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ABSTRACT

We report a multiple-scale analysis of forest frag- Nevertheless, where forest existed, it was usualy
mentation based on 30-m (0.09 ha pixe-‘) land- dominant-at least 72.9% of al forest was in land-
cover maps for the conterminous United States. scapes that were at least 60% forested for al land-
Each 0.09-ha unit of forest was classified according scape sizes. Small (less than 7.29 ha) perforations in
to fragmentation indexes measured within the sur- otherwise continuous forest cover accounted for
rounding landscape, for five landscape sizes includ- about half of the fragmentation. These results sug-
ing 225, 729, 6561, 59049, and 531441 ha. Most gest that forests are connected over |arge regionsl
forest is found in fragmented landscapes. With but fragmentation is so pervasive that edge effects
65.61-ha landscapes, for example, only 9.9% of all potentially influence ecological processes on most
forest was contained in a fully forested landscape, forested lands.

and only 46.9% was in a landscape that was more
than 90% forested. Overall, 43.5% of forest was

located within 90 m of forest edge and 61.8% of Key words: forest ecology; edge effect; spatial pat-
forest was located within 150 m of forest edge. tern; landscape pattern; forest fragmentation.
INTRODUCTION sources Institute 2000; Turner and others 2001).
The conterminous United States contains about
Earth's forests are widely understood to have un- 25 X 10° km? of forest, and there has been a slight
dergone dramatic changes over the past millennium overall increase in recent decades (USDA Forest
(Turner and others 1990; Meyer and Turner 1994), Service 200 1). However, forest fragmentation re-
but recent changes (Matthews and others 2000) mains an issue because human land-use patterns
have raised concerns about biodiversity (Lovejoy are altering forest distribution. Between 1982 and
and others 1986), carbon storage (Houghton and 1997, the rate of change of privately owned forest
others 1999; Chambers and others 2001), water area exceeded +3% in 25 states and *+10% in five
quality (Howarth and others 1996), nitrogen cycles states, and the absolute change exceeded 1000 km?
(Vitousek and others 1997, Carpenier and others in each of 18 states (USDA Natural Resources Con-
1998), and the overall sustainability of forest re- servation Service 2000). About 90,000 km? of pri-
sources (Laurance and Bierregaard 1997; World Re- vately owned forest were gained from abandoned

farmland, mostly in the Midwest, and around

2 .
Received 22 October 2001: accepted 30 April 2002. 40'@ kIH were lost to urban development, pri-
*Corresponding author; e-mail: kriitters@fs.fed.us marily along the eastern seaboard (USDA Natural
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Resources Conservation Service 2000). All but two
states on the Atlantic seaboard had net losses of
forest, and all but two states bordering the Missis-
sippi and Ohio rivers had net increases (USDA Nat-
ural Resources Conservation Service 2000).

Such changes in forest extent and fragmentation
might affect habitat quality for some of the 80% to
90% of al mammal, reptile, bird, and amphibian
species that are found in forest habitats in the
United States (USDA Forest Service 1997). Some
species are adapted to edge or interior habitats cre-
ated by natural disturbance regimes; but when for-
est spatial pattern changes, the fitness of forest-
dependent organisms to the environment
decreases, and competitive advantages among pop-
ulations change (O’Neill and others 1988, 1992
Gardner and others 1993). Forest plant and animal
communities along fragmented forest edges can
change with the introduction of exotic species
(Jones and others 2000; Boulinier and others 2001,
Pearson and Manuwa 2001). Forest fragmentation
also increases the energy cost/benefit ratio of move-
ment because movement patterns become more
contorted (Gardner and others 1991; Pearson and
others 1996). Clearly, specific impacts on forest
communities and ecosystem processes will depend
on local circumstances (Restrepo and Go6mez 1998;
Hokit and others 1999; Larson and others 2001;
Renjifo  2001).

Fragmentation refers to the amount of forest and
its spatial pattern, and both can be measured on
raster land-cover maps derived from satellite imag-
ery (Gustafson 1998). Since the advent of satellite
technology in the mid-1970s, most regional and
larger scale surveys have focused on forest extent,
primarily in the tropics (Downton 1995). With
some exceptions (for example, Skole and Tucker
1993), most satellite-based tropical surveys have
treated fragmentation as a tempora change in for-
est extent, and not as a spatial property of forest
(Foody and Curran 1994). But a given amount of
forest can be arranged in many patterns, and the
differences are important for understanding frag-
mentation where spatial patterns are changing even
as the total forest extent is increasing.

