Fragstats L andscape M etrics

General Considerations

Metrics involving standard deviation employ the population standard dmviirmula,
not the sample formula, because all patches in the landscapas@rare included in the
calculations. In other words, the landscape is considered a populationclégaind
every patch is counted; FRAGSTATS does not sample patches frofanthecape, it
censuses the entire landscape. Even if each landscape represanfdeafrom a larger
region, it is still more appropriate to compute the standard deviaiogach landscape
using the population formula. In this case it would be appropriate tadhessample
formula when calculating the variation among landscapes usinqRAGETATS output
for each landscape. The difference between the population amglesdormulas is
insignificant when sample sizes (i.e., number of patches) aye (arg., > 20). However,
when quantifying landscapes with a small number of patches theeddts can be
significant.

FRAGSTATS computes several statistics for each patch aed iglahe landscape and
for the landscape as a whole. At the class and landscape level,o$dime metrics
guantify landscape composition, while others quantify landscape cottiogurahs
previously discussed, composition and configuration can affect ecdlquiceesses
independently and interactively. Thus, it is especially impor@aninderstand for each
metric what aspect of landscape structure is being quantifiediditican, many of the
metrics are partially or completely redundant; that is, thewntifyaa similar or identical
aspect of landscape structure. In most cases, redundant meliribe wery highly or
even perfectly correlated. For example, at the landscape pateh density(PD) and
mean patch sizéMPS) will be perfectly correlated because they repreentsame
information. These redundant metrics are alternative ways psésenting the same
information; they are included in FRAGSTATS because the prefefoem of
representing a particular aspect of landscape structure idr dihong applications and
users. It behooves the user to understand these redundancies, becauest in m
applications only 1 of each set of redundant metrics should be erdploye important
to note that in a particular application, some metrics may berieailyi redundant; not
because they measure the same aspect of landscape structubscéuge for the
particular landscapes under investigation, different aspects of &pelstructure are
statistically correlated. The distinction between this formedfindancy and the former is
important, because little can be learned by interpreting csethiat are inherently
redundant, but much can be learned about landscapes by interpretings et are
empirically redundant.

Many of the patch indices have counterparts at the class andtdped&evels. For
example, many of the class indices (e.g., mean shape indexjempthe same basic
information as the corresponding patch indices (e.g., patch shape ingiekjstead of

considering a single patch, they consider all patches of &ydarttype simultaneously.



Likewise, many of the landscape indices are derived from patcltass characteristics.
Consequently, many of the class and landscape indices are comqmuueg@atch and
class statistics by summing or averaging over all patchelagsses. Even though many of
the class and landscape indices represent the same fundamentaiioior naturally the
algorithms differ slightly (see Appendix C). Class indices espnt the spatial
distribution and pattern within a landscape of a single patch typereas, landscape
indices represent the spatial pattern of the entire landscapénumsssidering all patch
types simultaneously. Thus, even though many of the indices have coustetptre
class and landscape levels, their interpretations may be somefleent. Most of the
class indices can be interpreted as fragmentation indicesidgedhey measure the
fragmentation of a particular patch type; whereas, most of tlisdape indices can be
interpreted more broadly as landscape heterogeneity indices ddbaysmeasure the
overall landscape structure. Hence, it is important to integaelh index in a manner
appropriate to its scale (patch, class, or landscape).

AreaMetrics

FRAGSTATS computes several simple statistics represeategat the patch, class, and
landscape levels (Table 1). Area metrics quantify landscape ciimposot landscape
configuration. Thearea (AREA) of each patch comprising a landscape mosaic isapsrh
the single most important and useful piece of information containée ilmmdscape. Not
only is this information the basis for many of the patch, classlaaudcape indices, but
patch area has a great deal of ecological utility in ite oght. For example, there is
considerable evidence that bird species richness and the occuareh@dundance of
some species are strongly correlated with patch size f@afpbins et al. 1989). Thus,
patch size information alone could be used to model species s¢hpash occupancy,
and species distribution patterns in a landscape given the approprgigical
relationships derived from field studies.

Class area(CA) is a measure of landscape composition; specifically, tmoich of the

landscape is comprised of a particular patch type. This is an Bnparteasure in a
number of ecological applications. For example, an important by-pramfubibitat

fragmentation is quantitative habitat loss. In the study of féragimentation, therefore,
it is important to know how much of the target patch type (hab#agts within the

landscape. In addition, although many vertebrate species that g@eoiala particular
habitat have minimum area requirements (e.g., Robbins et al. 1989%|l reecies

require that suitable habitat to be present in 1 contiguous paictexBmple, northern
spotted owls have minimum area requirements for late-seralt fdhed varies

geographically; yet, individual spotted owls use late-seral fdhas may be distributed
among many patches (Forsman et al. 1984). For this species,ri@téesest area might
be a good index of habitat suitability within landscapes the sizpatted owl home
ranges (Lehmkuhl and Raphael 1993). In addition to its direct interpnredlue, class
area is used in the computations for many of the class and landscape metrics.

Total landscape aredTA) often does not have a great deal of interpretive valule wit
regards to evaluating landscape structure, but it is impdreatuse it defines the extent



of the landscape. Moreover, total landscape area is used in tpatations for many of
the class and landscape metrics. Total landscape area is thesdeoth a class and
landscape index (and included in the corresponding output files) betasismportant
regardless of whether the primary interest is in class or landscape indices

For a categorized list of FRAGSTATS output metrics seeFHIRAGSTATS Metrics
List document.

These metrics quantify area in absolute terms (hectaras)often desirable to quantify
area in relative terms as a percentage of total landscapeTdrerefore, at the class level,
FRAGSTATS computes thpercent of landscap€6LAND) occupied by each patch
type. At the patch level, tHandscape similarity inded_SIM) equals the percent of the
landscape occupied by the same patch type as the patch (and iteat|tiv@LAND). It

is included as a patch characteristic because some ecolpgipatties of a patch can be
influenced by the abundance of similar patches in the surrounding daedsEor
example, island biogeographic theory predicts that the probalilggtoh occupancy for
some species or species richness is a function of both patch size and isolatiarti{iia
and Wilson 1967). One aspect of isolation is the amount of similar habttan a
specified distance. Thus, the dynamics of a local population contaitied a patch are
likely to be influenced by the size of the metapopulation occuphi@gntire landscape.
Indeed, there is some evidence that regional habitat availdiakty strong influence on
local bird populations at the patch level (e.g., Askins and Philbrad7)l Finally,
FRAGSTATS computes largest patch indeXLPI) at the class and landscape levels that
guantifies the percentage of total landscape area comprised by the latdest pa

Area metrics have limitations imposed by the scale of iny&tstin. Minimum patch size
and landscape extent set the lower and upper limits of thesenatges, respectively.
These are critical limits to recognize because theypkstahe lower and upper limits of
resolution for the analysis of landscape composition and pattern. @tbethese area
metrics have few limitations.

Patch-Level Example.--Figure 4 depicts 3 patches extractedafieample landscape that
vary in size and landscape similarity. Roughly 50% of the landssagimilar to patch A
(%LAND) and thus comprised of mixed, large sawtimber (MLS).dnti@ast, patches B
and C represent relatively rare patch types because only 8% of the landscapprised
of the respective patch types. Thus, patch A is less insular themepaB and C. The
dynamics of some ecological processes are likely to be different amohggaicB, and
C. For example, an organism inhabiting patch A and dependent on mixed, larg
sawtimber is likely to experience a different population dynahan a similar organism
occupying either patch B or C because of the larger regional popus&#e and probable
increased interaction among individuals inhabiting the landscape. Oatliee hand,
because of their rarity, patches B and C would probably contributetmtaenal species
richness than patch A.

Class-Level Example.--Figure 5 depicts 3 sample landscapegattyah the amount and
pattern of mixed, large sawtimber habitat. Accordinglass area(CA), landscapes B



and C have more than 10 times as much mixed, large sawtimbetatigstape A.
Roughly 50% of landscapes B and C are mixed, large sawtimbanirast to only 5%
of landscape A, according to tlpercent of landscap€6LAND) measure. Thus, the
dynamics of some ecological processes are likely to be gdfezedit in landscape A
than in either B or C. For example, populations of organisms associated with farge
sawtimber habitat are likely to be much smaller in landscape A and perhaps gubje

higher probability of local extinction than in either B or C. @a bther hand, the mixed,
large sawtimber habitat in landscape A probably contributes propddipmaore to
landscape diversity and species richness than in either B or C.

In addition, althougltlass areaandpercent of landscapmdicate that landscapes B and
C are similar in composition with respect to mixed, large isalvdr habitat, other indices
suggest that they vary greatly in configuration. For examplejatfgest patch index
(LPI) represents the 3 landscapes along a continuum from mieststofragmented, and
clearly distinguishes between landscapes B and C in termsiadgciape configuration.
The largest patch in landscape B comprises only 17% of the landsghpeeas in
landscape C it comprises 47% of the landscape. Thus, although migedsdartimber is
equally abundant in both landscapes, thegest patch indexindicates that it is
fragmented into smaller patches in landscape B than in landscape C.

Landscape-Level Example.--Figure 6 depicts 3 sample landscdgaés vary in
composition and pattern. THargest patch indeXLPI) indicates that almost half of
landscape C, the least heterogeneous landscape, is comprisgdgié patch. However,
the largest patch in landscape A comprises much more of the |padbem the largest
patch in landscape B, even though landscape A is considerably memegeeeous than
B. If a single large patch comprising > 25% is important forpilessence of a particular
species, then landscape A could include suitable habitat but landseapddnot. This
illustrates both the potential usefulness of this index in parti@patications and the
limitations of this index as a measure of overall heterogeneity

Patch Density, Size and Variability Metrics

FRAGSTATS computes several simple statistics represetiimgiumber or density of
patches, the average size of patches, and the variation in patcht dize class and
landscape levels (Table 1). These metrics usually are bestiemus as representing
landscape configuration, even though they are not spatially expéeisumesNumber of
patches(NP) of a particular habitat type may affect a varietyeoblogical processes,
depending on the landscape context. For example, the number of patghdstenaine
the number of subpopulations in a spatially-dispersed population, or metapopuiati
species exclusively associated with that habitat type. The number of subposutatild
influence the dynamics and persistence of the metapopulation (Gilghikl@nski 1991).
The number of patches also can alter the stability of specisactions and
opportunities for coexistence in both predator-prey and competitstersy (Kareiva



1990). In addition, habitat subdivision, as indexed by the number of patchesffewy
the propagation of disturbances across a landscape (Franklin and Forman 1987)
Specifically, a patch type that is highly subdivided may be meststent to the
propagation of some disturbances (e.g., disease, fire, etc.), anddreukely to persist
in a landscape than a patch type that is contiguous. Converselat Hedmiments may
suffer higher rates of disturbance for some disturbance t{ggs windthrow) than
contiguous habitats. The number of patches in a landscape mosaic (@ooles patch
types) can have the same ecological applicability, but moen aitrves as a index of
spatial heterogeneity of the entire landscape mosaic. A landsathpa greater number
of patches has a finer grain; that is, the spatial heterogeitrs at a finer resolution.
Although the number of patches in a class or in the landscape enfyntbamentally
important to a number of ecological processes, often it does not hgvatewpretive
value by itself because it conveys no information about areabdisbr, or density of
patches. Of course, if total landscape area and class arbaldrconstant, then number
of patches conveys the same information as patch density or @ieansfze and it could
be a useful index to interpret. Number of patches is probably miostole, however, as
the basis for computing other, more interpretable, metrics.

Patch density(PD) is a limited, but fundamental, aspect of landscape strud®ateh
density has the same basic utility as number of patches asder, iexcept that it
expresses number of patches on a per unit area basis thtdtéscitomparisons among
landscapes of varying size. Of course, if total landscaeigadgeld constant, then patch
density and number of patches convey the same information. If nuofeasches, not
their area or distribution, is particularly meaningful, then patchitgyefts a particular
patch type could serve as a good fragmentation index. Holding aleasconstant, a
landscape with a greater density of patches of a target patewtypd be considered
more fragmented than a landscape with a lower density of pabdElbat patch type.
Similarly, the density of patches in the entire landscape maosaid serve as a good
heterogeneity index because a landscape with greater patchydeoslid have more
spatial heterogeneity.

