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Abstract: Large disturbances create spatial heterogeneity in vegetation re-establishment, and documenting such vari-
ability is critical for understanding and predicting succession. We quantified the spatial heterogeneity of lodgepole pine
sapling densities 10 years after the 1988 fires in Yellowstone National Park using color infrared orthophotographs.
Densities were classified across the landscape at an accuracy of 70.9%, and landscape metrics were used to character-
ize their spatial variability. Densities ranged from 0 to > 500 000 saplings/ha, but >60% of the burned area was repre-
sented by densities <5000 stems/ha. The burned area consisted of small patches averaging 1.5 ha in area at a mean
patch density of 68 patches/100 ha. Densities occurred in nearly equal proportions across the landscape (Shannon’s
evenness = 0.85) but were well dispersed (contagion index ≈ 20%), suggesting that densities varied in a complex, fine-
grained mosaic across the landscape, with high-density patches occurring within a matrix of larger, lower density
patches. High-density patches were similar in area to severe surface fires, suggesting that burn severity is an important
explanatory variable for spatial variation in sapling density. Large, stand-replacing fires may result in heterogeneous
forest landscapes rather than homogenous forests of uniform structure, which may have important consequences for
postfire ecological processes.

Résumé : Les perturbations importantes engendrent une hétérogénéité spatiale dans le rétablissement de la végétation
et il est crucial de connaître cette variabilité pour comprendre et prédire la succession. Les auteurs ont quantifié
l’hétérogénéité spatiale de la densité des gaules de pin lodgepole 10 ans après les feux de 1988 dans le parc national
de Yellowstone à l’aide d’orthophotographies infrarouges en couleurs. La densité a été déterminée dans l’ensemble du
paysage avec une précision de 70,9 % et des métriques du paysage ont été utilisées pour caractériser leur variabilité
spatiale. La densité variait de 0 à plus de 500 000 gaules/ha, mais plus de 60 % des zones brûlées étaient représentées
par des densités de moins de 5000 tiges/ha. Les zones brûlées consistaient en de petits îlots d’une superficie moyenne
de 1,5 ha avec une densité moyenne de 68 îlots/100 ha. Ces densités étaient dans des proportions presque égales partout
dans le paysage (indice d’égalité de Shannon = 0,85), mais elles étaient bien dispersées (indice de contagion ≈ 20 %),
indiquant que les densités variaient selon une mosaïque complexe, à grain fin, dans l’ensemble du paysage où des îlots
de forte densité étaient répartis dans une matrice plus vaste constituée d’îlots de faible densité. Les îlots de forte den-
sité avaient une superficie semblable à celle des feux de surface sévères, indiquant que la sévérité du brûlage est une
importante variable explicative de la variation spatiale de la densité des gaules. Les feux de grande dimension qui en-
traînent le remplacement des peuplements peuvent être à l’origine de paysages forestiers hétérogènes plutôt que de fo-
rêts homogènes avec une structure uniforme, ce qui peut avoir d’importantes conséquences sur les processus
écologiques après feu.

[Traduit par la Rédaction] Kashian et al. 2276

Introduction

Disturbance has long been recognized as a driver of heter-
ogeneity in landscapes (Watt 1947) and is an important natu-
ral process in ecological communities (Wiens 1995; Wu and
Loucks 1995). Many studies have addressed the temporal

dynamics of ecological communities following disturbance,
but increasing attention is being placed on the spatial hetero-
geneity of ecological structure and function within a dis-
turbed area (Turner et al. 1997a). Large disturbances may
create substantial variability in vegetation structure and
function of the same successional stage across landscapes
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(Turner et al. 1994; Foster et al. 1998; Turner et al. 1998).
Understanding the nature of such disturbance-created mosa-
ics is crucial for predicting the dynamics of ecosystems in
landscapes prone to disturbance (Turner et al. 2001), yet lit-
tle research has focused on quantifying this variation.

The 1988 fires in Yellowstone National Park (YNP)
burned approximately 250 000 ha of lodgepole pine (Pinus
contorta var. latifolia Englem. ex Wats.) dominated subal-
pine plateaus, largely due to prolonged, extreme drought,
and high winds (Bessie and Johnson 1995). The burned area
was markedly heterogeneous, with burned patches varying
widely in size and severity, and few burned patches were
very isolated from unburned areas (Christensen et al. 1989;
Turner et al. 1994). Although potential sources of off-site
propagules were readily available to most burned patches,
lodgepole pine forests are often recolonized relatively
quickly owing to the serotinous trait expressed by many
trees that allows viable seeds to be retained within closed
cones until fire occurs (Lotan and Critchfield 1990). Sooner
than 5 years after the 1988 Yellowstone fires, the density of
lodgepole pine regeneration varied substantially within the
burned landscape, ranging from <100 seedlings/ha to >100 000
seedlings/ha (Anderson and Romme 1991; Ellis et al. 1994;
Turner et al. 2004). At the spatial scale of individual burned
patches or smaller, variability in sapling density seemed to
be related to both burn severity and prefire cone serotiny,
whereas postfire, high-density sapling patches were coinci-
dent with areas of high cone serotiny burned by light or se-
vere surface fires (Turner et al. 1997b).

Because it initiates succession following fire, initial pine
seedling density may control forest structure and function
across the landscape for many decades (Turner et al. 1997b;
Kashian 2002; Kashian et al. 2005b). Furthermore, under-
standing the variation in early succession across disturbed
landscapes such as Yellowstone is fundamental to an integrated
understanding of variation in ecosystem processes (Turner et
al. 2004), landscape-level dynamics, and predicting future
changes in landscape pattern (Kashian 2002) following natu-
ral or human-induced disturbances. For large disturbances,
documenting the nature of early postfire succession, as well
as its spatial patterns across the landscape, represents the
foundation upon which this future research will be built.

