot detect patterntheyexiént of the
landscape or below the resolution of the grain (Wiens 1989).

As with the concept of landscape and patch, it may be more emdlpgneaningful
to define scale from the perspective of the organism or ecalqgienomenon under
consideration. For example, from an organism-centered perspeptve,and extent
may be defined as the degree of acuity of a stationary srgawmith respect to short-
and long-range perceptual ability (Kolasa and Rollo 1991). Thus, grdireifinest
component of the environment that can be differentiated up close lmrgheism,
and extent is the range at which a relevant object can be diskiadui®m a fixed
vantage point by the organism (Kolasa and Rollo 1991). Unfortunathlie this is
ecologically an ideal way to define scale, it is not yaggmatic. Indeed, in practice,
extent and grain are often dictated by the scale of the mnég@., aerial photo scale)
being used or the technical capabilities of the computing environment.

It is critical that extent and grain be defined for a paricatudy and represent, to the
greatest possible degree, the ecological phenomenon or organism stndgr
otherwise the landscape patterns detected will have littl@ingeand there is a good
chance of reaching erroneous conclusions. For example, it woutteaeingless to
define grain as 1-ha units if the organism under consideration pey@ideresponds
to habitat patches at a resolution of i-m strong landscape pattern at the 1-ha
resolution may have no significance to the organism under stildwise, it would
be unnecessary to define grain as “mits if the organism under consideration
perceives habitat patches at a resolution of 1-ha. Typidaliyever, we do not know
what the appropriate resolution should be. In this case, it is naiehts choose a
finer grain than is believed to be important Remember, the greantse minimum
resolution of investigation. Once set, we can always dissolvectmaiser grain. In
addition, we can always specify a minimum mapping unit thab#ser than the
grain. That is, we can specify the minimum patch size to dmeesented in a
landscape, and this can easily be manipulated above the resolution dsta. It is
important to note that the technical capabilities of GIS witbpeet to image
resolution may far exceed the technical capabilities of theteesensing equipment.
Thus, it is possible to generate GIS images at too fineaduteon for the spatial data
being represented, resulting in a more complex representation ntdtecape than
can truly be obtained from the data.



Information may be available at a variety of scales anday tme necessary to
extrapolate information from one scale to another. In additionayt Ine necessary to
integrate data represented at different spatial scalekaslitbeen suggested that
information can be transferred across scales if both grain xedteare specified
(Allen et al. 1987), yet it is unclear how observed landscaperpatvary in response
to changes in grain and extent and whether landscape metratsenbtt different
scales can be compared. The limited work on this topic sugdestdandscape
metrics vary in their sensitivity to changes in scale and thatlitative and
guantitative changes in measurements across spatial scllegfer depending on
how scale is defined (Turner et al. 1989). Therefore, in investigabf landscape
pattern, until more is learned, it is critical that anempts to compare landscapes
measured at different scales be done cautiously.

KEY POINT One of the most important considerations in any landscape ecological
investigation or landscape structural analysisis (1) to explicitly define
the scale of the investigation or analysis, (2) to describe any observed
patterns or relationships relative to the scale of the investigation, and
(3) to be especially cautious when attempting to compare landscapes
measured at different scales.

LANDSCAPE CONTEXT

Landscapes do not exist in isolation. Landscapes are nested haitfen landscapes,
that are nested within larger landscapes, and so on. In other wactisandscape has
a context or regional setting, regardless of scale and haarttiscape is defined. The
landscape context may constrain processes operating within the dpeadsc
Landscapes are "open" systems; energy, materials, antissngamove into and out
of the landscape. This is especially true in practice, whardscapes are often
somewhat arbitrarily delineated. That broad-scale processesoaconstrain or
influence finer-scale phenomena is one of the key principles of theraheory
(Allen and Star 1982) and 'supply-side' ecology (Roughgarden dt9@r). The
importance of the landscape context is dependent on the phenomenon of, ibtgrest
typically varies as a function of the "openness" of the landsddpe'openness” of
the landscape depends not only on the phenomenon under consideration, but on the
basis used for delineating the landscape boundary. For example, drom
geomorphological or hydrological perspective, the watershed faamsatural
landscape, and a landscape defined in this manner might be consielateely
"closed". Of course, energy and materials flow out of imsi$cape and the landscape
context influences the input of energy and materials by affgclimate and so forth,
but the system is nevertheless relatively closed. Convefsaty,the perspective of a
bird population, topographic boundaries may have little ecologicalarete, and the
landscape defined on the basis of watershed boundaries might be considered
relatively "open" system. Local bird abundance patternsbhegyoduced not only by
local processes or events operating within the designated landboamdso by the
dynamics of regional populations or events elsewhere in the spetigs (Wiens
1981, 1989b, Vaisanen et al. 1986, Haila et al. 1987, Ricklefs 1987).