Another class and landscape index based on the number of patcheasnigatch size
(MPS). As discussed previously, the area of each patch congpaisamdscape mosaic is
perhaps the single most important and useful piece of informatiotaiced in the
landscape. The area comprised by each patch type (class) i eoupertant. For
example, progressive reduction in the size of habitat fragmemtkey component of
habitat fragmentation. Thus, a landscape with a smaller meam giat for the target
patch type than another landscape might be considered more fragmSimslarly,
within a single landscape, a patch type with a smaller meah pat than another patch
type might be considered more fragmented. Thus, mean patch sigerearas a habitat
fragmentation index, although the limitations discussed below mageethi utility in
this respect.

Like patch area, the range in mean patch size is ultimabelstrained by the grain and
extent of the image and minimum patch size; relationships canndétbeted beyond
these lower and upper limits of resolution. Mean patch size atabelevel is a function



of the number of patches in the class and total class areantiast, patch density is a
function of total landscape area. Therefore, at the class lbesk 2 indices represent
slightly different aspects of class structure. For exanleandscapes could have the
same number and size distribution of patches for a given clashasdhave the same
mean patch size; yet, if total landscape area differed, patch density earddyldifferent
between landscapes. Alternatively, 2 landscapes could have thensarber of patches
and total landscape area and thus have the same patch densifyGlgss area differed,
mean patch size could be very different between landscapes. difiesences should be
kept in mind when selecting class metrics for a particular @gpin. In addition,
although mean patch size is derived from the number of patchessindbeonvey any
information about how many patches are present. A mean patch sife led could
represent 1 or 100 patches and the difference could have profound ecological
implications. Furthermore, mean patch size represents the aweradjgon. Variation in
patch size may convey more useful information. For example, a pagetm size of 10 ha
could represent a class with 5 10-ha patches or a class with, 3, 30-, and 30-ha
patches, and this difference could be important ecologically. Fee tteasons, mean
patch size is probably best interpreted in conjunction with totad elesa, patch density
(or number of patches), and patch size variability.

At the landscape level, mean patch size and patch density are footttian of number
of patches and total landscape area. In contrast to the clagsthes® indices are
completely redundant. Although both indices may be useful for "describingmiore
landscapes, they would never be used simultaneously in a sth@stalysis of landscape
structure. Including both of these indices in a discriminant anafgsi®xample, would
cause a singularity in the correlation matrix and inhibit the eigenasalys

In many ecological applications, second-order statistics, sutheagariation in patch
size, may convey more useful information than first-order stsjstuch as mean patch
size. Variability in patch size measures a key aspect ofdapdsheterogeneity that is not
captured by mean patch size and other first-order statiftorsexample, consider 2
landscapes with the same patch density and mean patch size, bweryittifferent
levels of variation in patch size. Greater variability indisdtess uniformity in pattern
either at the class level or landscape level and may trefiferences in underlying
processes affecting the landscapes. Variability is a difftbulg to summarize in a single
metric. FRAGSTATS computes 2 of the simplest measures of bilagiastandard
deviation and coefficient of variation.

Patch size standard deviatigRSSD) is a measure of absolute variation; it is a function
of the mean patch size and the difference in patch size amongsalths, although
patch size standard deviation conveys information about patch sizeiltgriat is a
difficult parameter to interpret without doing so in conjunction witkam patch size
because the absolute variation is dependent on mean patch size. Fa@eexam
landscapes may have the same patch size standard deviatiob) évg;, ,yet 1 landscape
may have a mean patch size of 10 ha, while the other may hasarapatch size of 100
ha. In this case, the interpretations of landscape structure wouldbdifferent, even
though absolute variation is the same. Specifically, the fornrmeistape has greatly



varying and smaller patch sizes, while the latter has moreramif-sized and larger
patches. For this reasgmatch size coefficient of variatideSCV) is generally preferable
to standard deviation for comparing variability among landscapesh Bae coefficient
of variation measures relative variability about the mean Vagiability as a percentage
of the mean), not absolute variability. Thus, it is not necessdmaw mean patch size
to interpret the coefficient of variation. Nevertheless, patzl soefficient of variation
also can be misleading with regards to landscape structure ab$leace of information
on the number of patches or patch density and other structural ehstms. For
example, 2 landscapes may have the same patch size coefifciamiation, e.g., 100%;
yet 1 landscape may have 100 patches with a mean patch size qfvilfilbahe other
may have 10 patches with a mean patch size of 100 ha. In thisheasdgerpretations of
landscape structure could be very different, even though the ceeffadi variation is the
same. Ultimately, the choice of standard deviation or coefficienariation will depend
on whether absolute or relative variation is more meaningful intecylar application.
Because these measures are not wholly redundant, it may be gfglatainnterpret both
measures in some applications.

It is important to keep in mind that both standard deviation and coeffiofevariation
assume a normal distribution about the mean. In a real landscape, the distributich of pa
sizes may be highly irregular. It may be more informatigeirispect the actual
distribution itself, rather than relying on summary statissush as these that make
assumptions about the distribution and therefore can be misleading. Alsahaiopatch
size standard deviation and coefficient of variation can equal 0 uhddifferent
conditions: (1) when there is only 1 patch in the landscape; and (2) twaee is more
than 1 patch, but they are all the same size. In both casesistnergariability in patch
size, yet the ecological interpretations could be different.

Class-Level Example.--Figure 5 depicts 3 sample landscapesattyah the amount and
pattern of mixed, large sawtimber habitat. Becaota landscape aredTA) is similar
among the landscapasymber of patche@NP) andpatch densityfPD) convey the same
information. Although the 3 landscapes vary considerably in both amount and
distribution of mixed, large sawtimberumber of patcheandpatch densityalone do not
capture these landscape structural differences very well. Bonpde, landscapes A and
B differ dramatically in amounts of this patch type, yet have atheusame number and
density of patches. The number and density of patches do indicate, hothavehe
mixed, large sawtimber is more subdivided in landscape B than &pel€; and because
class area(CA) is similar among landscapes, landscape B can be coatsiteore
fragmented than landscape C.

In contrast to the previous indicesean patch sizéMPS) does a good job of ranking the
3 landscapes with respect to mixed, large sawtimber fragtientéA being most
fragmented, C being least). Howevenean patch sizeas most informative when
interpreted in conjunction witblass areapatch densityand patch size variabilitfpatch
size standard deviatioPSSD) measures absolute variation in patch size and isedffec
by the average patch siZeatch size standard deviation landscape A is several times
smaller than in landscape B, reflecting the smaller pat@s sizlandscape A. However,



according tgpatch size coefficient of variatiqeSCV), these 2 landscapes have similar
variability in patch sizes relative to their respective mpatch sizes (i.e., standard
deviation roughly equivalent to the mean in both landscapes). Theergpaath size
coefficient of variationin landscape C compared to the other landscapes indicates a much
larger relative variation in patch size.

According to these area metrics, it is apparent that landgeaqmntains several small
and similar-sized mixed, large sawtimber patches. LandscapksdBcontains several
similar-sized mixed, large sawtimber patches, but the patcaesnwch larger. Thus, the
mixed, large sawtimber in landscapes A and B is fragmentadstmilar a degree, but
landscape A has lost more of this habitat than has landscapeeBall, landscape A is
much farther along in the fragmentation process than landsca&pienBarly, landscape B
and C contain the same amount of mixed, large sawtimber, but thathsalfiragmented
into a greater number of smaller fragments in landscape Buseoaf past timber
management activities. Thus, the mixed, large sawtimber habitabie fragmented in
landscape B than in landscape C, although they have both undergone tluegesaeof
habitat loss. Finally, landscapes A and B have been subject tergnaatan disturbance
in the form of timber management activities than landscape CGerBiites in patch size
variability suggest that the human-altered landscapes containunidoemity in patch
size than the unaltered landscape.

Landscape-Level Example.--Figure 6 depicts 3 sample landscidyaes vary in
composition and pattern. Becaut#al landscape areqTA) is similar among the
landscapespumber of patche@NP), patch densitfPD), andmean patch sizéMPS) all
convey the same information. All 3 metrics do a good job of reptiegethe strong
landscape diversity or heterogeneity gradient among landscaplesudiit these metrics
indicate that the habitat patterns in landscape A are much fiaered than those in B
and C, they do not indicate anything about the number of differert pgtes present or
their relative abundance and spatial distribution. Thus, these nagicsore meaningful
when considered in conjunction with other indices.

According topatch size standard deviatioffPSSD), in absolute terms, patch size in
landscape A is much less variable than in landscape C. Sixtpdnomnt of the patches
in landscape A are within 20 ha difference in size (x 1 standaidtib®); whereas 65%
of the patches in landscape C are within 100 ha difference inT$ireefore, based on
standard deviation, the variation in patch size is much greater idstape C than
landscape A. However, accordingpatch size coefficient of variatidiSCV), relative

to mean patch size, the patches in landscape A are actually nawehvariable in size
than in landscape C. Hence, depending on whether you view variation in absolut¢ (PSSD
or relative (PSCV) terms, you can reach very different ecmnwhs regarding these
landscapes. Ultimately, the choice between measures will depeheé apylication, but
in most cases coefficient of variation is more meaningful.

Edge Metrics



FRAGSTATS computes several statistics representing the arnbewlige or degree of
edge contrast at the patch, class, and landscape levels (Tablge)nEulics usually are
best considered as representing landscape configuration, even ttimyglare not
spatially explicit at all. Total amount of edge in a landscepé@nportant to many
ecological phenomena. In particular, a great deal of attentiohdg®msgiven to wildlife-
edge relationships (Thomas et al. 1978 and 1979, Strelke and Dickson 1980 kiuiga
Gates 1982, Logan et al. 1985). In landscape ecological investigatioas of the
presumed importance of spatial pattern is related to edge efféetdorest edge effect,
for example, results primarily from differences in wind andhtligpmtensity and quality
reaching a forest patch that alter microclimate and disturbaaies (e.g., Gratkowski
1956, Ranney et al. 1981, Chen and Franklin 1990). These changes, in comhiitation
changes in seed dispersal and herbivory, can influence vegetatiqrosibom and
structure (Ranney et al. 1981). The proportion of a forest patchstladfiected in this
manner is dependent, therefore, upon patch shape and orientation, and hyt ¢aljace
cover. A large but convoluted patch, for example, could be entirely edge habitabwt is
widely accepted that edge effects must be viewed from an engam@ntered perspective
because edge effects influence organisms differently; sonogespggave an affinity for
edges, some are unaffected, and others are adversely affected.

Early wildlife management efforts were focussed on maximgiadge habitat because it
was believed that most species favored habitat conditions ciaatediges and that the
juxtaposition of different habitats would increase species dive(tigéppold 1933).
Indeed this concept of edge as a positive influence has guided énadjement practices
until recently. Recent studies, however, have suggested that changegetation,
invertebrate populations, predation, brood parasitism, and competition alesgddges

has resulted in the population declines of several vertebrate species dependenesgpon for
interior conditions (e.g., Strelke and Dickson 1980, Kroodsma 1982, Brittingtmaim
Temple 1983, Wilcove 1985, Temple 1986, Noss 1988, Yahner and Scott 1988, Robbins
et al. 1989). Forest interior species, therefore, may be sensitive to Ipapehlsecause for

a given patch size, the more complex the shape, the largaetgbeceinterior ratio. Most

of the adverse effects of forest fragmentation on organisnme $eebe directly or
indirectly related to edge effects. Total class edge imadstzape, therefore, often is the
most critical piece of information in the study of fragmdntgtand many of the class
indices directly or indirectly reflect the amount of clasgeedSimilarly, the total amount

of edge in a landscape is directly related to the degree bélspaterogeneity in that
landscape.