The overall goal of our study was to describe and quantify
the landscape patterns of sapling densities across the approx-
imately 250 000 ha burned landscape; in doing so, however,
we were also interested in assessing our ability to map this
heterogeneity with digital orthophotography created from an
existing set of color infrared (CIR) aerial photographs.
Prefire sapling regeneration has been mapped using satellite
imagery (see Moskal et al. 2001), but few studies have at-
tempted to classify vegetation for an area the extent of Yel-
lowstone’s burned landscape or to distinguish areas of
differing regeneration density (Franklin et al. 1994; Moskal
et al. 2001) rather than a single class of regeneration. Aerial
photography has long been a fundamental source of broad-
scale data for ecologists and natural resource managers and
is commonly used for mapping large land areas. The geo-
metric distortion present in aerial images due to camera tilt,
relief displacement, lens distortion, and atmospheric refrac-
tion (Alberts 1992; Bolstad 1992; Lillesand et al. 2003) may
be removed with orthorectification to create orthophotos,

which are free of geometric distortion, are scale accurate,
and depict objects in their true planimetric positions
(Baltsavias 1996). While once technically complex, labori-
ous, and expensive to produce (Wolf 1983; Lillesand et al.
2003), orthophotos are now relatively easy to create within a
digital environment (Scarpace et al. 2000). The resulting
digital image contains cell-based data, where each cell is as-
sociated with a numeric value that represents the amount of
light reflected from that area on the ground. Orthophotos are
adjusted for vertical relief (z-coordinate) and are aligned with
a conventional horizontal coordinate system (x and y coordi-
nates) and may be output with pixel dimensions appropriate
to the task at hand.

We were also interested in using the classified orthophoto-
graphy to identify and quantify patterns of sapling densities
across the Yellowstone landscape as an effort to further in-
vestigate the underlying causes of postfire spatial heteroge-
neity. Based on the spatial patterns of burn severity (Turner
et al. 1994) and the variation in early postfire vegetation
within burned patches (Turner et al. 1997b, 1999), we hy-
pothesized the following postfire spatial patterns in lodgepole
pine density: (1) relatively even distributions of density classes
across the landscape, represented by high values of evenness
of the landscape; (2) relatively small patches (and corre-
sponding high patch density) of high-density lodgepole pine
saplings and larger patches (and lower patch density) of low-
density lodgepole pine saplings; (3) greater interpatch dis-
tances and edge contrast for high-density patches; and (4) a
dispersed or noncontagious landscape. Many of our hypothe-
ses were based on the patterns of burn severity across the
landscape following the 1988 fires: an even distribution of
density classes across the landscape would be similar to that
of burn-severity classes, and smaller patches of high-density
saplings may reflect smaller patch sizes of light or severe
surface fires (3–5 ha) compared with crown fire patches (16–
18 ha) (Turner et al. 1994). Finally, because prefire serotiny
varied over large areas of Yellowstone (Tinker et al. 1994), we
hypothesized that there would be evident geographic varia-
tion in the proportion of the landscape occupied by high-
and low-density lodgepole pine saplings coincident with high
and low values of prefire serotiny, respectively.

Materials and methods

Study area
Yellowstone National Park (YNP) encompasses 9000 km2

in the northwestern corner of Wyoming and consists primar-
ily of high, forested subalpine plateaus. The plateaus of YNP
range in elevation from about 2100 to 2600 m and are sur-
rounded by more mountainous, broken topography to the
northeast, northwest, and east that range in elevation from
approximately 1900 to 3000 m. Subalpine fir (Abies lasiocarpa
Nutt.), Engelmann spruce (Picea engelmannii Parry ex Engelm.),
and whitebark pine (Pinus albicaulis Engelm.) occur locally
on the subalpine plateaus, but 80% of the plateaus are for-
ested by nearly pure stands of lodgepole pine. Our focus in
this study was on the 45% of the subalpine plateaus affected
by the 1988 fires (Turner et al. 1994). Although infrequent,
fires of this extent burn this landscape every 100–300 years,
with the last such event occurring in the early 1700s
(Romme 1982; Romme and Despain 1989). The interval be-
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tween these large, infrequent fires is often interrupted by
smaller (usually <5000 ha), more frequent fires (Renkin and
Despain 1992). As a result of this fire regime, YNP cur-
rently contains a mosaic of young stands created both by the
1988 fires and by the small fires that have occurred over the
last several centuries, such that stands range in age from 15
to 450 years old.

Field data
Field data used in this study were collected in 1999 as

part of a study examining the spatial variability of ecosystem
processes across the burned portions of YNP (Turner et al.
2004). Eighty-eight 0.25-ha sample points were selected us-
ing an initial visual assessment of the range of pine sapling
density across the YNP landscape based on the original CIR
photographs (Fig. 1). Sample points were selected according
to estimated density, geographic location, and accessibility,
were located within the area burned by a stand-replacing fire
in 1988, and were located a minimum of 50 m from roads or
trails. Because pine sapling density classes were not deter-
mined prior to the field season, sample points were selected
to represent the observed range of sapling density, and ulti-
mately the classes did not contain equal sample sizes. An
additional 61 points sampled similarly during 2000 and 2001
(Fig. 1; Kashian 2002; Litton 2002; Schoennagel 2002) were
also used in this study for a total of 149 sample points. At
each of the sample points, stand density was measured using
the average pine sapling count along three parallel 2 m ×
50 m belt transects (100-m2 sample area along each transect)
extended in a random direction. Transects were spaced 25 m
apart to obtain a density estimate for a 50 m × 50 m (0.25 ha)
area. This spatial scale was most ecologically appropriate for
distinguishing among patches of different sapling densities
in the field. All sample points were located within an area
with pine sapling density observed in the field to be charac-
teristic of that for the surrounding 1-ha area. The Universal
Transverse Mercator coordinates were recorded for each
sampling point using a global positioning system (GPS) at
the center point of the middle transect.