Landscape metrics quantify the pattern of the landscape witl@ndesignated
landscape boundary only. Consequently, the interpretation of thesesretd their
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ecological significance requires an acute awareness d¢értdecape context and the
openness of the landscape relative to the phenomenon under consideratien. Thes
concerns are particularly important for nearest-neighbor metXearest-neighbor
distances are computed solely from patches contained within thedpedsoundary.
If the landscape extent is small relative to the scalth@forganism or ecological
processes under consideration and the landscape is an "open" slatéra to that
organism or process, then nearest-neighbor results can bedirigle Consider a
small subpopulation of a species occupying a patch near the boundaspmwiewhat
arbitrarily defined (from the organism's perspective) landscHpe.nearest neighbor
within the landscape boundary might be quite far away, yet iny¢laé closest patch
might be very close, but just outside the landscape boundary. The mdagaftthis
problem is a function of scale. Increasing the size of the ¢apésrelative to the scale
at which the organism under investigation perceives and responds tovifusmment
will generally decrease the severity of this problem. Ireganthe larger the ratio of
extent to grain (i.e., the larger the landscape relativedcaverage patch size), the
less likely these and other metrics will be dominated by boureffagts.

KEY POINT The important point is that a landscape should be defined relative to
both the patch mosaic within the landscape as well as the landscape
context. Moreover, consideration should always be given to the
landscape context and the openness of the landscape relative to the
phenomenon under consideration when choosing and interpreting
landscape metrics.

PERSPECTIVES ON CATEGORICAL MAP PATTERNS

There are at least two different perspectives on catefonap patterns that have
profoundly influenced the development of landscape metrics and havetantpor
implications for the choice and interpretation of individual landsoagteics.

(1) Idand Biogeographic Model.—In the island biogeographic model, the emphasis is
on a single patch type; disjunct patches (e.g., habitat fragmardsyiewed as
analogues of oceanic islands embedded in an inhospitable or ecdbjogwmatral
background (matrix). This perspective emerged from the theory sknd
biogeography (MacArthur and Wilson 1967) and subsequent interest inthabita
fragmentation (Saunders et al. 1991). Under this perspective,isharginary patch
structure in which the focal patches (fragments) are embeddadneutral matrix.
Here, the emphasis is on the extent, spatial characterisimhution of the focal
patch type without explicitly considering the role of the matrtnder this
perspective, for example, connectivity may be assessed sp#tial aggregation of
the focal patch type without consideration of how intervening patcfiest ahe
functional connectedness among patches of the focal class. Tik hét@eography
perspective has been the dominant perspective since inception tfethny. The
major advantage of the island model is its simplicity. Givdacal patch type, it is
quite simple to represent the structure of the landscape in @hrrfeeal patches
contrasted sharply against a uniform matrix, and it is relgtisenple to devise
metrics that quantify this structure. Moreover, by considering tnatrix as
ecologically neutral, it invites ecologists to focus on thostetp attributes, such as
size and isolation, that have the strongest effect on spemisistpnce at the patch
level. The major disadvantage of the strict island model isittgsumes a uniform
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and neutral matrix, which in most real-world cases is a drasgr-simplification of
how organisms interact with landscape patterns.

(2) Landscape Mosaic Modd.—In the landscape mosaic model, landscapes are viewed
as spatially complex, heterogeneous assemblages of patch typels,oan not be
simply categorized into discrete elements such as patchts,raad corridors (With
2000). Rather, the landscape is viewed from the perspective of theisongar
process of interest. Patches are bounded by patches of dittetymes that may be
more or less similar to the focal patch type, as opposed to lightyasting and often
hostile habitats, as in the case of the island model. Connectositgxample, may be
assessed by the extent to which movement is facilitated odadpérough different
patch types across the landscape. The landscape mosaic pesgeates from
landscape ecology (Forman 1995) and has only recently emerged abla vi
alternative to the island biogeographic model. The major advantage tdndscape
mosaic model is its more realistic representation of hownsge perceive and
interact with landscape patterns. Few organisms, for examexhéit a binary (all or
none) response to habitats (patch types), but rather use haluiadstipnate to the
fitness they confer to the organism. Moreover, movement amondlsultabitat
patches usually is a function of the character of the interverabgalts. The major
disadvantage of the landscape mosaic model is that it requiegkedemnderstanding
of how organisms interact with landscape pattern, and this hasedeldne
development of additional metrics that adopt this perspective.