At the patch level, edge is a function of papetrimeter(PERIM). The edge effect on a
patch can be indexed using the perimeter-to-area ratio employtheé ishape indices
discussed below. At the class and landscape levels, edge can b&eguisntther ways.
Total edge(TE) is an absolute measure of total edge length of a partipatch type
(class level) or of all patch types (landscape level). In applicati@bsnvolve comparing
landscapes of varying size, this index may not be udefige densitfED) standardizes
edge to a per unit area basis that facilitates comparisons daraisgapes of varying
size. However, when comparing landscapes of identical size, tigfalaand edge density
are completely redundant.



These edge indices are affected by the resolution of theeint@nerally, the finer the
resolution (i.e., the greater the detail with which edgesdali@eeated), the greater the
edge length. At coarse resolutions, edges may appear as helstiigght lines; whereas,
at finer resolutions, edges may appear as highly convoluted lines.vEhuss calculated
for edge metrics should not be compared among images withediffezsolutions. In
addition, vector and raster images portray lines differently. Patch periamet¢he length
of edges will be biased upward in raster images because efdinestep patch outline,
and this will affect all edge indices. The magnitude of bias will vary in relation to the
grain or resolution of the image, and the consequences of this baegards to the use
and interpretation of these indices must be weighed relative tphir@omenon under
investigation.

The contrast between a patch and its neighborhood can influence arrmimbportant
ecological processes (Forman and Godron 1986). The "edge effeasbepreviously
are influenced by the degree of contrast between patches. Foplexanicroclimatic
changes (e.g., wind, light intensity and quality, etc.) are likelgxtend farther into a
patch along an edge with high structural contrast than along anitiglew structural
contrast (Ranney et al. 1981). Similarly, the adverse affecksavin-headed cowbird
nest parasitism on some forest-dwelling neotropical migratody dpecies are likely to
be greatest along high-contrast forest edges (e.g., betweerenfatesst patches and
grassland), because cowbirds prefer to forage in early-sdyhtisaand parasitize nests
in late-seral habitats (Brittingham and Temple 1983). Becausedgd# effects, the
interface between some patch types can have sufficientipalige characteristics to be
considered a separate type of habitat (Reese and Ratti 1988).

Patch insularity is a function of many things, including distdete/een the patch and its
nearest neighbor, age of the patch or its duration of isolation, cotyeot the patch
with neighbors (e.g., through corridors), and the character of the iniegviandscape.
The permeability of a landscape for some organisms may depehe character of the
intervening landscape. The degree of contrast between the fdutdth@atch and the
surrounding landscape may influence dispersal patterns and survival anddinestly
affect the degree of patch isolation. Similarly, an organishildyato use the resources
in adjacent patches, as in the process of landscape supplementatiom@lairahi 1992),
depends on the nature of the boundary between the patches. The boundary between
patches can function as a barrier to movement, a differentiatipgable membrane that
facilitates some ecological flows but impedes others, or ssrapermeable membrane
that partially impairs flows (Wiens et al. 1985, Hansen and diriC292). For example,
high-contrast edges may prohibit or inhibit some organisms from geslpplementary
resources in surrounding patches. Conversely, some species (etdipgned owl, Bubo
virginianus) seem to prefer the juxtaposition of patch types kigh contrast, as in the
process of landscape complementation (Dunning et al. 1992).

Clearly, edge contrast can assume a variety of meaningglifferent ecological
processes. Therefore, contrast can be defined in a varietsysf Wut it always reflects
the magnitude of difference between patches with respect to 1 @& eootogical
attributes at a given scale that are important to the phenomenon inoadstigation



(Kotliar and Wiens 1990, Wiens et al. 1985). Similar to Romme (1982GSATS
employs weights to represent the magnitude of edge contrast headgeent patch
types; weights must range between 0 (no contrast) and 1nfmaxicontrast). Under
most circumstances, it is probably not valid to assume that gdisefdinction similarly.
Often there will not be a strong empirical basis for establgshiweighting scheme, but a
reasoned guess based on a theoretical understanding of the phenosnenoibably
better than assuming all edges are alike. For example, fromvien habitat use
standpoint, we might weight edges somewhat subjectively accotalitite degree of
structural and floristic contrast between adjacent patchesuse@number of studies
have shown these features to be important to many bird species @hbalal978 and
1979, Logan et al. 1985).

FRAGSTATS computes several indices based on edge contith&t patch, class, and
landscape levels (Table 1). At the patch level, édge contrast indexXEDGECON)
measures the degree of contrast between a patch and its inemmexlgitborhood. Each
segment of the patch perimeter is weighted by the degjreentrast with the adjacent
patch. Total patch perimeter is reduced proportionate to the defjeentrast in the
perimeter and reported as a percentage of the total perimbtes, a patch with a 10%
edge contrast index has very little contrast with its neighborhobdsithe equivalent of
10% of its perimeter in maximum-contrast edge. Conversely,ch péth a 90% edge
contrast index has high contrast with its neighborhood. At the alalskeadscape levels,
FRAGSTATS computes dotal edge contrast indeXTECI). Like its patch-level
counterpart, this index quantifies edge contrast as a percesitagaximum possible.
However, this index ignores patch distinctions; it quantifies edgerasi for the
landscape as a whole, thereby focussing on the landscape condition, not the atenage pa
condition, as does thmean edge contrast ind¢iIECI). This latter index quantifies the
average edge contrast for patches of a particular patch tyss (elvel) or for all patches
in the landscape. FRAGSTATS also computesasa-weighted mean edge contrast
index (AWMECI) by weighting patches according to their sizergea patches are
weighted more heavily than smaller patches in calculating teeage patch edge
contrast for the class or landscape. This area-weighted indexbenayore appropriate
than the unweighted mean index in cases where larger patchesdolayreant role in the
landscape dynamics relative to the phenomenon under consideration. Inasashit
may make sense to weight larger patches more heavily whercteneniag landscape
structure. Otherwise, small patches will have an equal affeitteoaverage edge contrast
index, when in fact they play a disproportionately small role inoterall landscape
function.

These edge contrast indices are relative measures. Givenmemunt or density of edge,
they measure the degree of contrast in that edge. For tlssnrethese indices are
probably best interpreted in conjunction with total edge or edgetgdersjh values of

these indices mean that the edge present, regardless of whéehEd m or 1,000 m, is
of high contrast, and vice versa. Note that these indices considiscégpe boundary
segments even if they have a contrast of zero (i.e., the patehdsxbeyond the
landscape boundary). These zero-contrast boundary segments are inclutes i
calculation of these indices because we believe that boundaryrgegheuld be treated



equal to internal edge segments in determining the degree of tomttias patch, class,
or landscape. Similarly, background edges are included in theatadoubf these indices
as well. Therefore, if a landscape border is absent, the choit®vwofto treat the
landscape boundary and background edge (i.e., user-specified avegeyeoatrast)
could have significant affects on these indices, depending on tharslzeeterogeneity
of the landscape. If a landscape border is present, this decasicstilt have significant
affects on these indices if there is a large amount of background edge.

FRAGSTATS also computes an index that incorporates both edge densigdged
contrast in a single indexontrast-weighted edge dens{tyWED) standardizes edge to
a per unit area basis that facilitates comparison among |lgpegsoavarying size. Unlike
edge density, however, this index reduces the length of each edgensggaportionate
to the degree of contrast. Thus, 100 m/ha of maximum-contrast eelgev@ight = 1) is
unaffected; but 100 m/ha of edge with a contrast weight of 0.2 is ebdhyc80% to 20
m/ha of contrast-weighted edge. This index measures the equivagmum-contrast
edge density. For example, an edge density of 100 meanth¢hatare 100 meters of
edge per hectare in the landscape. A contrast-weighted edgigydsf 80 for the same
landscape means that there are the equivalent of 80 metersiofumagontrast edge per
hectare in the landscape. A landscape with 100 m/ha of edge an@rageacontrast
weight of 0.8 would have twice the contrast-weighted edge derB@tym/ha) as a
landscape with only 50 m/ha of edge but with the same average toméight (40
m/ha). Thus, both edge density and edge contrast are reflecteid index. For many
ecological phenomena, edge types function differently. Consequently, Gognpatal
edge density among landscapes may be misleading becauffereihdes in edge types.
This contrast-weighted edge density index attempts to quangfy fedm the perspective
of its functional significance. Thus, landscapes with the same stmieaghted edge
density are presumed to have the same total magnitude of edgis &bm a functional
perspective.

Edge contrast indices are limited by the considerations distabsee for metrics based
on total edge length. These indices are only calculated and ckpottee output files if
an edge contrast weight file is specified. The usefulness of these indioexily related
to the meaningfulness of the weighting scheme used to quadg @ntrast. Careful
consideration should be given to devising weights that reflect arpirieah and
theoretical knowledge and understanding of the phenomenon under considér#tien.
weighting scheme does not accurately represent the phenomenon und&gatioe,
then the results will be spurious.

Patch-Level Example.--Figure 4 depicts 3 patches extractedafieample landscape that
vary in edge contrast. According to tedge contrast inde(gEDGECON), patch A has
the least contrast with its neighborhood, where contrast represendegree difference
in floristic and vegetation structure among patches. THi®dause patch A is a mixed,
large sawtimber patch surrounded largely by conifer and hardwood, damgmber
patches. Thus, the differences in vegetation composition and structurettaopgtch
perimeter is relatively subtle. Moreover, the ecotones betweeh paand these other
large sawtimber patches are probably gradual. Consequently, although aie



important differences between these adjacent patches thantvdrea discrimination,

the contrast between them is very low. An animal dispersing fraoh pa for example,
might not be impeded at all by the low-contrast boundary of pgatéh contrast, patch C

is a mixed, grass/forb (MGF) patch surrounded mostly by |lasayetimber patches.
Hence, the degree of structural contrast between patch Csandigthhborhood is very
high. Theedge contrast indexdicates that the perimeter of patch C has the equivalent of
80% of its perimeter in maximum-contrast edge, whereas thmgier of patch A has
the equivalent of only 17% of its perimeter in maximum-contrdgeeThesdge contrast
index seems to do a good job of quantifying differences in insularity antoese
patches.

Class-Level Example.--Figure 5 depicts 3 sample landscapesattyah the amount and
pattern of mixed, large sawtimber habitat. Because these &petsare similar in size,
total edge(TE) andedge densityED) are largely redundant. Both indices are highest for
landscape B and lowest for landscape A. Depending on the applicationtetipeatation

of these differences may vary. For example, the process odh&xhimentation involves
both habitat loss and changes in habitat pattern. Over the course oéritagom, the
proportion of the landscape composed of the target habitat type wotrdngd 00% to
0%. The total amount of class edge would be expected to ped&ratseape similarity
index (LSIM) of approximately 50%, depending on the pattern of habitat (lBsanklin
and Forman (1987). Thus, from a fragmentation perspettiiad,edgeandedge density
are best interpreted in conjunction with tldscape similarity indexin this case,
although landscapes B and C have undergone the same amount of mixed, large sawtimber
loss (i.e., similar LSIM valuesjptal edgeand edge densityndicate that this habitat in
landscape B is more highly fragmented than in landscape C. Ait&igaconsider a
species that requires mixed, large sawtimber edge habdtdl edgeor edge density
might be used to model habitat suitability. In this case, landscap®wd be least
suitable and landscape B most suitable.