Data sources and orthorectification
Orthophotography was developed from 1 : 30 000 CIR ae-

rial photographs taken during August 1998 from an altitude
of approximately 4.6 km. Photography was timed to enhance
the visual differences among coniferous saplings, herba-
ceous vegetation, and bare soil. The burned area in YNP was
encompassed by 452 images, but we included an additional
135 images (total images = 587) to create a regular-shaped
orthophoto mosaic that encompassed all the burned and un-
burned subalpine plateaus within the boundaries of the Park
(approximately 650 000 ha). Hard-copy photographs were
converted to digital form using a flatbed scanner.

The scanned digital images were orthorectified using the
software package Orthomapper™ (Scarpace et al. 2000) at
the Environmental Remote Sensing Center at the University
of Wisconsin-Madison. Within Orthomapper, we used pan-
chromatic digital ortho-quarter-quadrangles (DOQQs) taken
in 1994 and a 30-m (1 : 40 000) digital elevation model
(DEM) to assist with orthorectification, which requires both
interior and exterior orientation of each image. Interior ori-
entation defines the internal geometry of the camera at the

time of photographic capture and is used to transform the
image pixel coordinate system to the image space coordinate
system (Lillesand et al. 2003). Within Orthomapper, we en-
tered the four corner fiducial points of each image rather
than information from a camera calibration report for inte-
rior orientation. Exterior orientation defines the position and
angular orientation associated with an image at the time of
image capture and relates a ground coordinate system to the
image space coordinate system (Lillesand et al. 2003). For
exterior orientation of each image, we used the Visual Ori-
entation™ option provided by Orthomapper, which allows
the user to orient an image using control points identifiable
on both the digital image and on the DOQQs displayed si-
multaneously on-screen. As a rule, we used a minimum of
six control points per image, with a residual mean square
(RMS) error <1 m as an acceptable error in orienting the
photo set. The imagery was projected into the Universal
Transverse Mercator (UTM) coordinate system with units in
metres, using the North American Datum of 1983 and the el-
lipsoid of Clarke 1866. Based on the resolution of our DEM
and field data, orthophotos were output from Orthomapper
at a resolution of 50 m to avoid excess “noise” in the classi-
fication. Orthophotos were mosaicked within ERDAS Imag-
ine 7.0 (ERDAS 1994) using the appropriate illumination
correction algorithms, where applicable.

Classification protocol and accuracy assessment
Upon review of the field data, we classified the densities

noted in the field into six density classes based on their hy-
pothesized ecological importance and our expected ability to
assess their spectral signatures from the orthophotos (Table 1).
We first implemented a supervised classification protocol us-
ing a maximum-likelihood algorithm available in ERDAS
Imagine to develop a signature file that would distinguish
lodgepole pine saplings within burned areas from other fea-
tures in the images, such as unburned forests, grasslands and
wet meadows, water bodies, exposed rock or soil, and ther-
mal features (primarily hot springs and geyser basins). The
features on the images, other than regenerating lodgepole
pine, were masked from the classification by including a
minimum of 20 signature pixels from each unwanted class in
the signature file and designating each as a “masked class”.

To classify and map the pine sapling classes in the burned
areas, we used stepwise discriminant analysis to develop a
linear model that best distinguished each density class (Wil-
liams 1983). The linear model was built using data from the
149 sample points and was then applied to the set of digital
orthophotos as a means of classification within ERDAS
Imagine. Within the analysis, density class was used as the
dependent variable, and we used independent variables de-
rived from the spectral characteristics of the digital
orthophotos. The value of each of the three bands on the
CIR image for the pixel representing the sample point on the
ground, which is an integer ranging from 0 to 255 represent-
ing the amount of reflected light in each band, was included
as a variable (Band 1, blue; Band 2, green, Band 3, red).

The spectral signature of a pixel represents an average
value that may or may not accurately represent an attribute
on the ground, and the immediate spatial variation in the
reflectance (“textural indices”) of a sample point have proven
successful in improving classification accuracy of aerial pho-
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tography (Duhaime et al. 1997; Musik and Grover 1991).
We included a textural index for each of the three bands at
each sample point as an independent variable, represented as
the standard deviation of the pixel values in each band within
a 150 m × 150 m (nine pixel) floating window that included
the eight pixels surrounding each sample point. Small textural
indices indicate homogeneous pine sapling density around
the sampling point, whereas large textural values indicate
higher spatial variability in pine sapling density surrounding
a given sample point.

One-way analysis of variance (ANOVA) at α = 0.05 was
used to test for significant differences in the mean values of
the six independent variables across all density classes. For
these and all statistical procedures, the data structure was ex-
amined for normality and equal variances using Lillifor’s
test for normality and Bartlett’s test for equal variances, re-
spectively. Variables found to be significant with ANOVA
were entered into forward stepwise discriminant analysis us-
ing a stopping rule set to α = 0.15 to enter and remove
terms. Rather than reduce our set of ground-truth points by
creating a validation set, error rates and model bias were
tested using the jack-knife method of discriminant analysis
(Williams 1983). Because the distributions of the selected
variables showed no serious departures from normality or
homogeneity, assumptions of discriminant analysis (multivariate
normality and equal covariances) were not tested. The over-
all accuracy and the κ statistic were determined for the clas-
sification, and differences in accuracy between all classes
were examined using a χ2 test.

Analysis of landscape pattern
Single pixels were aggregated to define patches of sapling

densities across the burned landscape. The software program
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Fig. 1. Locations of 149 sample points used for classification and accuracy assessment of pine sapling density in Yellowstone National
Park using discriminant analysis. The shaded area represents the area burned in 1988, mapped in this study using digital orthophotos.

Density Class Density (stems/ha) No. sample points

1 <1 000 55
2 1 001 – 5 000 38
3 5 001 – 10 000 14
4 10 001 – 15 000 13
5 15 001 – 50 000 14
6 >50 000 15

Table 1. Pine sapling density classes used in the classification of
color infrared digital orthophotographs in Yellowstone National
Park.