PATCHES & PATCHINESS: LEVELS OF LANDSCAPE
METRICS

Patches form the basis (or building blocks) for categorical ni2ggending on the
method used to derive patches (and therefore the data availdidg),can be
characterized compositionally in terms of variables measuréddnviiem. This may
include the mean (or mode, central, or max) value and internalobetesity
(variance, range). However, in most applications, once patclkieskan established,
the within-patch heterogeneity is ignored. Landscape pattemcsgtstead focus on
the spatial character and distribution of patches. While indivigatthes possess
relatively few fundamental spatial characteristics (esxe, perimeter, and shape),
collections of patches may have a variety of aggregate pmgmedepending on
whether the aggregation is over a single class (patch typmultiple classes, and
whether the aggregation is within a specified subregion of a lapesar across the
entire landscape. Commonly, landscape metrics may be defitteéatevels.

(1) Patch-level metrics are defined for individual patches, and characterize the spatial
character and context of patches. In most applications, patcitsregrve primarily
as the computational basis for several of the landscape médticexample by
averaging patch attributes across all patches in the atdasdscape; the computed
values for each individual patch may have little interpretive valdewever,
sometimes patch indices can be important and informative in landssabe-
investigations. For example, many vertebrates require sulabi¢at patches larger
than some minimum size (e.g., Robbins et al. 1989), so it would hd ts&how the
size of each patch in the landscape. Similarly, some spm@esdversely affected by
edges and are more closely associated with patch interiorsTengple 1986), so it
would be useful to know the size of the core area for each patchlantitscape. The
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probability of occupancy and persistence of an organism in a patchenajated to
patch insularity (sensu Kareiva 1990), so it would be useful to knowdheest
neighbor of each patch and the degree of contrast between the gratchis
neighborhood. The utility of the patch characteristic informatior wltimately
depend on the objectives of the investigation.

(2) Class-level metrics are integrated over all the patches of a given type jclass
These may be integrated by simple averaging, or through sorh@fsweighted-
averaging scheme to bias the estimate to reflect the greaméribution of large
patches to the overall index. There are additional aggregate peepatrithe class
level that result from the unique configuration of patches acrasgatidscape. In
many applications, the primary interest is in the amount andibdion of a
particular patch type. A good example is in the study of habéghfentation. Habitat
fragmentation is a landscape-level process in which contiguous habitat
progressively sub-divided into smaller, geometrically more com(héally, but not
necessarily ultimately), and more isolated habitat fragmenésrasult of both natural
processes and human land use activities (McGarigal and McComb 19%98). T
process involves changes in landscape composition, structure, andrfamzt occurs

on a backdrop of a natural patch mosaic created by changingiarsdénd natural
disturbances. Habitat loss and fragmentation is the prevalestttngj of landscape
change in several human-dominated regions of the world, and isasimayly
becoming recognized as a major cause of declining biodiversity (&usgel Sharpe
1981, Whitcomb et al. 1981, Noss 1983, Harris 1984, Wilcox and Murphy 1985,
Terborgh 1989, Noss and Cooperrider 1994). Class indices separatelifyqtient
amount and spatial configuration of each patch type and thus provide a toeans
quantify the extent and fragmentation of each patch type in the &pelsc

(3) Landscape-level metrics are integrated over all patch types or classes over the full
extent of the data (i.e., the entire landscape). Like classias, these may be
integrated by a simple or weighted averaging, or mayatefiggregate properties of
the patch mosaic. In many applications, the primary interest ke pattern (i.e.,
composition and configuration) of the entire landscape mosaic. A g@odpée is in
the study of wildlife communities. Aldo Leopold (1933) noted that viddtiiversity
was greater in more diverse and spatially heterogenous landscEpes, the
quantification of landscape diversity and heterogeneity has assupreéminent role
in landscape ecology. Indeed, the major focus of landscape ee®logyquantifying
the relationships between landscape pattern and ecological proggssssquently,
much emphasis has been placed on developing methods to quantify larmistampe
(e.g., O'Neill et al. 1988, Li 1990, Turner 1990, Turner and Garthft) and a great
variety of landscape-level metrics have been developed for this purpose

It is important to note that while most metrics at higherlsegees derived from patch-
level attributes, not all metrics are defined at all levétl particular, collections of
patches at the class and landscape level have aggregate prdpattae undefined
(or trivial) at lower levels. The fact that most higher-lenetrics are derived from
the same patch-level attributes has the further implicatiamthay of the metrics are
correlated. Thus, they provide similar and perhaps redundant infomgsgée below).

Even though many of the class- and landscape-level metricesesprthe same
fundamental information, naturally the algorithms differ sliglitige below).
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In addition, while many metrics have counterparts at aklevtheir interpretations
may be somewhat different. Patch-level metrics represensghtal character and
context of individual patches. Class-level metrics represenari@unt and spatial
distribution of a single patch type and may be interpreted as dératgtion indices.