If edge contrast is deemed important, then the edge contrast inthgdsad to a slightly
different interpretation of the mixed, large sawtimber habatext in these landscapes.
Contrast-weighted edge densfyWED) indicates that although landscape C has roughly
33 meters of mixed, large sawtimber edge per hectare, ihbagjuivalent of less than 2
meters of maximum-contrast edge per hectare. Thus, mixee, sawtimber habitat in
Landscape C is not very insular; it is surrounded by patchessireitar in structure, and
any edge effects on this habitat (or organisms inhabitingré)likely to be relatively
weak.Contrast-weighted edge densihdicates that landscape C has the least equivalent
maximum-contrast edge density. This differs from the result®taf edgeand edge
density which both indicate that landscape A has the least edge.dbiitieast weighting
scheme used here is particularly meaningful, dwrirast-weighted edge densmay be

a more insightful index of edge effects than eitb&al edgeor edge density

Edge contrast can also be measured in relative terms usitgfahedge contrast index
(TECI), mean edge contrast indéMECI), andarea-weighted mean edge contrast index
(AWMECI). These 3 indices are largely redundant in the sangidscapes and
therefore lead to the same conclusions. el edge contrast indexdicates that the



mixed, large sawtimber edge present in landscape C hasovergohtrast; specifically,
every 100 meters of edge has a maximum-contrast equivalent pf4onieters. In
contrast, the mixed, large sawtimber edge in landscape A has nghen bontrast; every
100 meters of edge has a maximum-contrast equivalent of 40 nidtkeasigh landscape
A has the lowestotal edgeandedge densityall 3 relative contrast indices indicate that
its edge contrast is the greatest. Similarly, although land€tdq@es the greatest amount
of mixed, large sawtimber edge, the contrast is moderate relative todaedsA and C.

Landscape-Level Example.--Figure 6 depicts 3 sample landscidyaes vary in
composition and pattern. Because these landscapes are sinslae,itotal edge(TE)
andedge densitfED) are largely redundant. Both indices are highest fulseape A
and lowest for landscape C, corresponding to the overall magnitude bél spa
heterogeneity in these landscapes. Conclusions regarding thell okeanking of
landscapes based contrast-weighted edge dens{(§WED) are similar; although, it is
apparent that landscape C contains low-contrast edges amountingdgoigalent of only
3.7 m/ha of maximum-contrast edge. Landscape B has roughly awiceich total edge
as landscape C, but roughly 6 times more equivalent maximum-coedigest Likewise,
the conclusions based on timtal edge contrast indefd ECI), mean edge contrast index
(MECI), andarea-weighted mean edge contrast in@@¥WMECI) are similar, although
edge contrast is reported in relative terms.

Shape Metrics

FRAGSTATS computes several statistics that quantify landsoapiguration in terms
of the complexity of patch shape at the patch, class, and landsvape(Table 1). The
interaction of patch shape and size can influence a number oftamparcological
processes. Patch shape has been shown to influence inter-patdsgsomech as small
mammal migration (Buechner 1989) and woody plant colonization (Hardt @amdaR
1989), and may influence animal foraging strategies (Forman andoidd86).
However, the primary significance of shape in determining ther@af patches in a
landscape seems to be related to the "edge effect” (see winanissdge effects for edge
metrics).

Shape is a difficult parameter to quantify concisely in a metric. FRAGST@&mputes 2
types of shape indices; both are based on perimeter-aréi@anghgps. Patton (1975)
proposed a diversity index based on shape for quantifying habitat edgeildlife
species and as a means for comparing alternative habitat imgowvefiorts (e.g.,
wildlife clearings). Thisshape indeXSHAPE) measures the complexity of patch shape
compared to a standard shape. In the vector version of FRAGSTAKS, glape is
evaluated with a circular standard; shape index is minimum foular patches and
increases as patches become increasingly noncircular. $mmitathe raster version of
FRAGSTATS, patch shape is evaluated with a square standard. ¥hwniée are other
means of quantifying patch shape (e.g., Lee and Sallee 1970), thésistep is widely
applicable and used in landscape ecological research (Forman armh G886). This



shape index can be applied at the class and landscape leveld. adeaal shape index
(MSI]) measures the average patch shape, or the average petovastea ratio, for a
particular patch type (class) or for all patches in the Eams FRAGSTATS also
computes ararea-weighted mean shape indéXWMSI) of patches at the class and
landscape levels by weighting patches according to their eeiftsally, larger patches
are weighted more heavily than smaller patches in calculttengverage patch shape for
the class or landscape. This index may be more appropriate than thghtied/enean
shape index in cases where larger patches play a dominant thkelandscape function
relative to the phenomenon under consideration. The difference betwaammbighted
and weighted mean shape indices can be particularly noticeablesahmgte sizes are
small (i.e., only a few patches).

An alternative to these patch shape indices based on the "dveaage characteristics at
the class and landscape levels is lHmescape shape ind€kSl). This index measures
the perimeter-to-area ratio for the landscape as a whole.ifdeg is identical to the
habitat diversity index proposed by Patton (1975), except that we tqgplgdex at the
class level as well. This index quantifies the amount of edgenpresea landscape
relative to what would be present in a landscape of the samdizgith a simple
geometric shape (circle in vector, square in raster) and emattedge (i.e., landscape
comprised of a single circular or square patch). Landscape sttpeis identical to the
shape index at the patch level (SHAPE), except that it tieatentire landscape as if it
were 1 patch and any patch edges (or class edges) as theydielong to the perimeter.
The landscape boundary must be included as edge in the calculatiadeintamuse a
circle or square standard for comparison. Unfortunately, this malgenateaningful in
cases where the landscape boundary does not represent true edgéharatitual shape
of the landscape is of no particular interest. In this case, #ieatobunt of true edge, or
some other index based on edge, would probably be more meaningful. Ihdsedpe
boundary represents true edge or the shape of the landscape is particularly intpertant
the landscape shape index can be a useful index, especially whearicgmamong
landscapes of varying sizes.

These shape indices have important limitations. First, vector aner rasages use
different shapes as standards. Thus, the absolute value of these ditfers between
vector and raster images. The implications of this difference shoelld¢onsidered
relative to the phenomenon under investigation. Second, these shape irelilesteot
in the same manner as the edge indices discussed above witts regéhe differences
between how lines are portrayed in vector and raster imagese®er length will be
biased upward in raster images because of the stair-steppieg dtline segments, and
the magnitude of this bias will vary in relation to the grainesotution of the image.
Third, as an index of "shape"”, the perimeter-to-area ratio methethtively insensitive
to differences in patch morphology. Thus, although patches may pessgsdifferent
shapes, they may have identical areas and perimeters and ratheyesi For this reason,
these shape indices are not useful as measures of patch morptbkgyare best
considered as measures of overall shape complexity. Finally, e shape index and
area-weighted mean shape index are subject to the limitatiofisstebrder statistics



(e.g., the average patch shape for a class or the landscape rbayveoy meaningful if
the distribution of patch shapes is complex).

The other basic type of shape index computed by FRAGSTATS featftal dimension.

In landscape ecological research, patch shapes are frequendigtehaed via the fractal
dimension (Krummel et al. 1987, Milne 1988, Turner and Ruscher 1988, Iverson 1989,
Ripple et al. 1991). The appeal of fractal analysis is thaant e applied to spatial
features over a wide variety of scales. Mandelbrot (1977, 1982) intebthueeoncept of
fractal, a geometric form that exhibits structure at phltisl scales, and proposed a
perimeter-area method to calculate the fractal dimension ofahgilanar shapes. The
perimeter-area method quantifies the degree of complexitheofplanar shapes. The
degree of complexity of a polygon is characterized by the fractal diome(i3), such that
the perimeter (P) of a patch is related to the area (#)eofame patch by P » G4i.e.,

log P » %D log A). For simple Euclidean shapes (e.g., siratal rectangles), P » OA
and D = 1 (the dimension of a line). As the polygons become more contpéex,
perimeter becomes increasingly plane-filling and P » A witl® 2. Although fractal
analysis typically has not been used to characterize individuehgsatin landscape
ecological research, we use this relationship to calculatiatil dimension(FRACT)

of each patch separately. Note that the value of the fractendion calculated in this
manner is dependent upon patch size and/or the units used (Rogers 1993pr& here
caution should be exercised when using this fractal dimension indexmesasure of
patch shape complexity.

Fractal analysis usually is applied to the entire landscapaiocnasing the perimeter-area
relationship A = k B, where k is a constant (Burrough 1986). If sufficient data are
available, the slope of the line obtained by regressing log(PdgfA) is equal to 2/D
(Burrough 1986). Note, fractal dimension using this perimeter-aréaothés equal to 2
divided by the slope; D is not equal to the slope (Krummel et al.)X887s it equal to 2
times the slope (e.g., O'Neill et al. 1988, Gustafson and Parker d982)orted by some
authors. We refer to this index as tkeuble log fractal dimensio(DLFD) in
FRAGSTATS. Because this index employs regression analyssssitbject to spurious
results when sample sizes are small. In landscapes with diely patches, it is not
unusual to get values that greatly exceed the theoreticas lohithis index. Thus, this
index is probably only useful if sample sizes are large (ex.20). If insufficient data
are available, an alternative to the regression approachdaaldolate themean patch
fractal dimension(MPFD) based on the fractal dimension of each patch. FRAGSTATS
also computes aarea-weighted mean patch fractal dimens{@WMPFD) at the class
and landscape levels by weighting patches according to their Similar to the area-
weighted mean shape index. These latter 2 indices may be @alyicukaningful if the
focus of the analysis is on patch characteristics; that is, pdweh-level phenomena are
deemed most important and patch shape is particularly meaningful.

Because the method used to calculate these fractal indices mvoéreneter-area
calculations, these fractal indices are subject to some oathe kmitations as the shape
indices discussed above. Perhaps the greatest limitation of thal firssices is the
difficulty in conceptualizing fractal dimension. Even though tlbhcdimension is



increasingly being used in landscape ecological resear@mdéims an abstract concept
to many and it may easily be used inappropriately.

Patch-Level Example.--Figure 4 depicts 3 patches extractedafieample landscape that
vary in shape. In particular, patch A has a much more complg@e shan either patch B
or C. Accordingly, theshape indeXSHAPE) for patch A is almost twice as large as that
for the other 2 patches. Thiectal dimension(FRACT) results are consistent with the
shape indexhowever, the magnitude of differences among patch&adtal dimension

is notably less tharshape indexvalues. In addition, the subtle difference in shape
complexity between patch B and C is reflected in a ratiet| difference in their shape
indices. Overall, these shape indices do a good job of quantifying oluifterences in
shape complexity among these patchesfragtal dimensiorappears to be less sensitive
to differences than th&hape index

Class-Level Example.--Figure 5 depicts 3 sample landscapesattyah the amount and
pattern of mixed, large sawtimber habitat. In this case, tiistape boundary does not
all represent mixed, large sawtimber edge. Therefordatiuscape shape ind€kSl) is
not particularly meaningful because it treats the entire lapdscaundary as edge. The
mean shape indg®SI) values for all 3 landscapes are greater than 1, indictiat the
average patch shape in all 3 landscapes is noncircular. Thel,ni@axge sawtimber
patches in landscape A (most fragmented) are least irregulahape, whereas the
patches in landscape C (least fragmented) are most irregukaarea-weighted mean
shape indeXAWMSI) supports these conclusions. In addition, the area-weightedsval
for all 3 landscapes are greater than the unweighted values, imglitaat the larger
patches in each landscape are more irregular in shape than thgeavEhese results
indicate that human-induced fragmentation in landscapes A and B aasasedlification

in patch shapes compared to the geometrically complex patch shapdsif the natural,
unaltered landscape (C).

Because of the small sample sizdésuble log fractal dimensio(DLFD) is probably not

a reliable index for these 3 landscapdsan patch fractal dimensiofMPFD) values do
agree in rank order wittmean shape indexalues. According to the latter index,
landscape A contains the simplest average patch shape, but acdordiegn patch
fractal dimensionthe opposite is true. The reason for the discrepancy between these
indices is not clear; however, theean shape indeg more consistent with the results of
other indices and is therefore probably more reliable in this case.