FRAGSTATS (McGarigal and Marks 1995) was used to de-
fine patches by including adjacent pixels that shared an
edge, and that were of the same density class, as part of the
same patch (“four-neighbor rule”). By using the six sapling
density classes and by masking the remainder of the land-
scape, the landscape consisted of six patch types. Once
patches were defined across the landscape, spatial patterns
of sapling densities on the classified imagery were analyzed
using metrics calculated in FRAGSTATS. We used the in-
terpreted imagery to describe the heterogeneity of sapling
densities across all density classes, as well as by density
class, for the entire landscape burned in 1988. We chose
metrics that would address each of our hypotheses regarding
landscape pattern (see Introduction) as well as those that
would describe aspects of the spatial patterning of pine sap-
ling densities insightful for understanding the effects of
large, infrequent fires on postfire succession, ecosystem pro-
cesses, and future vegetation patterns. To examine the distri-
butions of density classes across the landscape, we
calculated the proportion of each class on the landscape and
Shannon’s evenness index (which describes the diversity of
density classes on the landscape); patch density and mean
patch size were used to characterize the landscape and to
compare patch characteristics between density classes. Eu-
clidean nearest-neighbor distance index (a measure of the

proximity of a patch to the nearest patch of the same class)
and total edge contrast index (which describes the contrast,
or difference in density, between adjacent patches) were cal-
culated to examine the isolation and contrast of each density
class across the landscape. The amount of dispersion of the
density classes across the burned landscape was estimated
using the contagion index for the entire landscape and the
clumpiness index (which ranges from –1 for maximum dis-
persion to 1 for maximum clumping) for each class.

Results

Classification and mapping of sapling densities
Of the six independent variables, only the red band (Band

3) and the blue texture band (Text 1) were not significantly
different across all density classes, although all significant
variables except the blue band (Band 1) showed only mar-
ginal statistical significance in the ANOVA (Table 2). Band
1 and Text 3 exhibited the lowest mean values of the three
band and texture variables, respectively (Table 2). Stepwise
discriminant analysis included in the discriminant function
each of the four independent variables that were found to be
significant using ANOVA (Table 3). The first canonical
variate (CV 1) was dominated by the blue band (Band 1)
and, to a lesser extent, the red texture band (Text 3). The
second canonical variate (CV 2) was dominated by the tex-
ture variables, especially the green texture variable (Text 2).
The first three canonical variates accounted for 62%, 89%,
and 97% of the cumulative variance.

The discriminant function had an overall classification ac-
curacy of 70.9%, and the κ statistic suggests that the classifi-
cation was improved by 63.1% over a random classification.
The jack-knifed classification rate was 68%, indicating that
the discriminant classification was largely unbiased. The
largest error sources were produced in the moderate to dense
classes (particularly Classes 4 and 5), which exhibited the
lowest user’s accuracy and the lowest producer’s accuracy
(Table 4). Producer’s accuracies were higher than user’s ac-
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Classification variable

Density class (stems/ha) Band 1 Band 2 Band 3 Text 1 Text 2 Text 3

(1) <1 000 141.4 147.4 171.1 11.3 11.1 10.8
(35.7) (32.5) (38.3) (5.7) (6.0) (5.2)

(2) 1 001–5000 137.3 143.9 162.9 10.3 10.0 9.8
(32.8) (32.8) (36.2) (4.7) (5.1) (4.0)

(3) 5 001 – 10 000 134.0 139.3 168.0 7.8 8.1 7.3
(30.3) (31.6) (16.7) (3.6) (4.0) (3.6)

(4) 10 001 – 15 000 121.3 131.3 159.0 19.0 20.7 20.5
(47.5) (45.7) (35.6) (13.8) (15.8) (14.6)

(5) 15 001 – 50 000 106.8 117.4 144.0 11.5 11.9 8.5
(50.2) (47.5) (50.5) (8.6) (7.8) (8.5)

(6) >50 000 90.2 100.0 134.2 12.0 12.9 12.2
(33.4) (28.9) (43.5) (3.2) (3.3) (3.9)

F statistic 2.61 2.11 1.07 1.55 1.99 2.28
p value 0.02 0.05 0.39 0.19 0.05 0.05

Table 2. Descriptive statistics of mean reflectance values (standard deviation in parenthe-
ses) for pixel and texture values for 149 validation points across six pine sapling density
classes in Yellowstone National Park.

CV 1 CV 2 CV 3

Eigenvalue 3.358 1.530 0.460
% variance explained 62.1 26.5 8.0
Band 1 2.120 0.112 0.587
Band 2 0.211 0.245 –1.202
Text 2 –0.638 –2.347 –0.486
Text 3 –0.947 –1.279 0.025

Table 3. Standardized canonical coefficients of the
first three canonical variates (CV) using four inde-
pendent variables.



curacies for Classes 1 and 2, indicating that these classes
were probably overmapped. The remaining classes, having
much higher user’s than producer’s accuracies, were
undermapped (Table 4). Little pattern of misclassification
was evident in the error matrix for the discriminant function,
and differences in classification accuracy between classes
were not statistically significant (χ2

5, 0.05 = 4.7, p > 0.05).
As a sensitivity analysis, we eliminated selected sets of

variables from the discriminant analysis as a means of test-
ing the discriminatory power of each. Except for the blue
band (Band 1), classification accuracy decreased only slightly
(<2%) when variables were dropped from the model, indi-
cating their relatively small discriminatory power. Notably,
when Band 1 was used as the lone independent variable in
the model (approximating panchromatic orthophotography),
classification accuracy decreased to only 68.9%.