Landscape-level metrics represent the spatial pattern adntire landscape mosaic
and may be interpreted more broadly as landscape heterogedais because they
measure the overall landscape structure. Hence, it is impdotanterpret each metric
in a manner appropriate to its level (patch, class, or laneicap

LANDSCAPE METRICS

The common usage of the term “landscape metrics” referaistxely to indices
developed for categorical map patterns. Landscape metrics |godthans that
guantify specific spatial characteristics of patches, ctasdepatches, or entire
landscape mosaics. A plethora of metrics has been developed to quatgggrical
map patterns. An exhaustive review of all published metrics,ftreras beyond the
scope of this chapter. These metrics fall into two generagodes: those that
quantify thecomposition of the map without reference to spatial attributes, and those
that quantify thespatial configuration of the map, requiring spatial information for
their calculation (McGarigal and Marks 1995, Gustafson 1998).

Composition is easily quantified and refers to features associatédthat variety and
abundance of patch types within the landscape, but without considerirsgétial
character, placement, or location of patches within the md8agause composition
requires integration over all patch types, composition metreenaly applicable at
the landscape-level. There are many quantitative measul&sdstcape composition,
including the proportion of the landscape in each patch type, patetesghpatch
evenness, and patch diversity. Indeed, because of the manynmaligch diversity
can be measured, there are literally hundreds of possible waysntify landscape
composition. Unfortunately, because diversity indices are derived fthe indices
used to summarize species diversity in community ecology, thifgrshe same
interpretative drawbacks. It is incumbent upon the investigator nagea to choose
the formulation that best represents their concerns. The prinoiglasures of
composition are:

» Proportional Abundance of each Class—One of the simplest and perhaps most
useful pieces of information that can be derived is the proportiomaatf elass
relative to the entire map.

» Richness.--Richness is simply the number of different patch types.

» Evenness.--Evenness is the relative abundance of different patch typ@salty
emphasizing either relative dominance or its compliment, equiyabihere are
many possible evenness (or dominance) measures corresponding rariie
diversity measures. Evenness is usually reported as a functitwe ofigximum
diversity possible for a given richness. That is, evennesvés gis 1 when the
patch mosaic is perfectly diverse given the observed patch richaess
approaches 0 as evenness decreases. Evenness is sometimes @pats
complement, dominance, by subtracting the observed diversity fromakienum
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for a given richness. In this case, dominance approaches 0 famuomax
equitability and increases >0 for higher dominance.

» Diversity.--Diversity is a composite measure of richness and eveamelssan be
computed in a variety of forms (e.g., Shannon and Weaver 1949, Simpson 1949),
depending on the relative emphasis placed on these two components.

Spatial configuration is much more difficult to quantify and refers to the spatial
character and arrangement, position, or orientation of patches whhiclass or
landscape. Some aspects of configuration, such as patch isolatiderocqatagion,
are measures of the placement of patch types relative to @turep, other patch
types, or other features of interest. Other aspects of cwafign, such as shape and
core area, are measures of the spatial character ofttfepaThere are many aspects
of configuration and the literature is replete with methods aditeés developed for
representing them (see previous references).

Configuration can be quantified in terms of the landscape unit {iself the patch).
The spatial pattern being represented is the spatial charather ioflividual patches,
even though the aggregation is across patches at the class or laniésedpThe
location of patches relative to each other is not explicitly ssgpted. Metrics
quantified in terms of the individual patches (e.g., mean parehasid shape) are
spatially explicit at the level of the individual patch, not tresslor landscape. Such
metrics represent a recognition that the ecological propeftepatch are influenced
by the surrounding neighborhood (e.g., edge effects) and that the udagoitthese
influences are affected by patch size and shape. These msetidg quantify, for the
class or landscape as a whole, some attribute of the stdtdistribution (e.g., mean,
max, variance) of the corresponding patch characteristic &@zg, shape). Indeed,
any patch-level metric can be summarized in this manner aahe and landscape
levels. Configuration also can be quantified in terms of théiasp@lationship of
patches and patch types (e.g., nearest neighbor, contagiosg. Mke&rics are spatially
explicit at the class or landscape level because the relatation of individual
patches within the patch mosaic is represented in some waynt&ticbs represent a
recognition that ecological processes and organisms are affegtedeboverall
configuration of patches and patch types within the broader patch mosaic