Landscape-Level Example.--Figure 6 depicts 3 sample landscidyaes vary in
composition and pattern. In this case, even though the landscape boundary ddles not a
represent true edge, thendscape shape ind€kSI) still ranks the landscapes along an
intuitive gradient from least to most heterogeneous.mban shape indefMSI) values

for all 3 landscapes are greater than 1, indicating thaawbeage patch shape in all 3
landscapes is noncircular. The patches in landscape A areideggtlar in shape,
whereas the patches in landscape C are most irregular in shapgediveeighted mean
shape indeXAWMSI) supports these conclusions. In addition, the area-weightedsval

for all 3



landscapes are greater than the unweighted values, indicatintehatger patches in
each landscape are more irregular in shape than the aversge fesults reflect the
simple shapes of management units in landscape A compared to thed shfyes of
patches in the undisturbed landscape C.

Because of the small sample size in landscam@ble log fractal dimensiof(DLFD) is
probably not a reliable index for this landscape. However, the index compargsiibel
themean shape indeendarea-weighted mean shape indexlandscapes A and B. As in
the class-level example, the rank ordermaan patch fractal dimensidiMPFD) values
do not agree with the other shape indices. The reason for the disyrdygdween these
indices is not clear; however, because all other shape indicepm@sistent with each
other,mean patch fractal dimensiaos probably less reliable in this case.

CoreArea Metrics

FRAGSTATS computes several statistics based on core ardge gtatch, class, and
landscape levels (Table 1). Core area is defined as the dhéa avpatch beyond some
specified edge distance or buffer width. Core area metricectefioth landscape
composition and landscape configuration. Most of the indices dealing withbemuon
density of patches, size of patches, and variability in patchhaize corresponding core
area indices computed in the same manner after eliminatinglfeeoe buffer from all
patches. Like patch shape, the primary significance of coagirmetermining the nature
of patches in a landscape appears to be related to the "edgé"effs discussed
previously, edge effects result from a combination of biotic dmatia factors that alter
environmental conditions along patch edges compared to patch interioreatline of
the edge effect differs among organisms and ecological prec@darsen and di Castri
1992). For example, some bird species are adversely affeci@edigtion, competition,
brood parasitism, and perhaps other factors along forest edgedigsession of edge
metrics for citations). Core area has been found to be a much frettisctor of habitat
guality than patch area for these forest interior speciall@mple 1986). Unlike patch
area, core area is affected by patch shape. Thus, whidéch may be large enough to
support a given species, it still may not contain enough suitableacesieto support the
species.

For ecological processes or organisms adversely affecteddsy & seems likely that
core area would better characterize a patch than total araddition, it seems likely that
edge effects would vary in relation to the type and nature c#dbe (e.g., the degree of
floristic and structural contrast and orientation). Unfortunatelynost cases, there is
insufficient empirical support (or none) for designating sepaegige widths for each
unique edge type. Accordingly, in FRAGSTATS the user must speci#fiyngle edge
width for all edge types.

In raster images, there are different ways to determirea@a. FRAGSTATS employs
a method in which a cell's 4 parallel neighbors are evaluatedirfolarity; diagonal
neighbors are ignored. This method tends to slightly over-estilaté&rue core area.



Other methods can seriously under-estimate core area. Fodetarks on the algorithm
see the "patch.c" routine in the source files.

Patch area, class area, total landscape area, and the perlamdsochpe in each patch
type all have counterparts computed after eliminating edgedafeeed by the specified
edge width; these amore area(CORE) at the patch levabtal core area(TCA) at the
class and landscape levels, amie area percent of landscaff€%LAND) at the class
level. The latter index quantifies the core area in each pgtehas a percentage of total
landscape area. For organisms strongly associated with pagcioriit this index may
provide a better measure of habitat availability than its countedpacontrast to their
counterparts, these core area indices integrate into a sieglsune the affects of patch
area, patch shape, and edge effect distance. Therefore, altheygiuantify landscape
composition, they are affected by landscape configuration. Foretds®m, these metrics
at the class level may be useful in the study of habitatmieagation, because
fragmentation affects both habitat area and configuration. On tier band, these
indices confound the effects of habitat area and configuration. Forpéxaif the core
area percent of a landscape is small, it indicates thatlitteaycore area is available, but
it does not discriminate between a small amount of the patch type (ataaitka large
amount of the patch type in a highly fragmented configuration. Tikesiany indices
that summarize more than 1 feature (e.g., diversity indices)etlindices are best
interpreted in conjunction with other indices to provide a more complescription of
landscape structure.

From an organism-centered perspective, a single patch may aatoatlyin several
disjunct patches of suitable interior habitat, and it may be moremygte to consider
disjunct core areas as separate patches. For this reason, FRA&Somputes the
number of core area@disjunct) in each patch (NCORE), as well as the numbeach e
class and the landscape as a whole (NCA). If core areansedemore important than
total area, then these indices may be more applicable thandbeterparts, but they are
subject to the same limitations as their counterparts (numipatdies) because they are
not standardized with respect to area. Although these metrics are natlpdytigseful in
most cases, they are used to compute other landscape metrics based on core area.

Number of core areas can be reported on a per unit area dmsisafea densityCAD)
that has the same ecological applicability as its countempatidh( density), except that all
edge area is eliminated from consideration. Conversely, this informa&an be
represented as mean core area. Like their counterparts, naiéfehence between core
area density and mean core area at the class level. Sgibgifiore area density is based
on total landscape area; whereas, mean core area is based oartotaka for the class.
In contrast, at the landscape level, they are both based on totalala@dsea and are
therefore completely redundant. Furthermore, mean core ardzeadefined in 2 ways.
First, mean core area can be defined asitban core area per patgfMCA1). Thus,
patches with no core area are included in the average, and thetetarea in a patch is
considered together as 1 observation, regardless of whether thegeais contiguous or
divided into 2 or more disjunct areas within the patch. Alternativeggmtore area can



be defined as thmean area per disjunct co®CA2). The distinction between these 2
ways of defining mean core area should be noted.

FRAGSTATS also computes several relative core area indices thaifgjcard area as a
percentage of total area. Tloere area index(CAl) at the patch level quantifies the
percentage of the patch that is comprised of core area. Syniletotal core area index
(TCAI) at the class and landscape levels guantifies core farethe entire class or
landscape as a percentage of total class or landscape areativesp At the class and
landscape levels, FRAGSTATS also computesrtgan core area indedVCAI) of
patches comprising the class or landscape. Note that the totalacea index is
equivalent to an area-weighted mean core area index; thus, the latter is noedomput

These core area indices are basically edge-to-interiavsrdike the shape indices
discussed previously, the main difference being that the coréndiees treat edge as an
area of varying width and not as a line (perimeter) around edch. pa addition, these
core area indices are relative measures. They do not neéitt size, class area, or total
landscape area; they quantify the percentage of availablerageadless of whether it is
10 ha or 1,000 ha, comprised of core. These indices do not confound area
configuration like the previous core area indices; rather, thagtésthe configuration
effect. For this reason, these core area indices are probably bgsetein conjunction
with total area at the corresponding scale. For example, in ctiojurvith total class
area, these indices could serve as effective fragmentation indices fticalgaclass.

Variation in core area size may convey more useful informatiom th@an core area.
Like variation in patch size, FRAGSTATS computes corresponding nesasoir
variability among patches in core area size. Core areaasthaeéviation and core area
coefficient of variation have the same ecological applicabédgypatch size standard
deviation and patch size coefficient of variation, except thatdgke area is eliminated
from consideration. FRAGSTATS computes bothl&ch core area standard deviation
(CASD1) andpatch core area coefficient of variatid)fCACV1), which represent the
variation in core area per patch (associated with MCA1), asase¢Hedisjunct core area
standard deviatiofCASD2) anddisjunct core area coefficient of variatidCACV2),
which represent the variation in the size of disjunct core desa®ciated with MCA2).
In contrast to their counterparts, these core area metriestréfie interaction of patch
size and shape and edge width, and therefore may serve ashbattegeneity indices
when edge width can be meaningfully specified and edge effeat$ paeticular interest.
Standard deviation can be difficult to interpret without doing so in conqumeatith other
statistics (e.g., mean patch size or mean core area). Foedlsisn, core area coefficient
of variation usually is preferable to core area standard devidtisn, note that core area
standard deviation and coefficient of variation can equal 0 under 3 cond{tiprnshen
there is only 1 core area in the landscape; (2) when thereresthran 1 core area greater
than 0 in size, but they are all the same size; and (3) whenisherore than 1 patch, but
none have any core area (CORE = 0). In all 3 cases, there igiabilitg in core area
size, yet the ecological implications could be quite different.

and



All of the core area indices are affected by the interadfqratch size, patch shape, and
the specified edge width. In particular, increasing edge widthdedtease core area, and
vice versa. Therefore, these indices are meaningful only if thafispeedge width is
relevant and meaningful to the phenomenon under investigation. Unfortumatelsiny
cases there is no empirical basis for specifying anycpdati edge width and so it must
be chosen somewhat arbitrarily. The usefulness of these nistduectly related to the
arbitrariness in the specified edge width and this should be clearly understood wigen usin
these metrics. Moreover, the utility of core area indices caedptr their area-based
counterparts depends on the resolution, minimum patch dimensions, and dtge wi
employed. For example, given a landscape with a resolution éfahdnminimum patch
dimensions of 100 x 100 m, if an edge width of 1 m is specified, thercdre area
indices and their counterparts will be nearly identical and the ama indices will be
relatively insensitive to differences in patch size and shap&id case, core area indices
will offer little over their counterparts in terms of unique cltedazation of landscape
structure.

Patch-Level Example.--Figure 4 depicts 3 patches extractedafrsample landscape that
vary in core area based on a 100 m edge width for all edge Afplesugh patch A is
almost 3 times larger than patch C, it has less than twiceotleearea(CORE). This is
because patch A has a more complex shape than patch C and thegreseer edge-to-
interior ratio. Note also that although patch B and C are almost & size, patch B has
half thecore areaof patch C. This is a result of the interaction among patch [s&eh
shape, and edge width. With a 100 m edge width, the subtle différesbape between
patch B and C results in a large differenceone area A much larger edge width (e.qg.,
200 m) would result in both patches havingode areabecause of their small size, and a
much smaller edge width (e.g., 10 m) would result in both patches hsimigr core
areas. Thus, the affect of patch shapeam areais dependent on both patch size and
edge width.

According to thenumber of core area@NCORE), patches B and C both contain 1 core
area because of their simple shapes. Patch A, however, contairesé2eas because it is
narrower than 200 m in the middle and then widens on both sides. Thus, umaier ce
conditions it may be more meaningful to treat patch A asparage patches. For
example, if an organism avoids edge habitat up to a distance of 1®@mifrom the
organism's perspective, patch A may actually contain 2 sesaigable habitat patches.
However, likecore area number of core areas affected by the interaction of patch
size, patch shape, and edge width. With a much larger edge wiglth2@ m) or much
smaller edge width (e.g., 10 m), patch A would contain only 1 core area.

Although patch A is almost 3 times larger than patch B ané masre complex shape, it
has roughly the sanmore area indeXCAI) as patch B. Thus, these 2 patches have about
the same proportion of core area, even though they differ markedlysolute size and
shape. In contrast, theore area indexof patch B is about half that of patch C, even
though they are similar in size. Because of the interaction of ga&e, patch shape, and
edge width, the slightly more complex shape of patch B resultspmagiortionately less



core area and therefore a much smallene area indexhan patch C. Again, note the
affect of the interaction among patch size, patch shape, and edge width on this index.

Class-Level Example.--Figure 5 depicts 3 sample landscapesattyah the amount and
pattern of mixed, large sawtimber habitat based on a 100 m edpefor all edge types.
According to thepercent of landscap€oLAND) in this patch type, roughly 50% of
landscapes B and C are mixed, large sawtimber. According tootkearea percent of
landscape(C%LAND), however, only 10% of this habitat type in landscape Bore
area, whereas 23% of this habitat type in landscape Casatea. Thus, theore area
percent of landscapelearly indicates that landscape B is fragmented to a musaiegy
degree than landscape C. Note, however, that inspection of this indexdalesmenot
indicate whether differences in the amount of core area aradgeoadifferences in total
habitat area, habitat configuration, or both. Nevertheless, forgamiem specialized on
interior mixed, large sawtimber habitat, th@re area percent of landscagaggests that
landscape C contains twice the suitable habitat as landscapehi®.wbuld not
necessarily be true if landscapes B and C were greatretiff in size because this index
is a relative measure. Note that all core area indicesffeeted by the interaction of
patch size, patch shape, and edge width. For example, with a mmgeh déalge width
(e.g., 200 m) or much smaller edge width (e.g., 10 m), the index valued wloarhge
dramatically, especially in landscapes A and B, because ofizbeasd shapes of the
mixed, large sawtimber patches in these landscapes.