In a recent global assessment of forest fragmen-
tation, we introduced a model to quantify fragmen-
tation at multiple scales from raster land-cover
maps (Riitters and others 2000). The model classi-
fies each forest location according to the type of
fragmentation that exists in the surrounding land-
scape, for multiple landscape sizes. Thus, fragmen-
tation is viewed as a property of the landscape that
contains forest (for example, a patchy environ-
ment), in contrast to a view of fragmentation as a

Table 1. The Aggregation of 21 NLCD Land-
Cover Classes (Vogelmann and others 2001) to
Forest, Nonforest, and Missing Classes for the

Fragmentation Analysis

Forest
Deciduous forest
Evergreen forest
Nonforest

Mixed forest
Woody wetlands

Low-intensity residentia Transitional

High-intensity  residential Emergent  herbaceous
wetlands

Commercial/industrial/ Shrubland

transportation

Quarries/strip  mines Grasslandlherbaceous

gravel pits
Urban/recreational Pasture/hay
grasses
Orchards/vineyards Row crops
Smdl grains
Fallow
Missing
Water Bare rock/sand/clay/
talus

Perennial  ice/snow

The missing class was ignored; that is, only the somforest land-cover classes were
permitted to  fragment the forest class.

property of the forest itself (for example, a forest
patch of a certain size). The model facilitates inter-
preting fragmentation with respect to habitat for
different taxonomic groups by explicitly incorporat-
ing spatial scale (Riitters and others 1997). Comple-
tion of the Nationa Land Cover Data (NLCD)
project (Vogelmann and others 2001) from satellite
imagery now permits a consistent assessment at
unprecedented spatial resolution (0.09 ha pixel-‘).
The objective of this study is to provide a synoptic
assessment of forest fragmentation for the conter-
minous United States.

METHODS

Land-Cover Maps

The NLCD land-cover mapping project used Land-
sat Thematic Mapper (TM) data (circa 1992) to map
21 classes of land cover (Table |) at a spatial reso-
lution of 0.09 ha pixel-" (Vogelmann and others
2001). The TM data were mapped into the land-
cover classes using a combination of digital image
processing techniques and logical modeling using
associated ancillary data (Vogelmann and others
1998). For the eastern seaboard, the forest versus
nonforest classification accuracy of the NLCD is
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Figure 1. lllustration of the
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86% (based on commission error) and 94% (based
on omission error) (Yang and others 2001); accu-
racy assessments are in progress for other regions.

We aggregated the land-cover types to focus on
the pattern of forest versus nonforest land cover
(Table 1). Four NLCD forest classes (coniferous,
deciduous, mixed, and wetland forest) were
grouped into one forest class; the remaining classes
were grouped into one nonforest class. Exceptions
were the water (including ice and snow) and bare
rock classes (including bedrock, talus, and desert,
but excluding quarries and mines), which were
treated as missing values and not permitted to frag-
ment the forest. Because the nonforest NLCD land-
cover types were aggregated, our analysis does not
identify the specific type of nonforest land cover
that is associated with forest fragmentation.

Fragmentation Modds

For each of the approximately 2.8 X 10 forest
pixels on the NLCD land-cover map, we placed a
square analysis window (hereafter, a “landscape”)
such that it was centered on a subject forest pixel.
Then we measured the area density (P,) and the
connectivity (P,,) of all forest pixels that were con-
tained within the landscape, and assigned the re-
sults of those measurements to the subject forest
pixel. Figure 1 illustrates the approach for a subject
forest pixel in two hypothetical landscapes. The
three aggregated land-cover types (forest, nonfor-
est, and missing) are represented by square pixels,
and the lines that separate each pair of adjacent
pixels are referred to as “pixel edges.”

1217 (121 + 13) = 0.903

Py is simply the proportion of nonmissing pixels in
the landscape that are forest. Py is calculated by first
labeling each “pixel edge” according to the cover
types of the two adjacent pixels. Py is the number of
pixel edges in the landscape that separate two forest
pixels (that is, forest-forest pixel edges), divided by
the total number of pixel edges that have a forest
pixel on at least one side (that is, forest-forest pixel
edges plus forest-nonforest pixel edges). Missing
pixel edges are ignored. Roughly, P measures the
conditional probability that a pixel adjacent to a
forest pixel is also forest; larger values of Py indicate
a higher connectivity of forest pixels.