A number of configuration metrics can be formulated either mgeof the individual
patches or in terms of the whole class or landscape, depending amfiesis
sought. For example, perimeter-area fractal dimension iseasume of shape
complexity (Mandelbrot 1982, Burrough 1986, Milne 1991) that can be computed f
each patch and then averaged for the class or landscapeaonrkie computed from
the class or landscape as a whole by regressing the logarithatcbf perimeter on
the logarithm of patch area. Similarly, core area can be ceuhgat each patch and
then represented as mean patch core area for the classdscdpe, or it can be
computed simply as total core area in the class or landscap@udlygyione form can
be derived from the other if the number of patches is known and sarhédgrgely
redundant; the choice of formulations is dependent upon user preferertbe or
emphasis (patch or class/landscape) sought. The same is tauedonber of other
common landscape metrics. Typically, these metrics arealipakplicit at the patch
level, not at the class or landscape level.
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The principle aspects of configuration and a sample of repréisentzetrics are:

Patch size distribution and density.—The simplest measure of configuration is

patch size, which represents a fundamental attribute of thelsgaiacter of a

patch. Most landscape metrics either directly incorporatédnsite information or

are affected by patch size. Patch size distribution camienarized at the class
and landscape levels in a variety of ways (e.g., mean, mexd#n variance, etc.),
or, alternatively, represented as patch density, whichmglgithe number of

patches per unit area.

Patch shape complexity.--Shape complexity relates to the geometry of patches--

whether they tend to be simple and compact, or irregular and convbigok is

an extremely difficult spatial attribute to capture in a rodtecause of the infinite
number of possible patch shapes. Hence, shape metrics genedabyaverall
shape complexity rather than attempt to assign a value to each shape The
most common measures of shape complexity are based on the ratativat of
perimeter per unit area, usually indexed in terms of a p&e-area ratio, or as

a fractal dimension, and often standardized to a simple Euclidese ge.g.,
circle or square). The interpretation varies among the varf@sesnetrics, but in
general, higher values mean greater shape complexity oegasgiarture from
simple Euclidean geometry. Other methods have been proposed--radius of
gyration (Pickover 1990), contiguity (LaGro 1991), linearity indexdi@ison and
Parker 1992), and elongation and deformity indices (Baskent and Jordar 1995)
but these have not yet become widely used (Gustafson 1998).

Core Area.--Core area represents the interior area of patches afsarapecified

edge buffer is eliminated. The core area is the area uradfegtthe edges of the
patch. This “edge effect” distance is defined by the user tceleeant to the

phenomenon under consideration and can either be treated as fixed wdaidjus
each unique edge type. Core area integrates patch sipe, simal edge effect
distance into a single measure. All other things equal, sndtches with greater
shape complexity have less core area Most of the metritgiated with size

distribution (e.g., mean patch size and variability) can be fat@dlin terms of

core area.

I solation/Proximity.--Isolation/proximity refers to the tendency for patches to be

relatively isolated in space (i.e., distant) from other lpegcof the same or similar
(ecologically friendly) class. Because the notion of “isolatimmVague, there are
many possible measures depending on how distance is defined and Huoeeg pétc
the same class and those of other classes are treatgds thé nearest-neighbor
distance from patch i to another patch j of the same type, theavérage
isolation of patches can be summarized simply as the mean nesigigior
distance over all patches. Alternatively, isolation can be fatedlin terms of
both the size and proximity of neighboring patches within a Ineajhborhood
around each patch using the isolation index of Whitcomb et al. (1981) or
proximity index of Gustafson and Parker (1992), where the neighborhoot size
specified by the user and presumably scaled to the ecologioce¢ssr under
consideration. The original proximity index was formulated to consaidy
patches of the same class within the specified neighborhood. Thisy bina
representation of the landscape reflects an island biogeograpbjmegéve on
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landscape pattern. Alternatively, this metric can be fortedldo consider the
contributions of all patch types to the isolation of the focal patftecting a
landscape mosaic perspective on landscape patterns.

» Contrast.—Contrast refers to the relative difference among patch types.
example, mature forest next to younger forest might have a-lbondrast edge
than mature forest adjacent to open field, depending on how the notiontafst
is defined. This can be computed as a contrast-weighted edgty dehsire each
type of edge (i.e., between each pair of patch types) isnassaycontrast weight.
Alternatively, this can be computed as a neighborhood contrast whexe the
mean contrast between the focal patch and all patches within -apes#ied
neighborhood is computed based on assigned contrast weights. Relatiee to t
focal patch, if patch types with high contrast lead to gréstdation of the focal
patch, as is often the case, then contrast will be inverseledeto isolation (at
least for those isolation measures that consider all patch)type

» Digpersion.--Dispersion refers to the tendency for patches to be regubarl
contagiously distributed (i.e., clumped) with respect to each.othere are many
dispersion indices developed for the assessment of spatial poinhgasieme of
which have been applied to categorical maps. A common approachet @as
nearest-neighbor distances between patches of the same typa. thi§ is
computed in terms of the relative variability in nearestimeag distances among
patches; for example, based on the ratio of the variance to maasteeighbor
distance. Here, if the variance is greater than the meanitibeatches are more
clumped in distribution than random, and if the variance is less thameha,
then the patches are more uniformly distributed. This index candvaged over
all patch types to yield an average index of dispersion for d@melstape.
Alternative indices of dispersion based on nearest neighbor distaanebe
computed, such as the familiar Clark and Evans (1954) index.