Total core area(TCA) indicates that although landscape A contains 4 mixede la
sawtimber patches encompassing a total of 13 ha, there is narear@.e., no point in

these patches is further than 100 m from the patch perimeter. Alttengscapes B and
C have similar amounts of mixed, large sawtimietal core areaindicates that

landscape B has much less core area, suggesting a much morentedjgreater edge-
to-interior ratio) configuration of habitat in landscape B than C.

Number of core areafNCA) indicates that although landscape B has less than half as
much mixed, large sawtimber core area as landscape C, itdnraghman 3 times as many
disjunct core areas. Note also the difference betwaerber of patche@NP) andnumber

of core areasThe difference between landscape B and C is more pronounced with the
latter index, indicating that the habitat in landscape B is indea@ fragmented than in
landscape C.

Compared tgpatch density(PD), core area densitf{CAD) does a much better job of
characterizing the differences in landscape structure anamgdapes. For example,
although landscapes A and B have similar patch densdgs, area densitydiffers
dramatically between them. Landscape A has no core areastingithat the habitat is
highly fragmented into very small patches; whereas, landscapes B lsamparatively
high core area density. Similarly, although landscapes B and C imaler smounts of
mixed, large sawtimber habitat, the core area in landscapdr&jimented into several
disjunct areas, whereas in landscape C it is more contiguous. Alttmeighlandscapes
vary considerably in both amount and distribution of mixed, large isd&ti habitat, it is
difficult to interpret these landscape structural differencesobg area densitglone; this



index is best interpreted in conjunction with other indices sudhaas area(CA). Also,
becausetotal landscape areas similar among the landscapesre area densityand
number of core areasonvey the same information.

Although mean patch sizéMPS) does a good job of ranking the 3 landscapes with
respect to mixed, large sawtimber fragmentation (A beingt ifmagmented, C being
least), mean core area per patciMCAl) distinguishes the different stages of
fragmentation even more effectively. Likeean patch sizenean core area per patdh
most informative when interpreted in conjunction with other indiceb ssclass area
patch density(PD), and patch size variability (PSSD or PSCV). For examples
difficult to tell from this index alone if the differences beemdandscapes B and C are
because of differences in habitat area or habitat pattern. Howverterpreting both
class areaandmean core area per patah becomes clear that the differences are due
solely to patternMean area per disjunct cof@CA?2) is consistent witlmean core area
per patch but note the differences due to the differences in number of pascite
number of disjunct core areas.

Often, variation in the amount of core area per patch or disjunetisof greater interest
than the average conditioRatch core area standard deviatig@ASD1) anddisjunct
core area standard deviatiofCASD?2) indicate that the absolute variation in core area
size per patch and per disjunct core area, respectively, ise6 gneater in landscape C
than B. However, these indices alone do not say much about differensgesicture
among the 3 landscapes without simultaneously consideringnéa® core area per
patch or mean area per disjunct cqraespectively.Patch core area coefficient of
variation (CACV1) measures relative variability and indicates that emea variability
decreases progressively from the least (C) to the mgstré@mented landscape. This
suggests that timber management activities have tended to pradater gjomogeneity
in core areas for this habitat tyd@isjunct core area coefficient of variatiq€ACV2)
measures relative variability among disjunct core areas ratidates that the disjunct
core areas in landscape B are slightly more variable thamdsdape C. The choice
between coefficient of variation measures would depend on the application.

Thetotal core area indeXTCAI) represents the landscapes along a continuum from most
to least fragmented. According to this index, only 20% of the mixegk lsawtimber in
landscape B is "interior" habitat; the remaining 80% is "edhgdditat. Without any other
information, it could be deduced that this habitat type is higllgnfrented in landscape
B. Whentotal core area indexs interpreted in conjunction witkblass areaor the
landscape similarity indexit becomes quite clear that landscapes B and C differ
exclusively in habitat pattern and not habitat area, and that landBcapmdeed more
fragmented than landscape C. Timean core area indexMCAI) indicates that the
mixed, large sawtimber habitat in all 3 landscapes is highyniented (i.e., all have a
high edge-to-interior ratio). According to this index, however, the mixeds Eagtimber
patches in landscapes B and C have roughly the same averageceomdax. Yet, the
total core area indexand other indices clearly indicate that landscape B is innface
fragmented than landscape C. These differences illustrate sopogtant differences
between the total and mean core area indices.nidan core area indepepresents the



average patch characteristic, and may not necessarily reptbsenverall landscape
structural condition very well. This may be appropriate and meaninieh the focus of
the application is on patch-level phenomena. However, when the foouslandscape
structure, the mean patch condition may be misleading. For exahmteean core area
index for landscape C is affected by the great variation in caa @dex among the 3
patches. The large core area index of the largest patctsét bif the O core area index of
the smallest patch and the very small core area index ofithsized patch. This bias is
characteristic of first-order statistics such the mean, @pdriicularly pronounced in this
case because of the small sample size (n = 3 patches) in landscape C.

Landscape-Level Example.--Figure 6 depicts 3 sample landscidyaes vary in
composition and pattern based on a 100 m edge width for all edegeTgpal core area

(TCA) indicates that landscapes A, B, C contain progressively more area, and
becausdotal landscape aredTA) is similar, they represent a continuum from most to
least patchy. Note that all core area indices are affdnyethe interaction of patch size,
patch shape, and edge width. For example, with a much larger edge width (e.g., 200 m) or
much smaller edge width (e.g., 10 m), the index values would changetdrally,
especially in landscapes A and B, because of the size and shajesnixed, large
sawtimber patches in these landscapes.

Number of core areadNCA) indicates that although landscape A has the greaiagber
of patcheqNP), it does not have the greatestmber of core areaecause many of the
patches in landscape A do not have any core area. Bdotaldandscape ares similar
among landscapesiumber of core areasnd core area densitfCAD) are largely
redundant. Note that although landscapes A and B have fewer casetlaa@ patches,
landscape C has more core areas than patches. The rank olaedsafipes based on
number of core areas different than that based ammber of patcheandtotal core
area This reversal occurs because of the relationship between patshasid shapes in
these landscapes and the designated edge width of 100 m. With aangechetge width
(e.g., 200 m) or much smaller edge width (e.g., 10 mamber of core areasvould
change dramatically, especially in landscapes A and B, beoétise size and shapes of
the patches in those landscapes. For this reason, particulaioatmuld be given to
the interpretation ofiumber of core areasore area densityandtotal core areabecause
they can lead to a different rank ordering of landscapes alagrgdéent in landscape
heterogeneity.

Although mean patch sizdMPS) does a good job of ranking the 3 landscapes with
respect to their spatial heterogeneityean core area per patafMCAL) distinguishes
among these landscape even more distinctly. Becengsn core area per patcis
affected by patch shape, it captures an aspect of spatiaimpabt captured bynean
patch size Like mean patch sizanean core area per patds most informative when
interpreted in conjunction other indices suchdaal landscape arggatch densitfPD),

and patch size variability (PSSD or PSCW)ean area per disjunct coreMCA2) is
consistent withmean core area per patcbut note the differences due to the differences
in number of patches and number of disjunct core areas, especially in landscape A.



Patch core area standard deviatig@ASD1) anddisjunct core area standard deviation
(CASD2) indicate that the absolute variation in core areapgz@atch and per disjunct
core area, respectively, decreases progressively from lg®d$€ato A, and in this
manner mimic the results phtch size standard deviatiohlowever, these indices alone
do not tell us much about differences in structure among the 3 laedseathout
simultaneously considering tineean core area per patar mean area per disjunct care
respectively. Patch core area coefficient of variatio(CACV1) measures relative
variability and, in contrast to the standard deviation, indicatesctitat area variability
increases progressively from the least (C) to the most @ghy landscape. Thus,
although patch core area varies less in absolute terms in laadactyan C, it varies
much more in relative terms. Hence, timber management adiigee tended to
produce smaller, but more variable core arBagunct core area coefficient of variation
(CACV2) measures relative variability among disjunct coraarédmong other things,
this index indicates that in landscape A the disjunct core areas are muchibdss taan
the core areas per patch. The choice between coefficient atigarmeasures would
depend on the particular application.

The total core area indeXTCAI) represents the 3 landscapes along a continuum from
most to least patchy. According to this index, only 10% of lamsa@a is "interior”
habitat, the remaining 90% is "edge" habitat. Without any offfiermation on landscape

A, it could be deduced that landscape A contains a greattisplatial heterogeneity.
However, theotal core area indexloes not indicate how much total core area exists or
how many patches the core area is distributed among and, in specteit is best
interpreted in conjunction with other indices. Thean core area indefMCAI) mimics

the results of théotal core area indexalthough the values are smaller because patches in
each landscape with O core area contribute equally to the amelareduce the average
value.

Near est-Neighbor Metrics

FRAGSTATS computes a few statistics based on nearest-neidistamce at the patch,
class, and landscape levels (Table 1). Nearest-neighbor distadefined as the distance
from a patch to the nearest neighboring patch of the samehbgped on edge-to-edge
distance. Nearest-neighbor metrics quantify landscape confguratiearest-neighbor
distance can influence a number of important ecological procdssegsxample, there
has been a proliferation of mathematical models on population dgmaand species
interactions in spatially subdivided populations (Kareiva 1990), and resugtgest that

the dynamics of local plant and animal populations in a patch artemetd by their
proximity to other subpopulations of the same or competing species. Several hattgors
claimed, for example, that patch isolation explains why fragedenébitats often contain
fewer bird species than contiguous habitats (Moore and Hooper 1975, Forman et al. 1976,
Helliwell 1976, Whitcomb et al. 1981, Hayden et al. 1985, Dickman 1987). Opdam
(1991) reviewed a number of studies that empirically demonstratesolation effect on

bird communities in various habitat patches. Interpatch distance alasitical role in



island biogeographic theory (MacArthur and Wilson 1967) and metapopulatiory the
(Levins 1970, Gilpin and Hanski 1991) and has been discussed in the context of
conservation biology (e.g., Burkey 1989). The role of interpatch distance i
metapopulations has had a preeminent role in recent conservatida fffagndangered
species (e.g., Lamberson et al. 1992, McKelvey et al. 1992). Cleadyest-neighbor
distance can be an important characteristic of the landscapendieg on the
phenomenon under investigation.

FRAGSTATS computes theearest-neighbor distanc€NEAR) and proximity index
(PROXIM) for each patch. The proximity index was develope@hgtafson and Parker
(1992)[see also Gustafson and Parker 1994, Gustafson et al. 1994, Whitani9@t1 ]
and considers the size and proximity distance of all patches weuges are within a
specified search radius of the focal patch. The index is computtgk &um, over all
patches of the corresponding patch type whose edges are witheatibh sadius of the
focal patch, of each patch size divided by the square of its1\déesteom the focal patch.
Note that we use the distance between the focal patch and edoh athér patches
within the search radius, similar to the isolation index of Whitc@mal. (1981), rather
than the nearest-neighbor distance of each patch within the sadneh (which could be
to a patch other than the focal patch), as in Gustafson and Parker (1992). According to the
authors, the proximity index quantifies the spatial context of adtgimatch in relation to
its neighbors; specifically, the index distinguishes sparseldisons of small habitat
patches from configurations where the habitat forms a completechifslarger patches.
All other things being equal, a patch located in a neighborhood (ddiindide search
radius) containing more of the corresponding patch type than anothkervplitbave a
larger index value. Similarly, all other things being equal, a p&cated in a
neighborhood in which the corresponding patch type is distributed in largge m
contiguous, and/or closer patches than another patch will have aifatgevalue. Thus,
the proximity index measures both the degree of patch isolation andetiree of
fragmentation of the corresponding patch type within the specifigghlm@ihood of the
focal patch. The index is dimensionless (i.e., has no units) and tletbrabsolute
value of the index has little interpretive value; instead it is used as a coingpardex.