To evaluate fragmentation at multiple spatia
scales, we measured P; and Py with five landscape
sizes including 5 X 5 pixels (2.25 ha), 9 X 9 pixels
(7.29 ha), 27 X 27 pixds (65.61 ha), 81 X 81 pixes
(59049 ha), and 243 X 243 pixes (5314.41 ha).
Those landscape sizes will be referred to as 2, 7, 66,
590, and 5314 ha, respectively. Smaller landscapes
are more sensitive to finer-scale (or higher spatial
frequency) patterns;, larger landscapes are more
sensitive to coarser-scale (or lower spatial fre-
quency) patterns.

We used the landscape measurements of P; and
Py, for each subject forest pixel to analyze different
aspects of fragmentation. One goal was to quantify
the proximity of forest and nonforest, and the de-
gree of isolation of forest. We set three threshold
values (1.0, 0.9, 0.6) for area density (P;) and cal-
culated the percentage of forest pixels for which the
surrounding landscape met or exceeded those
thresholds, for each of the five landscape sizes (Ri-
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itters and others 1997). The case of P; = 1.0 corre-
sponds to a subject forest pixel surrounded by a
completely forested landscape where there is no
fragmentation; we call that subject forest pixel a
“core” forest pixel. A subject forest pixel sur-
rounded by a landscape with a P; of at least 0.9 is
referred to here as an “interior” forest pixel, and a
forest pixel surrounded by a landscape with a P; of
at least 0.6 is called a “dominant” forest pixel. The
categories are not mutually exclusive. A forest pixel
that meets the core criterion also satisfies the inte-
rior and dominant criteria, and a forest pixel that
meets the interior criterion also satisfies the domi-
nant criterion.

It is sometimes easier to comprehend the degree
of isolation of a forest pixel in terms of the distance
to the nearest nonforest pixel. In our analysis, the
minimum distance from a core forest pixel to the
nearest nonforest pixel is defined by the largest
landscape size for which that pixel is core. For an
n X n pixel landscape with n odd, the minimum
distance is | + [(n = 1) / 2] pixels. The correspond-
ing linear distance is that number times the nomi-
na side length of a pixel. For NLCD maps with
30-m pixels, and with n equa to 5, 9, 27, 81, and
243 for the five landscape sizes in this study, the
distances are 90 m, 150 m, 420 m, 1230 m, and
3660 m. Those distances are from the center of the
center pixel, to the center of the nearest pixel out-
side the landscape; the distances from the edge of
the center pixel to the edge of the landscape would
be 30 m less. For a given landscape size, forest pixels
that meet the criterion for core are at least the
defined distance away from the nearest nonforest
pixel, and the others are within that distance of the
nearest nonforest pixel.

Another goal was to characterize the location of
fragmentation. This is important because perfora-
tions introduce fragmentation impacts deeper into
the forest, in comparison to removing the same
amount of forest on the exterior boundary of a large
forest tract. We used a simplified version of a clas-
sification model presented by Riitters and others
(2000), in which the fragmentation context of a
forest pixel is classified according to the values of P;
and P, in the landscape surrounding that pixel, for
each of the five landscape sizes. Four components
of fragmentation that we call “core” “perforated,”
“edge,” and “patch” are identified by the model
(Figure 2). The core component is the same as the
core class described earlier-that is, it includes all
forest pixels for which the surrounding landscape
was completely forested (Py = Py = 1.0). The patch
component is simply the complement of the dom-
inant class defined earlier-that is, it includes all

Core,
1
0.8 Perforated
Edge
0.6
Pf
0.4
Patch
0.2

0 02 04 06 08 1
Pff

Figure 2. The model used to characterize components of
forest fragmentation. P, and P,, refer to area density and
forest connectivity, respectively, for a given landscape
size. Regions of the parameter space corresponding to
“core,” “perforated,” “edge,” and “patch” components are
labeled. Adapted from Riitters and others (2000).

forest pixels for which 0.0 < P; < 0.6 within the
surrounding landscape.

In landscapes for which 0.6 = P; < 1.0, the value
of Py determines whether the fragmentation com-
ponent is perforated or edge. When Py is larger than
P;, the implication is that the forest exists in com-
pact clusters, the probability that an immediate
neighbor is also forest is greater than the average
probability of forest within the landscape. Con-
versely, when Py is smaller than P; the implication
is that the forest exists in clusters that are not com-
pact. For fixed P;, the quantity P; minus Py charac-
terizes a gradient from compact forest clusters to
noncompact forest clusters, and the diagonal line in
Figure 2 (that is, P; = P,,) represents the middle of
that gradient. For example, the hypothetical land-
scapes that are shown in Figure 1 are near opposite
ends of that gradient. In a perforated landscape, a
large (relative to landscape size) and noncompact
forest cluster typically has “holes’ created by a small
amount of nonforest land cover (Figure 1A). In an
edge landscape, a compact forest cluster typically
appears next to a compact nonforest cluster (Figure
1B). Landscapes near the middle of the gradient
(P; = Py) often exhibit intermediate patterns.