» Contagion & Interspersion.—Contagion refers to the tendency of patch types to be
spatially aggregated; that is, to occur in large, aggregatetcamtagious”
distributions. Contagion ignores patchgs se and measures the extent to which
cells of similar class are aggregated. Interspersion, ootliee hand, refers to the
intermixing of patches of different types and is based entirely aoch p@s
opposed to cell) adjacencies. There are several different appsofir measuring
contagion and interspersion. One popular index that subsumes both dispadsion
interspersion is the contagion index based on the probability of findosll af
type i next to a cell of type j (Li and Reynolds 1993). This indereases in value
as a landscape is dominated by a few large (i.e., contigpated)es and decreases
in value with increasing subdivision and interspersion of patch types.ifdex
summarizes the aggregation of all classes and thereby providesasumm of
overall clumpiness of the landscape. McGarigal and Marks (1995)estugg
complementary interspersion/juxtaposition index that increasedue &a patches
tend to be more evenly interspersed in a "salt and pepper" miXtoese and
other metrics are generated from the matrix of pairwisacadgies between all
patch types, where the elements of the matrix are the propoofi@uges in each
pairwise type. There are alternative methods for calculatigsspecific
contagion using fractal geometry (Gardner and O’Neill 1991). Laitynia an
especially promising method borrowed from fractal geometry bgwbbntagion
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can be characterized across a range of spatial scEmick et al. 1993 and
1996, Dale 2000). The technique involves using a moving window and is
concerned with the frequency with which one encounters the focsd olaa
window of different sizes. A log-log plot of lacunarity againshdow size
expresses the contagion of the map, or its tendency to aggragatdiscrete
patches, across a range of spatial scales.

Subdivision.--Subdivision refers to the degree to which a patch type is broken up
(i.e., subdivided) into separate patches (i.e., fragments)the size (per se),
shape, relative location, or spatial arrangement of those patBeeause these
latter attributes are usually affected by subdivision,sitdifficult to isolate
subdivision as an independent component. Subdivision can be evaluated using a
variety of metrics already discussed; for example, the nundmrsity, and
average size of patches and the degree of contagion all indiedlyate
subdivision. However, a suite of metrics derived from the cumuldisteibution

of patch sizes provide alternative and more explicit measuresulmdivision
(Jaeger 2000). When applied at the class level, these meamcde used to
measure the degree of fragmentation of the focal patch typeiedpat the
landscape level, these metrics connote the graininess of the lagedsea the
tendency of the landscape to exhibit a fine- versus coarse-grdine. A fine-
grain landscape is characterized by many small patcheblyhsybdivided);
whereas, a coarse-grain landscape is characterized hyléege patches.

Connectivity.--Connectivity generally refers to the functional connections among
patches. What constitutes a "functional connection” between patdkarly
depends on the application or process of interest; patches that aretedrfoe

bird dispersal might not be connected for salamanders, seed disfrerspread,

or hydrologic flow. Connections might be based on strict adjacéoaghing),
some threshold distance, some decreasing function of distanceefieatsrthe
probability of connection at a given distance, or a resistaighted distance
function. Then various indices of overall connectedness can be derivetidmase
the pairwise connections between patches. For example, one such index
connectance, can be defined on the number of functional joinings, where each pair
of patches is either connected or not. Alternatively, fnoencolation theory,
connectedness can be inferred from patch density or be givenresareisponse,
indicating whether or not a spanning cluster or percolatingerléstists; i.e., a
connection of patches of the same class that spans acrossitaelagmtscape
(Gardner et al. 1987). Connectedness can also be defined in tecorsetdtion
length for a raster map comprised of patches defined as clustersnotated
cells. Correlation length is based on the average extenssvehesnnected cells.

A map's correlation length is interpreted as the averagandisstone might
traverse the map, on average, from a random starting point anchgniovia
random direction, i.e., it is the expected traversibility &f thap (Keitt et al.
1997).