At the class and landscape levels, FRAGSTATS computesnda proximity index
(MPI) for patches comprising the class or for all patchetheé landscape. At the class
level, the mean proximity index measures the degree of isolation and fragoreofdtie
corresponding patch type and the performance of the index under vecenerios is
described in detail by Gustafson and Parker (1994). We also corhputesin proximity
index at the landscape level by averaging the proximity index across akgpaied patch
types in the landscape, although the performance of this index aasamm®f overall
landscape structural complexity has not been evaluated quantitatively.

At the class and landscape levels, FRAGSTATS computeméad nearest-neighbor
distance(MNN) for patches comprising the class or for all patcinethé landscape. At
the class level, mean nearest-neighbor distance can only be confghted are at least
2 patches of the corresponding type. At the landscape level, meaestaeeighbor
distance considers only patches that have neighbors. Thus, there cdilllcpaehes in



the landscape, but 8 of them might belong to separate patchatypeberefore have no
neighbor within the landscape. In this case, mean nearest-neighlasrcdistould be
based on the distance between the 2 patches of the same type. Phadee? could be
close together or far apart. In either case, the mean neaighbor distance for this
landscape may not characterize the entire landscape very wrethigreason, this index
should be interpreted carefully when landscapes contain rare patch types.

Mean nearest-neighbor distance is a first-order statisticreaydnot be meaningful if the
distribution is complex. Variability in nearest-neighbor distameasures a key aspect of
landscape heterogeneity that is not captured by mean neaggdbaredistanceNearest-
neighbor standard deviatio(NNSD) is a measure of patch dispersion; a small standard
deviation relative to the mean implies a fairly uniform or ragulistribution of patches
across landscapes, whereas a large standard deviation reldtieentean implies a more
irregular or uneven distribution of patches. The distribution of patchay reflect
underlying natural processes or human-caused disturbance pattebsolirieaterms, the
magnitude of nearest-neighbor standard deviation is a function ahéae nearest-
neighbor distance and variation in nearest-neighbor distance amongspdathhs, while
the standard deviation does convey information about nearest neighbobilitgritiis a
difficult parameter to interpret without doing so in conjunction wite mean nearest-
neighbor distance. For example, 2 landscapes may have the samst-megteor
standard deviation, e.g., 100 m; yet 1 landscape may have a meast-negghbor
distance of 100 m, while the other may have a mean nearest-neigsiamicdiof 1,000
m. In this case, the interpretations of landscape structure wouwdrpalifferent, even
though the absolute variation is the same. Specifically, the fdemdscape has a more
irregular but concentrated pattern of patches, while the latterahmore regular but
dispersed pattern of patches. In addition, standard deviation assumesmal nor
distribution about the mean. In a real landscape, nearest-neighbdsutistr may be
highly irregular. In this case, it may be more informativengpéect the actual distribution
itself (e.g., plot a histogram of the nearest neighbor distaftzethe corresponding
patches), rather than relying on summary statistics suchratasadeviation that make
assumptions about the distribution and therefore can be misleading.

Coefficient of variation often is preferable to standard dendior comparing variability
among landscapeBlearest-neighbor coefficient of variatighNCV) measures relative
variability about the mean (i.e., variability as a percentagdefmean), not absolute
variability. Thus, it is not necessary to know the mean nearedthwiglistance to
interpret this metric. Even so, nearest-neighbor coefficiemaiation can be misleading
with regards to landscape structure without also knowing the numipataifes or patch
density and other structural characteristics. For example, Zkpeis may have the same
nearest-neighbor coefficient of variation, e.g., 100%; yet 1 lapgsenay have 100
patches with a mean nearest-neighbor distance of 100 m, while #renwdly have 10
patches with a mean nearest-neighbor distance of 1,000 m. In this case, the itwgrpreta
of overall landscape structure could be very different, even thougtesteneighbor
coefficient of variation is the same; although the identical ooeffits of variation values
indicate that both landscapes have the same regularity or uniformity in patitjuticsir



Because of limitations in Arc/Info (i.e., cannot calculate emgedge distances), the
vector version of FRAGSTATS does not calculate nearest neighbacsndio compute
these indices from a vector image, the image must beirastdirst and then analyzed
with the raster version of FRAGSTATS. During the rastempaprocess, depending on
the cell size selected, it is possible for polygons to mergevate. Indeed, this problem
can be quite severe and lead to erroneous results for metrics based on the number and size
of patches. Therefore, considerable care should be exercised vghenivirggy a vector
image to insure the desired results. The most important fionitaf these nearest-
neighbor indices is that nearest-neighbor distances are compuédyl fsoin patches
contained within the landscape boundary. If the landscape extent isrslaiale to the
scale of the organism or ecological processes under corigdeaad the landscape is an
"open” system relative to that organism or process, then neaigbbor results can be
misleading. For example, consider a small subpopulation of a birdespsmupying a
patch near the boundary of a somewhat arbitrarily defined (fronndss lgerspective)
landscape. The nearest neighbor within the landscape boundary maghitebtar away,
yet in reality the closest patch might be very close, but gusside the designated
landscape boundary. The magnitude of this problem is a function of swakading the
size of the landscape relative to the scale at which the orgamsier investigation
perceives and responds to the environment will decrease the sefetiiig problem.
Similarly, the proximity index sums the distance-weighted axeall patches whose
edges are within the specified search radius of the focal gattbnly considers patches
within the landscape boundary. Thus, the proximity index may be biaseii patches
located within the search radius distance from the landscape bolretanyse a portion
of the search area will be outside the area under consideratiermdgnitude is of this
problem is also a function of scale. Increasing the size ofatigscape relative to the
average patch size and/or decreasing the search radiuwdewrilase the severity of this
problem at the class and landscape levels. However, at the patihregardless of
scale, individual patches located within the search radius of the boudahave a
biased proximity index. In addition, the proximity index evaluabteslandscape context
of patches at a specific scale of analysis defined by thee @i the search radius.
Therefore, this index is only meaningful if the specified seamius has some
ecological justification given the phenomenon under consideration. Otbethasresults
of the proximity index will be arbitrary and therefore mearesgl Although these
scaling issues are a critical consideration for all landsoagtecs, they are particularly
problematic for these nearest-neighbor indices.

Patch-Level ExampleFigure 4 depicts 3 patches extracted from a sample land$edpe t
vary in their neighborhood context. Patch A has the smailksstest-neighbor distance
(NEAR), followed by patch B and C. Similarly, patch A has thigdatproximity index
(PROXIM) based on a 200 m search radius, followed by pataidBCa Note the inverse
relationship betweenearest-neighbor distancand theproximity index These indices
support the conclusion drawn from tlaadscape similarity inded SIM) that patch A is
the least insular of the 3 patches. Patch A contains a closer neggftbargreater amount
of similar habitat within its immediate neighborhood than eithestpBtor C. However,
because of the relatively small landscape extent relativattd size, nearest-neighbor
distances are probably not very meaningful in this sample landscape.




Class-Level ExampleFigure 5 depicts 3 sample landscapes that vary in the amount and
pattern of mixed, large sawtimber habitstean nearest-neighbor distan¢®NN) is
greatest in landscape A, suggesting that mixed, large sawtpatires are most isolated

in this landscape, although the differences among landscapes atigekel small.
Nearest-neighbor standard deviatioNNSD) and nearest-neighbor coefficient of
variation (NNCV) are greatest in landscape B, suggesting that thersispeof mixed,

large sawtimber patches is least regular in this landscapem&ha proximity index
(MPI) is inversely related tonean nearest-neighbor distanbased on a 200 m search
radius and indicates that mixed, large sawtimber in landscapemdst fragmented and
insular. These

nearest-neighbor indices indicate that mixed, large sawtintbéess fragmented in
landscape B than C; yet, most other fragmentation indices iadicatconverse. These
differences likely reflect the relatively small extenttbése landscapes relative to patch
size. Under these conditions, nearest-neighbor indices are not palyiocskaningful and
their interpretations can be misleading.

Landscape-Level ExampleFigure 6 depicts 3 sample landscapes that vary in
composition and patternMean nearest-neighbor distancéVINN) is smallest in
landscape C, suggesting that patches are least insular lantissapeNearest-neighbor
standard deviationfNNSD) andnearest-neighbor coefficient of variatigfiNCV) are
greatest in landscape A, suggesting that the dispersion of p&deast regular in this
landscape. Themean proximity indexMPI) is smallest in landscape A based on a 200 m
search radius and indicates that patches are most fragmentechsamal iin this
landscape; although the interpretation of this index at the landémagleis somewhat
difficult. Because of the relatively small extent of thesedtxapes, nearest-neighbor
indices are not particularly meaningful.

Diversity Metrics

FRAGSTATS computes several statistics that quantify diyeedi the landscape level
(Table 1). These metrics quantify landscape composition. Divengfsures have been
used extensively in a variety of ecological applications. Tngynally gained popularity
as measures of plant and animal species diversity. There basabproliferation of
diversity indices and we will make no attempt to review them.hERAGSTATS
computes 3 diversity indices. These diversity measures are icdiddry 2 components--
richness and evenness. Richness refers to the number of pagshprgsent; evenness
refers to the distribution of area among different types. Richaesl evenness are
generally referred to as the compositional and structural compowéntsversity,
respectively. Some indices (e.g., Shannon's diversity index) aresermsiive to richness
than evenness. Thus, rare types have a disproportionately large infloentee
magnitude of the index. Other indices (e.g., Simpson's diversity)iadexelatively less
sensitive to richness and thus place more weight on the commoesspétese diversity



indices have been applied by landscape ecologists to measure 1 @sfsulscape
structure--landscape composition (e.g., Romme 1982, O'Neill et al. 1988, Turner 1990a).

The most popular diversity index iShannon's diversity indexSHDI) based on
information theory (Shannon and Weaver 1949). The value of this index reprémsents
amount of "information" per individual (or patch, in this case). Infoionais a
somewhat abstract mathematical concept that we will not jgittendefine. The absolute
magnitude of Shannon's diversity index is not particularly meanintifatefore, it is
used as a relative index for comparing different landscapes mathe landscape at
different timesSimpson's diversity indésIDI) is another popular diversity measure that
is not based on information theory (Simpson 1949). Simpson's index selesive to
the presence of rare types and has an interpretation thadls more intuitive than
Shannon's index. Specifically, the value of Simpson's index represents the dxottetili
any types selected at random would be different types. Thus, ghertthe value the
greater the likelihood that any 2 randomly drawn patches would beediffpatch types
(i.e., greater diversity). Because Simpson's index is a probaltilign be interpreted in
both absolute and relative terms. FRAGSTATS also computemdified Simpson's
diversity index(MSIDI) based on Pielou's (1975) modification of Simpson's diversity
index; this index was used by Romme (1982). The modification elinsitlé&intuitive
interpretation of Simpson's index as a probability, but transfdmm@tex into one that
belongs to a general class of diversity indices to which Shannealsityy index belongs
(Pielou 1975). Thus, the modified Simpson's and Shannon's diversity indicaméae

in many respects and have the same applicability.