Spatial variability of sapling densities
The density of pine saplings in the 149 sample plots spanned

six orders of magnitude, ranging from 0 to 598 500 stems/ha,
and the mean and median sapling densities were 22 718 and
2813 stems/ha, respectively. Approximately 173 300 ha of
the YNP plateaus included regenerating lodgepole pine sap-
lings (Table 5), but sapling densities were extremely variable
across the landscape, creating a very fine-grained mosaic
(Fig. 2). Approximately 64% of the landscape was domi-
nated by areas having fewer than 5000 stems/ha (Classes 1
and 2), although these low-density areas were not necessar-
ily concentrated in continuous areas on the landscape. The
largest continuous areas of low-density saplings occurred in
the north-central area of the landscape, which includes fairly
rugged terrain; the east-central area of the landscape; and
most of the burned portion of the landscape south of Yellow-
stone Lake (Fig. 2). Areas of higher density (>5000 stems/ha
or Classes 3–6) were less continuous, but very high-density
areas (>50 000 stems/ha, Class 6), which occurred on 8% of

the landscape, appeared to be concentrated in the northwest-
ern portion of YNP (Fig. 2).

Landscape patterns of sapling densities
When all density classes were considered, the burned YNP

landscape consisted of relatively small mean patch sizes
(approx. 1.5 ha) that were numerous (68 patches/100 ha),
dispersed (average nearest neighbor distance = 151 m), and
had low edge contrast (17% of edge exhibits maximum dis-
similarity between patch types). The burned landscape was
dominated by sapling densities <5000 stems/ha; these lower
density classes included patches with larger mean patch size
(2–5 ha) that were closer together and had less edge contrast
than the high-density classes (Table 6). Shannon’s evenness
index was relatively high (0.85), suggesting that the land-
scape is dominated by relatively few density classes, and
contagion for the overall landscape was low (19.7%), indi-
cating a relatively fine-grained mosaic of density classes.

Mean patch size of high-density classes was less than
1 ha; the least-dense classes had the highest patch density
(12–16 patches/100 ha), and the densest class had the lowest
patch density (8 patches/100 ha) (Table 6). Patches of the
densest classes also tended to be more isolated from other
patches of the same class (nearest neighbor distance > 185 m),
whereas the least-dense classes exhibited shorter mean nearest-
neighbor distances (122–129 m). Higher density patches also
displayed higher edge contrast than less-dense patches, sug-
gesting that denser patches were typically surrounded by
patches of lower density. The clumpiness index was positive
but low for all density classes, suggesting that spatial distribu-
tion of the patches of each class were near-random, regard-
less of density (Table 6). These results generally supported
our initial hypotheses about landscape pattern.

The northwestern region of the landscape (hereafter called
“region B”) appeared to be very different from the remainder
of the burned YNP landscape, having the highest concentra-
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Predicted density class

Observed density class (stems/ha) Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Total User’s accuracy

(1) <1 000 41 0 3 3 4 4 55 75%
(2) 1 001 – 5 000 2 26 2 4 3 1 38 68%
(3) 5 001 – 10 000 1 0 10 0 2 1 14 71%
(4) 10 001 – 15 000 2 1 0 8 1 1 13 62%
(5) 15 001 – 50 000 1 0 3 0 8 2 14 57%
(6) >50 000 1 0 0 0 1 13 15 87%

Total 48 27 18 15 18 22 149
Producer’s accuracy 85% 96% 56% 53% 44% 59%
Overall classification accuracy = 70.9%; κ = 63.1%; χ2 = 4.67 (p > 0.05, df = 5)

Table 4. Error matrix derived from discriminant analysis of 149 sampling points of pine sapling density across the Yellowstone land-
scape (correctly classified observations are shown in bold).

Classification Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Total

Area (103 ha) 58.15 52.49 18.47 14.98 15.16 14.05 173.31
Proportion (%) 33.6 30.3 10.7 8.6 8.7 8.1

Note: The distribution of areas across the six density classes was not significant (χ2 = 0.113, p > 0.05).

Table 5. Area occupied by each post-1988 sapling density class across Yellowstone National Park, clas-
sified using discriminant analysis.
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tion of high-density patches. We compared the landscape
heterogeneity of sapling density in this region with that of
the region south of Yellowstone Lake (“region A”), which
was dominated by patches of lower density classes (Fig. 3).
For the two overall landscapes, region A had higher patch
densities and thus smaller mean patch sizes; it also had
larger mean nearest neighbor distances, lower contagion (18%
vs. 24% for region B), and higher Shannon’s evenness index
(0.81 vs. 0.63 for region B) than region B (Table 7). These
results indicate that density classes are less continuous and
more dispersed in region A and that the landscape is finer
grained than in region B. Sapling densities <5000 stems/ha
were dominant in both landscapes, but the importance of the
high-density classes in region B is evident in the larger
patch sizes of high-density classes in region B compared
with those in region A. In addition, patch densities in region
B were higher for the densest class and lower for patches
with sapling densities <5000 stems/ha than region A, and
mean nearest-neighbor distance was much lower for the highest
density classes in region B (131–135 m) compared with that
in region A (158–230 m). Patches of all density classes dis-
played higher edge contrast and clumpiness in region B than
in region A (Table 7).

Discussion

Landscape heterogeneity in sapling density
As suggested by previous field-based studies (Anderson

and Romme 1991; Ellis et al. 1994; Turner et al. 1997b) and
analysis of remotely sensed imagery (Moskal et al. 2001),
we noted a great deal of spatial heterogeneity in pine sapling
density across the YNP landscape (Fig. 2). In contrast with
other studies, however, we were able to quantify spatial vari-
ation across the entire burned landscape rather than only at a
set of sample points. Nearly two-thirds of the landscape
burned in 1988 had low (<5000 stems/ha) sapling densities;
these low-density patches appeared to be larger in area, par-
ticularly in the north-central and east-central regions of the
Park, which include more rugged terrain and most of the
burned portion of the landscape south of Yellowstone Lake
(Fig. 2). Areas of higher density (>5000 stems/ha or Classes
3–6) are less continuous, but very high-density classes
(>50 000 stems/ha, Class 6), which occur on 8% of the land-
scape, appear to be concentrated in the northwestern portion
of the mapped landscape (Fig. 2). Overall, however, postfire
sapling density appears to vary in a fine-grained spatial mo-
saic across the YNP landscape. Such fine-grained variability

was evident even at the relatively coarse, 0.25-ha scale used
in this study; it was not uncommon to find six different den-
sity classes within a 2.25-ha (nine-pixel) area at any location
across the landscape. Because post-1988 pine sapling den-
sity in YNP may vary at scales as fine as 5 m (Plotnick et al.
1996), the degree of variability seen using 50 m × 50 m pix-
els is quite notable, and actual variability in pine sapling
density across the landscape is likely even more heteroge-
neous than our predicted maps suggest.