STRUCTURAL VERSUSFUNCTIONAL METRICS

Landscape metrics can also be classified according to whatheat they measure
landscape patterns with explicit reference to a particutdogical processructural
metrics can be defined as those that measure the physical composition or
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configuration of the patch mosaic without explicit referencente@logical process.
The functional relevance of the computed value is left for intgmpon during a
subsequent step. Most landscape metrics are of thisRypetional metrics, on the
other hand, can be defined as those that explicitly measure lpadgattern in a
manner that is functionally relevant to the organism or process godsideration.
Functional metrics require additional parameterization prior tio taéculation, such
that the same metric can return multiple values depending onehspeifications.
The difference between structural and functional metrics is ithestrated with an
example. As conventionally computed, mean nearest neighbor dissabesed on
the distances between neighboring patches of the same classo3die is in essence
treated as a binary landscape (i.e., patches of the focalvdesus everything else).
The composition and configuration of the intervening matrix is ignored.
Consequently, the same landscape can only return a single waltieisf metric.
Clearly, this is a structural metric because the functiorednimg of any particular
computed value is left to subsequent interpretation. Conversely, cwitgaoietrics
that consider the permeability of various patch types to moveofi¢né organism or
process of interest are functional metrics. Here, everjhpatthe mosaic contributes
to the calculation of the metric. Moreover, there are an infmi@ber of values that
can be returned from the same landscape, depending on the pdtyneadificients
assigned to each patch type. Given a particular paranatenzthe computed metric
is in terms that are already deemed functionally relevant.

LIMITATIONSIN THE USE AND INTERPRETATION OF
METRICS

All landscape metrics represent some aspect of landscapenpbtvevever, the user
must first define the landscape, including its extent and grairtrengatches that
comprise it, before any of these metrics can be computed. lioagidor many of the
metrics, the user must specify additional input parametere sgcedge effect
distance, edge contrast weights, and search distance. Heeamnputed value of
any metric is merely a function of how the investigator chosdefine and scale the
landscape. If the measured pattern of the landscape does napoodiag to a
pattern that is functionally meaning for the organism or progedsr consideration,
then the results will be meaningless. For example, theiarifer defining a patch
may vary depending on how much variation will be allowed within ahpato the
minimum size of patches that will be mapped, and on the components syfsteen
that are deemed ecologically relevant to the phenomenon ofsint€nestafson 1998).
Ultimately, patches occur on a variety of scales, and 4 étany given scale has an
internal structure that is a reflection of patchiness at famales, and the mosaic
containing that patch has a structure that is determined Ryipeds at broader scales
(Kotliar and Wiens 1990). Thus, regardless of the basis for defipaighes, a
landscape does not contain a single patch mosaic, but containsrahyesf patch
mosaics across a range of scales. Indeed, patch boundaaetfiarally imposed and
are in fact meaningful only when referenced to a particulae gcal, grain size and
extent). It is incumbent upon the investigator to establish the fmswelineating
among patches and at a scale appropriate to the phenomenon undéeratosi
Extreme caution must be exercised in comparing the values datsnedbmputed for
landscapes that have been defined and scaled differently.
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Given the subjectivity in defining patches, surface pattern tgakaican provide an
objective means to help determine the scale of patchiness (§ausf§98). In many
studies, the identification of patches reflects a minimum mapyiitgthat is chosen
for practical or technical reasons and not for ecological reastur$ace pattern
analysis can provide insight into the scale of patchiness and whbtrer are
hierarchies of scale. This information can then provide the embpibasis for
choosing the scale for mapping patches, rather than relying oncthubjend
somewhat arbitrary criteria. Despite the complimentarymeadf surface pattern and
categorical map pattern techniques, few studies have adopted tluacppr

The format (raster versus vector) and scale (grain and extetit¢ data can have a
profound influence on the value of many metrics. Because vector aed fasats
represent lines differently, metrics involving edge or perimstitibe affected by the
choice of formats. Edge lengths will be biased upward in rdster because of the
stair-step outline, and the magnitude of this bias will varselation to the grain or
resolution of the image. In addition, the grain-size of rastendbdata can have a
profound influence on the value of certain metrics. Metrics involvinge edr
perimeter will be affected; edge lengths will be biased upwargsoportion to the
grain size—larger grains result in greater bias. Metriaseth on cell adjacency
information such as the contagion index of Li and Reynolds (1993) waiffbeted as
well, because grain size effects the proportional distributioadjacencies. In this
case, as resolution is increased (grain size reduced), adperponal abundance of
like adjacencies (cells of the same class) increasesthendneasured contagion
increases. Finally, the boundary of the landscape can havecaqaahfluence on the
value of certain metrics. Landscape metrics are computed shtety patches
contained within the landscape boundary. If the landscape exteangikrslative to
the scale of the organism or ecological process under congdesiat the landscape
is an “open” system relative to that organism or process, thematric will have
guestionable meaning. Metrics based on nearest neighbor distaeceplmying a
search radius can be particularly misleading. Consider, fomgea a local
population of a bird species occupying a patch near the boundarysahewhat
arbitrarily defined landscape. The nearest neighbor within the Igmeldsaundary
might be quite far away; yet, in reality, the closest Ipatight be very close but just
outside the designated landscape boundary. In addition, those metriesfilay a
search radius (e.g., proximity index) will be biased for patctess the landscape
boundary because the searchable area will be much less thah apae interior of
the landscape. In general, boundary effects will increase atanldscape extent
decreases relative to the patchiness or heterogeneity afitiechpe.