The use of diversity measures in community ecology has beenyheatidized because
diversity conveys no information on the actual species compositioncomanunity.
Species diversity is a community summary measure that dog¢akeointo account the
uniqueness or potential ecological, social, or economical importancedofidual
species. A community may have high species diversity yet be mmdplargely of
common or undesirable species. Conversely, a community may have |owesspe
diversity yet be comprised of especially unique, rare, or highdiyetk species. Although
these criticisms have not been discussed explicitly withrdegéo the landscape
ecological application of diversity measures, these cmtisi@are equally valid when
diversity measures are applied to patch types instead of spétiesidition, these
diversity indices combine richness and evenness components into ansaagere, even
though it is usually more informative to evaluate richness and evenness independently

Patch richnes¢PR) measures the number of patch types present; it is aoteaffby the
relative abundance of each patch type or the spatial arrangehpaithes. Therefore, 2
landscapes may have very different structure yet have thersgamess. For example, 1
landscape may be comprised of 96% patch type A and 1% eacticbftgpes B-E,
whereas another landscape may be comprised of 20% each of pascA-gpalthough,
patch richness would be the same, the functioning of these landscapes andttire struc
the animal and plant communities would likely be greatly differ8ecause richness
does not account for the relative abundance of each patch typepateh types and
common patch types contribute equally to richness. Neverthelesk, rdiness is a key



element of landscape structure because the variety of landsleapents present in a
landscape can have an important influence on a variety of ecolpgicasses. Because
many organisms are associated with a single patch typey pehness often correlates
well with species richness (McGarigal and McComb, unpubl. data).

Richness is partially a function of scale. Larger areagemerally richer because there is
generally greater heterogeneity over larger areas thancooveparable smaller areas.
This contributes to the species-area relationship predicteddmyibiogeographic theory
(MacArthur and Wilson 1967). Therefore, comparing richness among |qedsthat
vary in size can be problematiéatch richness densifPRD) standardizes richness to a
per area basis that facilitates comparison among landsc#pesigh it does not correct
for this interaction with scale. FRAGSTATS also computeslaive richness index.
Relative patch richnes®RPR) is similar to patch richness, but it represents richaess
percentage of the maximum potential richness as specifiedebyser (Romme 1982).
This form may have more interpretive value than absolute richneghoess density in
some applications. Note that relative patch richness and patchsschne completely
redundant and would not be used simultaneously in any subsequent statistical analysis.

Evenness measures the other aspect of landscape compositionibatidis of area
among patch types. There are numerous ways to quantify evennessosindiversity
indices have a corresponding evenness index derived from them. lioradelitenness
can be expressed as its compliment--dominance (i.e., evenness = ihart@n Indeed,
dominance has often been the chosen form in landscape ecologictiganvens (e.g.,
O'Neill et al. 1988, Turner et al. 1989, Turner 1990a), although we prefanesse
because larger values imply greater landscape diversity. BRAGS computes 3
evenness indicesShannon's evenness indeSHEI; Simpson's evenness indeXIEl,
modified Simpson's evenness indESIEI), corresponding to the 3 diversity indices.
Each evenness index isolates the evenness component of diversttytimlling for the
contribution of richness to the diversity index. Evenness is express#te aobserved
level of diversity divided by the maximum possible diversitydogiven patch richness.
Maximum diversity for any level of richness is based on an edigaiibution among
patch types. Therefore, the observed diversity divided by the maxiversity (i.e.,
equal distribution) for a given number of patch types represents thmorponal
reduction in the diversity index attributed to lack of perfect evennks the evenness
index approaches 1, the observed diversity approaches perfect evenness.

Because evenness is represented as a proportion of maximum eyvedimaEsson's
evenness index does not suffer from the limitation of Shannon's diverdegy with
respect to interpretability. Nevertheless, it is important to note thahess, like richness
and diversity, does not convey any information about which patch typesosteor least
abundant or which may be of greater ecological significance.

Landscape-Level ExampleFigure 6 depicts 3 sample landscapes that vary in
composition and patterrShannon's diversity inde§SHDI), Simpson's diversity index
(SIDI), and themodified Simpson's diversity ind@SIDI) largely reflect differences in
patch richness and represent the landscapes along a continuum fropA)odeast (C)




diverse. In landscape ASimpson's diversity indexdicates that there is a 79%
probability that 2 randomly chosen patches would represent differeah pgpes.
According topatch richnesgPR), the number of different patch types varies from 10 in
landscape A to 3 in landscape C. Because these landscapéwsikareis area and the
maximum possible number of patch types is a conspatith richness densit{fPRD),
relative patch richnes@RPR), ancpatch richnessre largely redundant. On the average,
landscape A contains 3.5 different patch types within a 100-ha aremm@ataihs 37% of
the potential number of patch types.

Although landscape C is the least diverse based on the diversitichndss indices, it

has the most even area distribution among patch types, accardsh@rinon's evenness
index (SHEI), Simpson's evenness ind€XEl), and themodified Simpson's evenness
index(MSIEI). These 3 indices indicate that the distribution of areang patch types is
84-91% of the maximum evenness in landscape C, depending on which index is
interpreted. This illustrates the potential importance of inétirpy richness and evenness
independently and the importance of interpreting evenness separativfessity, which

is influenced strongly by richness. Note that differences imrea@s among landscapes
based orSimpson's evenness ind@e less pronounced than the other 2 evenness indices,
perhaps because Simpson's metric is less influenced by rare patch types.

Contagion and Interspersion Metrics

FRAGSTATS computes 2 indices representing patch interspersioju@aagosition at
the class and landscape levels, although 1 index applies only to the landscafialdeel
1). These metrics quantify landscape configuration. A contagion wweeXproposed first
by O'Neill et al. (1988) and subsequently it has been widely (IRether and Ruscher
1988, Turner 1989, Turner et al. 1989, Turner 1990a and b, Graham et al. 1991,
Gustafson and Parker 1992). Li and Reynolds (1993) showed that thealofoggmula
was incorrect; they introduced 2 forms of an alternative contagaexithat corrects this
error and has improved performance. Both contagion indices are des$aoynexbter
images in which each cell is individually evaluated for adjaceawy, like-adjacencies
(cells not on a patch perimeter) are considered. Both indices haweappked at the
landscape level to measure landscape structure.

FRAGSTATS computes 1 of the contagion indices proposed by Li and Reyi®l93).
This contagion inde(CONTAG) is applicable only to raster images at the lamqusca
level and it is based on raster "cell" adjacencies, not "paidjaitencies. This contagion
index consists of the sum, over patch types, of the product of 2 prababi(it) the
probability that a randomly chosen cell belongs to patch typestinfated by the
proportional abundance of patch type i), and (2) the conditional probahaitygiven a
cell is of patch type i, one of its neighboring cells belongs tchpafue j (estimated by
the proportional abundance of patch type i adjacencies involving patehjty The
product of these probabilities equals the probability that 2 randomlgrclamgacent cells
belong to patch type i and j. This contagion index is appealing becauske of



straightforward and intuitive interpretation of this probabil®pntagion measures both
patch type interspersion (i.e., the intermixing of units of diffepatch types) as well as
patch dispersion (i.e., the spatial distribution of a patch type)othkr things being
equal, a landscape in which the patch types are well interdperdehave lower
contagion than a landscape in which patch types are poorly interspeeserting to the
previous authors, contagion measures the extent to which landscapmntsldpatch
types) are aggregated or clumped (i.e., dispersion); higher valaestafjion may result
from landscapes with a few large, contiguous patches, whereas lalues generally
characterize landscapes with many small and dispersed patthes, holding
interspersion constant, a landscape in which the patch types areatgdrego larger,
contiguous patches will have greater contagion than a landscapéchntive patch types
are fragmented into many small patches. Contagion measuressidispi@r addition to
patch type interspersion because cells, not patches, are edalimat adjacency.
Landscapes consisting of large, contiguous patches have a majantgrofl cells with
like adjacencies. In this case, contagion is high because the poapoftitotal cell
adjacencies comprised of like adjacencies is very largéhendistribution of adjacencies
among edge types is very uneven. Moreover, the contagion index reéprimeobserved
level of contagion as a percentage of the maximum possible giveantéhenumber of
patch types.

We present a newmterspersion and juxtaposition ind€il) that is compatible with both
vector and raster images and applicable at both the class and penldseds. Unlike the
earlier contagion indices that are based on raster "celltaujges, our index is based on
"patch" adjacencies. Each patch is evaluated for adjacencylinatiher patch types; like
adjacencies are not possible because a patch can never be adjageatich of the same
type. For raster images, internal cells are ignored; only theh pagécimeters are
considered in determining the total length of each unique edgeBgpause this index is
a measure of "patch" adjacency and not "cell" adjacencyntamretation is somewhat
different than the contagion index. The interspersion index measurextém to which
patch types are interspersed (not necessarily dispersed);r highees result from
landscapes in which the patch types are well interspersed (i.allyeggjacent to each
other), whereas lower values characterize landscapes in whiphattitetypes are poorly
interspersed (i.e., disproportionate distribution of patch type adjasgncThe
interspersion index is not directly affected by the number, satiguity, or dispersion
of patches per se, as is the contagion index. Consequently, a lancisctgieing 4 large
patches, each a different patch type, and a landscape of thees@miecontaining 100
small patches of 4 patch types will have the same index valiie patch types are
equally interspersed (or adjacent to each other based on the proportatal cfdge
length in each edge type); whereas, the value of contagion would balifgtent. Like
the contagion index, the interspersion index is a relative indexrédmmesents the
observed level of interspersion as a percentage of the maximurbleagsen the total
number of patch types.

Unlike the contagion index, the interspersion and juxtaposition indebeapplied at
both the class and landscape levels. At the class level, nex imeasures the
juxtapositioning of a focal patch type with all others and does flett¢he interspersion



of other patch types. Again, the index is not affected by the dispes§ithe focal patch
type per se, except that a well dispersed patch type islikelyeto be well interspersed
as well. For example, the focal patch type could be aggregatédpiortion of the
landscape or maximally dispersed and the value of the index would lsarttee if the
proportion of total edge length involving the focal patch and each ottadr fype is the
same.

It is important to note the differences between the contagion iadéxhe interspersion
and juxtaposition index. Contagion is affected by both interspersiodigpersion. The
interspersion and juxtaposition index, in contrast, is affected onlypdigh type
interspersion and juxtaposition and not necessarily by the size, wontigr dispersion
of patches. Thus, although often indirectly affected by disperdieninterspersion and
juxtaposition index directly measures patch type interspersionyea$econtagion
measures a combination of both patch type interspersion and disperseadition,
contagion and interspersion are inversely related to each other.rHigh&gion
generally corresponds to lower interspersion and vice vemallyf in contrast to the
interspersion and juxtaposition index, the contagion index is strongigtedf by the
grain size or resolution of the image. Given a particular pataio, a smaller grain size
will result in greater contagion because of the proportional aserén like adjacencies
from internal cells. The interspersion and juxtaposition index is fiettad because it
considers only patch edges. This scale effect should be carefuilsidered when
attempting to compare results from different studies.

Class-Level ExampleFigure 5 depicts 3 sample landscapes that vary in the amount and
pattern of mixed, large sawtimber habitat. Titerspersion and juxtaposition indéXl)
indicates that the mixed, large sawtimber edge present incilgpel8 is more equitably
distributed among patch types than in either landscape A or C. Noté¢halt although
landscapes A and C contain very different numbers of patch fews. 3), the
interspersion and juxtaposition indexroughly the same, indicating that the mixed, large
sawtimber edge is distributed among the available patch typeboait 50% of the
maximum possible equitable distribution in both landscapes, even thoeigibsolutes
amounts of edge and proportions associated with each edge typeeary quite
different.

Landscape-Level ExampleFigure 6 depicts 3 sample landscapes that vary in
composition and pattern. Tl@erspersion and juxtaposition indéil) indicates that the
interspersion of available patch types is greatest in landgcape least in landscape C.
This occurs because landscape C contains 2 patch types thateseat only in the
landscape border and the amount of edge involving these 2 types snadlyThus, the
distribution of edge lengths among unique types is very uneven. Accorditng
contagion indeYCONTAG) is greatest in landscape C and least in lands&afgdis
reflects both the interspersion of patch types as discussed abwedl @&s the larger,
more contiguous patches in landscape C compared to landscape A.