The fine-grained heterogeneity across the landscape was
confirmed by the landscape metrics we calculated in this
study. The least-dense classes not only dominated the land-
scape, but constituted larger and more numerous patches per
unit area that were closer in proximity to each other com-
pared with those found in higher density classes. Dominance
of the landscape by one or a few density classes was greater
than we hypothesized based on fire severity. Although rela-
tively few classes dominated the landscape, contagion was
relatively low and of similar magnitude to that observed for
burn severity (Turner et al. 1994). Together with the smaller
patch size, lower patch density, greater isolation, and larger
edge contrast of the densest classes, these metrics suggest
that larger patches of low-density saplings serve as the “ma-
trix” of regeneration across the burned areas of YNP, within
which lie smaller patches of higher sapling densities.

Ecologically, the fine-grained variability in pine sapling
density is probably related to the spatial heterogeneity in
percent serotiny of the prefire forests (Tinker et al. 1994)
and the burn severity that occurred during the 1988 fires
(Turner et al. 1994, 1998) across the YNP landscape. Using
satellite imagery, Turner et al. (1994) noted relatively fine-
scale heterogeneity in 1988 fire severity, noting larger patch
sizes of crown fire (16–18 ha) compared with smaller
patches of light or severe surface fires (3–5 ha). Given the
occurrence in YNP of high sapling densities in areas burned
by light or severe surface fires (Turner et al. 1997b), the
smaller high-density patches (<1 ha) and larger low-density
patches (2–5 ha) we noted in this study may reflect this spa-
tial patterning of burn severity of the 1988 fires, although
sapling density appears to vary at smaller spatial scales than
burn severity did in 1988. This scale difference may be due
to additional spatial variability in percent serotiny across the
YNP landscape. Variability in percent serotiny in YNP has
yet to be mapped, but is strongly related to prefire stand den-
sity and serotiny in nearby unburned stands (Anderson and
Romme 1991; Ellis et al. 1994; Turner et al. 1997b) and
likely varies at similarly fine scales as sapling density. Both
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Density class % of landscape
Clumpiness index
(unitless)

Patch density
(no./100 ha)

Mean patch
size (ha)

Mean nearest-neighbor
distance (m)

Total edge contrast
index (%)

All classes na na 68 1.5 150.9 17.4
1 33.6 0.32 14 5.4 128.5 20.7
2 30.3 0.27 16 1.6 121.9 19.0
3 10.7 0.16 12 0.5 163.4 22.6
4 8.6 0.18 8 0.5 199.9 30.0
5 8.7 0.19 10 0.6 186.4 41.3
6 8.1 0.29 8 0.7 209.7 53.4

Note: na, not applicable.
All metrics were calculated using FRAGSTATS on a raster map of 50 m × 50 m cells.

Table 6. Landscape metrics describing the spatial heterogeneity of lodgepole pine sapling densities across the Yellowstone landscape.



© 2004 NRC Canada

Kashian et al. 2271

F
ig

.
3.

C
on

tr
as

ti
ng

re
gi

on
s

of
Y

el
lo

w
st

on
e

N
at

io
na

l
Pa

rk
bu

rn
ed

by
th

e
19

88
fi

re
s

th
at

di
ff

er
in

pr
ef

ir
e

sp
at

ia
l

pa
tt

er
ns

of
pi

ne
sa

pl
in

g
de

ns
it

ie
s.



burn severity and serotiny are difficult or impossible to mea-
sure a decade following the disturbance, and our inability to
accurately analyze the spatial heterogeneity of these vari-
ables is probably the largest limitation to explaining broad-
scale variability in sapling density. Low-density areas in the
north-central and east-central regions of YNP may also be
related to the steep terrain present there, which may reduce
regeneration success regardless of prefire serotiny and burn
severity. In any case, the interaction of burn severity and
cone serotiny and its influence on postfire regeneration re-
mains an important avenue for future research.

The greater coverage of high-density classes in the north-
western portion of the burned landscape (region B) actually
decreased the fine-grained heterogeneity of sapling densities
across that landscape as compared with the southern portion
of the burned area. Such a pattern may substantiate the role
of prefire serotiny and burn severity on the landscape pattern
of postfire regeneration. Turner et al. (1994) noted large,
contiguous patches of severe surface fires in region B; al-
though they did not quantify the heterogeneity of region A,
the region appeared to be patchier and consisted of large
patches of crown fire that were not necessarily contiguous.
Such a pattern of burn severity is likely related to the timing
of burning, where fires burning earlier in the summer (such
as those in region B) are more likely to remain on the sur-
face as a result of burning conditions being less conducive to
crown fire (Turner et al. 1994). Thus, since postfire seedling
regeneration is typically highest in severe surface burns rather
than crown fires (Turner et al. 1997b), the reduced heteroge-
neity of region B may in part be related to the timing of the
burn. In addition, prefire percent serotiny in this region is
higher than anywhere else on the YNP landscape (D.B. Tin-
ker, unpublished data; Turner et al. 1997b). Furthermore,
field studies have suggested that percent serotiny of forests
unburned in 1988, with several exceptions, is relatively low
(<10% of trees in a stand) across much of the YNP land-
scape (D.B. Tinker, unpublished data), a trend that mirrors

that of postfire seedling density. If prefire serotiny directly
affects postfire seedling densities, then prefire percent serotiny
might be expected to be high and to exhibit reduced spatial
heterogeneity in region B. Clearly, spatial mapping of per-
cent serotiny is an integral part of understanding the causes
of landscape patterns in postfire sapling densities in YNP.