The placement of the horizontal line (that is, P; =
0.6) in the model (Figure 2) is somewhat arbitrary
because the distinction between perforated and
edge conditions could be extended to landscapes
with P, less than 0.6. However, the inferences about
forest pattern would change because individual for-
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est patches are increasingly recognizable as P; de-
creases from 0.6. In landscapes without much for-
est, overall landscape-scale connectivity is
determined less by within-patch forest connectivity
and more by between-patch forest connectivity (Ri-
itters and others 2000). Typical landscapes with low
P; have either a few large forest patches (larger Pg)
or many smaller forest patches (smaller P,), and
there is a gradient between the extremes. For this
analysis, we elected to call all landscapes with P; less
than 0.6 “patch” components.

RESULTS

The total amount of forest on the NLCD land-cover
map was 2503 X 10° km?. The officia 1992 esti-
mate of total forestland area in the United States
was 3.023 X 10° km® (USDA Forest Service 2001).
An officia estimate that is comparable to the NLCD
is between 2.232 X 10° km? and 2501 X 10° km?.
That range was obtained by subtracting at least
0522 X 10° km?” of Alaska forestland (Hawaii was
not included in official statistics) and up to an ad-
ditiona 0.269 X 10° km? of pinyon-juniper, chap-
arral, and nonstocked (including recently cleared)
forestland, depending on definitions of “forest”.
Close agreement was not expected because the
NLCD map is of land cover, whereas official statis-
tics also consider land use, and because of differ-
ences in measurement scales and definitions of
“forest”.

Fragmentation was both scale-dependent and
threshold-dependent (Figure 3). About half
(56.5%) of all forest was classified as core in 2-ha
landscapes, and the proportion decreased rapidly
with landscape size such that less than 1% of forest
was classified as core in 590-ha and 5314-ha land-
scapes. Similarly, even though 68.7% of all forest
was contained in 2-ha landscapes that were at least
90% forested (“interior”), less than haf was classi-
fied as interior in landscapes larger than 66 ha
Overal, 43.5% of forest was within 90 m of forest
edge, and 61.8% of forest was within 150 m of
forest edge. Less than 1% of forest was more than
1230 m from forest edge. Nevertheless, where for-
est existed it was usually “dominant”’—at |east
72.9% of all forest was in landscapes that were at
least 60% forested for al landscape sizes.

The components of fragmentation were also
scale-dependent (Table 2). The core component
was the most common for the two smallest |land-
scape sizes, and the edge component was the most
common for the three largest landscape sizes. In
other words, the most common finer-scale pattern
was core and the most common coarser-scale pat-
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Figure 3. Scale-dependent fragmentation of US forests.
The percentage of 0.09-ha forest pixelsin the contermi-
nous United States residing in landscapes meeting the
criteria for “core” (@), “interior” (A), and “dominant” (M)
are shown for different landscape sizes. Seetext for def-
initions of the criteria. Open symbols represent western
states (including North Dakota, South Dakota, Nebraska,
Kansas, Colorado, and New Mexico); closed symbols rep-
resent eastern states.

tern was edge. Finer-scale perforations were much
more common than coarser-scale perforations be-
cause perforations tended to be subsumed by coars-
er-scale edges in larger landscapes. Furthermore,
amost half of the total fragmentation in 7-ha land-
scapes was associated with the perforated compo-
nent, and by definition those perforations were
smaller than 7 ha. In regions that are mostly for-
ested, the patch component will decrease with
landscape size because small clumps of forest are
subsumed by coarser-scale edge components (Riit-
ters and others 2000). Here, the observed increase
in the patch component with landscape size was
attributed to regions that are mostly nonforested,
where the proportion of forest in a landscape de-
creases with increasing landscape size.