In addition to these technical issues, current use of landscapesngetonstrained by
the lack of a proper theoretical understanding of metric behavherinferpretation of

a landscape metric is contingent upon having an adequate understahdiog it
responds to variation in landscape patterns (e.g., Gustafson and 22ReHargis et

al. 1998, Jaeger 2000). Failure to understand the theoretical beha¥iemoétric can
lead to erroneous interpretations (e.g., Jaeger 2000). Neutralsr{@edner et al.
1987, Gardner and O’Neill 1991, With 1997) provide an excellent way to egami
metric behavior under controlled conditions because they control thesgroce
generating the pattern, allowing unconfounded links between variatipattern and
the behavior of the index (Gustafson 1998).
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The interpretation of landscape metrics is further plaguechéyack of a proper
spatial and temporal reference framework. Landscape metrinfguhe pattern of a
landscape at a snapshot in time. Yet it is often difficutiptfimpossible, to determine
the ecological significance of the computed value without understaice range of
natural variation in landscape pattern. For example, in disturzhmomated
landscapes, patterns may fluctuate widely over time in responsgiee interplay
between disturbance and succession processes (e.g., Wallin 196] He and
Mladenoff 1999, Haydon et al. 2000, Wimberly et a. 2000). It is &gtberefore,
that landscape metrics should exhibit statistical distributibat reflect the natural
spatial and temporal dynamics of the landscape. By comparisors tdighibution, a
more meaningful interpretation can be assigned to any computed value.
Unfortunately, despite widespread recognition that landscapeyraeit, there is a
dearth of empirical work quantifying the range of natural vamatin landscape
pattern metrics. This remains one of the greatest challergggsonting landscape
pattern analysis.

Although the literature is replete with metrics now availabledescribe landscape
pattern, there are still only two major components--composition anfigaration,
and only a few aspects of each of these. Metrics often measiiiple aspects of this
pattern. Thus, there is seldom a one-to-one relationship between wadties and
pattern. Most of the metrics are in fact correlated amongigbkes (i.e., they
measure a similar or identical aspect of landscape pattecapde there are only a
few primary measurements that can be made from patches {pgadclarea, edge, and
neighbor type), and most metrics are then derived from these pnneasures. Some
metrics are inherently redundant because they are alterngseofveepresenting the
same basic information (e.g., mean patch size and patch Jemsitgther cases,
metrics may be empirically redundant; not because they metimusgame aspect of
landscape pattern, but because for the particular landscapes iondstigation,
different aspects of landscape pattern are statisticaltglated. Several investigators
have attempted to identify the major components of landscape ffatté¢ne purpose
of identifying a parsimonious suite of independent metrics (eigand Reynolds
1995, McGarigal and McComb 1995, Ritters et al. 1995). Although thieskes
suggest that patterns can be characterized by only a handtuhpbnents, consensus
does not exist on the choice of individual metrics. These studiescsastrained by
the pool of metrics existing at the time of the investigatioive the expanding
development of functional metrics, particularly those based lamdscape mosaic
perspective, it seems unlikely that a single parsimonious $&t.ekltimately, the
choice of metrics should explicitly reflect some hypothesis alboet observed
landscape pattern and what processes or constraints might be respéorsithlat
pattern.

In summary, the importance of fully understanding each landscapie ivefore it is
selected for interpretation cannot be stressed enough. Specifitebe questions
should be asked of each metric before it is selected for intatipret

* Does it represent landscape composition or configaratr both?

» What aspect of composition or configuration does iesemt?

» s it spatially explicit, and, if so, at theg¥a, class-, or landscape-level?
* How is it effected by the designation of d@rmalement?
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» Does it reflect an island biogeographic or landscapgaic perspective of
landscape pattern

* How does it behave or respond to variation in landscéeenfa

* What is the range of variation in the metric unaerappropriate spatio-
temporal reference framework?

Based on the answers to these questions, does the metric mefardecape pattern
in a manner and at a scale ecologically meaningful to the phenomertar
consideration? Only after answering these questions should one atterdpw
conclusions about the pattern of the landscape.
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