Though useful in describing pattern, landscape metrics
are extremely sensitive to the classification and scale of the
data used to map the landscape (Turner et al. 2001). Thus,
it is important to emphasize that our characterization of
landscape pattern may differ if different density classes
were chosen or if we had mapped sapling densities at reso-
lutions larger or smaller than 0.25 ha. Although such limi-
tations are inevitable when quantifying pattern, we attempted
to select density classes and scales that were most ecologi-
cally meaningful and useful for our objectives. The density
classes were selected based on their hypothesized ecologi-
cal importance in the field and our expected ability to dif-
ferentiate their spectral signatures from the CIR photos.
Similarly, we chose to represent sapling densities at 0.25 ha
based on previous studies of postfire sapling density in
YNP (Anderson and Romme 1991; Ellis et al. 1994; Turner
et al. 1997b) and our field sampling regime. However, as
noted by Turner et al. (2004), comparisons of our results to
other locations or future time periods in YNP are only valid
if consistency is maintained in both the categories and the
scale of the data.

Classification accuracy
Using our six density classes, the overall classification ac-

curacy for the discriminant analysis was approximately 71%,
which is within the 60%–85% accuracy range presented in
other recent classifications of forest vegetation or regeneration
using remotely sensed data (Franklin et al. 1994; Jakubauskas
1996; Duhaime et al. 1997; Carmel and Kadmon 1998). Al-
though our classification with orthophotography was about
71% accurate, similar studies in YNP using satellite data
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Density class % of landscape
Clumpiness
index (unitless)

Patch density
(no./100 ha)

Mean patch
size (ha)

Mean nearest-neighbor
distance (m)

Total edge contrast
index (%)

Region A
All classes N/A N/A 122 0.8 152.0 17.4
1 34.7 0.29 22 1.6 138.2 27.0
2 28.6 0.17 28 1.0 131.8 18.7
3 14.5 0.11 25 0.6 144.0 17.7
4 8.7 0.16 17 0.5 169.3 23.3
5 10.2 0.10 21 0.5 158.2 34.4
6 3.3 0.12 8 0.4 229.8 42.8

Region B
All classes N/A N/A 74 1.3 138.5 35.9
1 34.1 0.36 17 2.1 119.1 45.4
2 31.5 0.34 14 2.2 122.1 34.2
3 2.3 0.13 6 0.4 204.6 28.0
4 2.5 0.29 4 0.6 221.0 26.9
5 13.0 0.24 17 0.8 134.9 48.9
6 16.6 0.30 16 1.0 130.5 59.7

Note: All metrics were calculated using FRAGSTATS on a raster map of 50 m × 50 m cells.

Table 7. Landscape metrics comparing the spatial heterogeneity of lodgepole pine sapling densities in the southern portion of Yellow-
stone National Park (region A) with those of the northwestern portion of the Park (region B).



achieved accuracies exceeding 85% (Moskal and Jakubauskas
2001; Moskal et al. 2001). In particular, Moskal et al. (2001)
estimated post-1988 pine sapling density in a relatively lim-
ited area of YNP (approximately 240 km2) to 30 m using
AVIRIS data with an accuracy of almost 86% and using
Landsat data with an accuracy of 75%. Since the bulk of the
work in our research was spent during orthorectification of
the original CIR images, the higher classification accuracy
and higher resolution provided by satellite imagery, rather
than orthophotography, is likely more suitable for large study
areas such as YNP unless the orthophotographs are output at
a similar or higher resolution than available satellite imag-
ery. Since the output resolution of the orthophotos created in
the present study was restricted by the spatial scale of our
field sampling regime rather than by the nature of the ortho-
photos themselves, the orthophotos created for this study
may be re-output at resolutions more similar to those of sat-
ellite imagery, if field data are also available at higher reso-
lutions for the task at hand. Furthermore, we reiterate that
we were able to successfully use orthophotography to clas-
sify six classes of sapling density across a very large land-
scape at an accuracy that falls well within the range of
acceptability even at a resolution of 50 m.

Eliminating several independent variables from the discri-
minant model classifier caused very little decrease in the
overall accuracy of the classification. In fact, it was possible
to eliminate all independent variables but a single band
(Band 1) from the model without causing more than a 3%
decrease in the overall classification accuracy. This domi-
nance of a single band in the discriminant model may result
from our attempt to differentiate classes based on density
alone, while the tree species and tree ages were constant
across the photography. Since this model approximates the
amount of information present in single-band, panchromatic,
aerial photography, more expensive CIR photography may
be unnecessary to map pine sapling regeneration density in
YNP. However, CIR photography contains no information
from the blue or middle-infrared portions of the spectrum,
which may include ecological information that may improve
classification accuracy significantly (Duhaime et al. 1997).
Thus, other types of aerial imagery may in fact be useful in
mapping pine sapling regeneration in future studies.

As with many landscape studies that use fine-scale field
data to extrapolate or predict a given ecological parameter
across large spatial scales, an increased number of sample
points in all density classes may have significantly improved
classification accuracy. For example, the low-density classes
were the most accurately classified (Table 5), in part because
of the reduced variability of reflectance between patches in
this class (since the background reflectance, dominated by
herbaceous vegetation in low-density patches, many domi-
nate the signal), but also because of the larger number of
sample points collected in these classes (Table 1). Notably,
other studies (e.g., Franklin et al. 1994; Duhaime et al. 1997;
Carmel and Kadmon 1998; Moskal et al. 2001) have used a
similar number of sample points or more as that used in the
present study to characterize areas much smaller in extent
than the burned areas of YNP. Congalton and Green (1998)
have suggested that a minimum of 50 sample points per cat-
egory or class should be used for classification; for our study,
such a rule would have required a minimum of 300 points

across the YNP landscape, which would be extremely difficult
given time constraints and the remoteness and inaccessibility
of many of the burned areas. Thus, a trade-off exists be-
tween high overall classification accuracy and a large spatial
extent of the study area when attempting to map fine-scale
vegetation differences, and computer classification of digital
images only partially addresses these concerns (Carmel and
Kadmon 1998).