DiscussioN

If forests were not fragmented, then the area den-
sity of forest would not decrease with increasing
landscape size, there would be no perforated forest,
and the relative amounts of core, edge, and patch
components would depend on landscape size rela-
tive to the size of regional forest patches as defined
by geophysical constraints. The amount of domi-
nant forest decreased by only around 15 % as land-
scape size changed over four orders of magnitude.
This indicates a marked distinction between regions
that are mostly forested and those that are not. The
dramatic decreases in interior and core forest over
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Table 2.

for Five Landscape Sizes

Distribution of Total Forest Area among “Perforated,” “Edge,” “Core,” and “Patch” Components

Fragmentation Component

Landscape Perforated Edge Core Patch
Size (ha) (10° km?) (10° km?) (10° km?) (10¢ km?)
2.25 0.540 (21.6%) 0.238  (9.5%) 1.414  (56.5%) 0.310  (12.4%)
7.29 0.682 (27.3%) 0.498  (19.9%) 0.956 (38.2%) 0.368  (14.7%)
65.61 0.597 (23.8%) 1.148 (45.9%) 0.247  (9.9%) 0.513  (20.5%)
590.49 0.272  (10.9%) 1.590 (63.5%) 0.018 (0.7%) 0.623 (24.9%)
5314.41 0.075 (3.0%) 1.725 (68.9%) 0.000 (0.0%) 0.701  (28.0%)

Percentages of fotal forest area for the given landscape size and rows do not always §ymf to 100.0 due to rounding.

Figure 4. The spatial distribu-
tion of US forest and “interi-
or” forest. A lattice of 56.25
km? cells was used to summa-
rize forest area and fragmen-
tation statistics. (a) The rela-
tive amount of forest area
within each cell is shaded
from low (red) to high
(green), for the 106,316 cells
that contained more than
0.5% forest. (B) The relative
amount of “interior” forest
(7-ha landscapes) from low
(red) to high (green) for the
38,169 cells that contained at
least 60% forest. Large rivers
are shown for reference.
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the range of landscape sizes tested indicate that
fragmentation is pervasive and extensive where
forests do occur. Taken together, the evidence for
small perforations, the masking of larger perfora
tions and smaller patches by the edge component,
and the relatively small proportion of the patch
component suggest that about three-fourths of all
forest is found in or near the boundaries of large
(more than 5000 ha) yet heavily fragmented re-
gional forest patches, and the rest exists as smaller
patches in mostly nonforested regions.

The area percentage of forest within a lattice of
5625 km? (250 X 250 pixd) cdls (Figure 4A) il-
lustrates the regional distribution of forest from
mostly forested to mostly nonforested locations. Lo-
cations with intermediate amounts of forest (0.4 <
P, < 0.6) may represent landscapes near critical
thresholds of fragmentation. In those locations, mi-
nor changes in the amount of forest can dramati-
cally affect the number of forest patches, the size of
the largest forest patch, and landscape-scale con-
nectivity (Gardner and others 1987; Plotnick and
Gardner 1993). As a result, processes or species that
depend on connected forest could also exhibit dra-
matic responses (With and Crist 1995).

The national-scale pattern of relatively remote
forest can be illustrated by color-coding the amount
of interior forest (7-ha landscape size) for those cells
with at least 60% forest. The resulting map (Figure
4B) suggests that the locations of remote forest are
associated with both natural and anthropogenic
features. Generally speaking, interior forest is con-
centrated in public ownership and/or landforms
that are not suitable for agriculture or urban devel-
opment. Historic patterns of forest clearing have left
relatively little interior forest along many large riv-
ers and other transportation corridors, near urban
areas, or in fertile agricultural areas. There are no
large reserves of interior forest in some eastern
regions that were once mostly forested. Only a few
locations (constituting a subset of the green cells in
Figure 4B) had relatively large amounts of core
forest: the Ouachita, Ozark, southern Appalachian,
Adirondack, and Allegheny mountains, the north-
ern parts of New England and the Lake States, and
the Pecific Northwest. Overall fragmentation was
similar in eastern and western forests (Figure 3),
but western fragmentation was mainly associated
with the NLCD shrubland and grassland land-cover
types, and most of the eastern forest was frag-
mented by agricultural, nonforest wetland, and ur-
ban land-cover types.

Fragmentation can have a variety of direct and
indirect impacts at the scales examined here, in-
cluding changes in microclimate and pollution dep-

osition (Erisman and Draaijers 1995, Weathers and
others 2000), wildlife movement (Gardner and oth-
ers 1991), habitat suitability (Pearson and others
1996; Burke and Nol 2000), invasive species (Jones
and others 2000), and tree biomass (Laurance and
others 1997, 2001). Our analysis is conservative in
the sense that a higher-resolution thematic analysis
(for example, distinguishing among forest types or
age classes) or spatial analysis (for example, using a
smaller pixel size) would show even more fragmen-
tation. In many cases, physical fragmentation of
forest land cover is not a sufficient condition for an
actual impact to occur, but in most cases it is a
necessary condition. Our analysis suggests that for-
est land-cover fragmentation potentialy influences
ecological processes over most of the forest, and
while local impacts will depend on circumstances,
most forested locations are probably not immune to
impacts of one kind or another.
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