Ecological implications of landscape heterogeneity in
sapling density

In YNP and other landscapes characterized by large fires,
the ecological importance of spatial variability in sapling
density is that it initiates forest succession along a variety of
different trajectories of stand development. Using tree rings
to reconstruct past densities, Kashian et al. (2005a) noted a
wide variability in initial stand conditions for stands left un-
burned on the YNP landscape after 1988, although many of
these stands currently look very similar. They used spatial
statistics along a chronosequence of mature stands to infer
that initially dense stands may develop at variable rates of
self- thinning, while initially sparse stands often develop
through colonization and infilling. Thus, spatially variable
sapling densities not only form interesting patterns across
the landscape immediately following fires, but they also shape
the rates and trajectories of postfire succession of lodgepole
pine forests in this landscape (Kashian et al. 2005a).

In examining the patterns of burn severity across the post-
1988 landscape, Christensen et al. (1989) and Turner et al.
(1994) noted that large fires in subalpine forests such as
those in YNP result in a heterogeneous rather than a homog-
enous landscape. Thus, large fires in this system have a very
different effect on landscape structure compared with that of
similarly severe and extensive fires in other coniferous forest
types, where large, stand-replacing fires may result in exten-
sive, uniform, even-aged forests dominating the landscape
(e.g., Graham et al. 2004). Our results reiterate those of
Turner et al. (1997, 1999): not only do large fires create het-
erogeneity in burn severities, but they also create heteroge-
neity in the subsequent regeneration of lodgepole pine across
the landscape. Notably, field observations suggest that rela-
tively little density-dependent mortality is evident even
15 years after the fires, such that the spatial heterogeneity
we documented in this study is mainly a result of the inter-
actions of the prefire forest (mainly stand density and per-
cent serotiny) and the fire itself (burn severity), not postfire
processes such as self-thinning.

The spatial heterogeneity of sapling densities we have
documented have important ramifications for ecological pro-
cesses across the landscape, and many implications are cur-
rently being examined for the areas of YNP burned in 1988.
For example, the variability in postfire sapling density has
resulted in similar variability in aboveground net primary
production (Turner et al. 2004) across the landscape as well
as in carbon allocation patterns within stands (Litton et al.
2004), belowground productivity (Litton et al. 2003a), and
microbial biomass (Litton et al. 2003b). In addition, fine and
coarse woody debris, which represent important pools of or-
ganic matter that will influence future patterns of soil pro-
ductivity, will inevitably vary spatially with sapling density
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as the stands mature and undergo various degrees of density-
dependent mortality.

In addition to variability, the spatial pattern of density
patches within the area burned by the YNP fires may also
impact ecological processes across the landscape. Turner et
al. (2004) noted a dominant matrix of lower aboveground
productivity and leaf area surrounding smaller patches of
higher productivity and leaf area within YNP, and Hansen et
al. (2000) speculated that such areas of high productivity
may provide important habitat for many plants and animals
across the Greater Yellowstone Ecosystem. In particular,
dense stands of lodgepole pine may provide important cover
for some prey species such as elk (Cervis elaphus) (Turner
et al. 2004) or avian species that may be vulnerable to pre-
dation in more open stand conditions. Spatial patterns of
high- and low sapling density may also have important im-
plications for the persistence or dispersal of plant popula-
tions, since herbaceous and shrub species richness tends to
decrease with increasing sapling density across the burned
landscape (D.B. Tinker, unpublished data). Thus, landscape
patterns of sapling density may directly affect the local or
regional distributions of some plant species; in our study, for
example, the more clumped, greater coverage of dense sap-
ling patches in region B may greatly reduce the occurrence
of some plant species.

Spatial variability in postfire tree recruitment is evident
and important for the future landscape structure of other
subalpine and boreal forests characterized by large fires, but
the drivers of that spatial variability may be very different
when species other than lodgepole pine are present. Burn se-
verity and percent serotiny were the two most important fac-
tors influencing the spatial pattern of postfire regeneration in
YNP (Turner et al. 1997b), and landscapes characterized by
nonserotinous, shade-tolerant, or site-specific species may
exhibit very different patterns or degrees of spatial heteroge-
neity in regeneration. For example, the spatial pattern of for-
est landscapes with a large component of spruce or fir may
be far less determined by initial postfire spatial variability in
sapling densities than by postfire processes such as infilling
or colonization of nonserotinous species via off-site pro-
pagules. Furthermore, the postfire spatial pattern of regenera-
tion on landscapes having species more sensitive to site
conditions and substrate than lodgepole pine may be shaped
more by abiotic factors than by the factors we have dis-
cussed; several studies of postfire establishment in the boreal
forest have stressed the importance of substrate or microsites
to regeneration patterns (St. Pierre et al. 1991; Filion and
Morin 1996; Simard et al. 1998)

A critical role of large disturbances, in addition to creat-
ing complex patterns of disturbance severity, is creating pat-
terns of regeneration across landscapes (Foster et al. 1998).
Although many studies have examined spatial heterogeneity
in postfire regeneration at fine scales as it relates to substrate
(St. Pierre et al. 1991; Duchesne and Sirois 1995; Filion and
Morin 1996; Simard et al. 1998) or the timing and mortality
of recruitment following the fire (Duchesne and Sirois 1995;
Johnstone et al. 2004), it is the broad-scale heterogeneity in
postfire regeneration that affects ecological processes across
landscapes. In YNP, the 1988 fires created an initial postfire
mosaic of sapling densities that will likely affect spatial pat-
terns of forest structure across the landscape for two centuries

or more (Kashian 2002) and may affect forest productivity
for over a century (Kashian et al. 2005b). Given that large,
infrequent fires characterize most subalpine and boreal for-
ests in North America (Romme and Despain 1989; Johnson
1992), documenting the broad-scale spatial variability in
postfire regeneration is an important and critical process in
understanding the nature of forest succession across these
landscapes.
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