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Abstract

The 1998 ice storm was a large-extent ecological disturbance that severely affected the eastern Adirondack for-
ests of northern New York. Ice damage produced widespread breakage of limbs and trunks in susceptible trees.
Although ice storms are common within northeastern North American forests, the magnitude and extent of the
1998 storm far exceeded damage caused by typical ice storms in the recent past. While plot and stand-scale
ecological impacts of ice storms have received attention insofar as tree species vulnerability, stand age suscep-
tibility, and microhabitat alterations, larger-extent damage patterns have not been previously evaluated. The nor-
malized difference vegetation index �NDVI� was employed to assess forest vigor and canopy density in
atmospherically corrected Landsat Thematic Mapper �TM� satellite imagery of the Adirondacks. Digital change
analysis of the baseline forest condition �1990 NDVI data�, and the condition encountered in a post-storm image
�1998 NDVI data� was conducted. Forest damage was separated from natural variations in canopy reflectance by
employing a generalized linear model that incorporated in situ measurements. A robust empirical variogram
analysis revealed that locations of tree damage were significantly correlated for distances up to 300 meters. In-
tensely-damaged forest exhibited greater spatial dependence, but over a smaller distance. Canopy damage was not
greater proximate to stream and forest boundaries, and did not follow our hypothesis of decreasing damage with
distance from the boundary. Overall, we show that local topography �elevation and aspect�, forest composition
�deciduous or coniferous�, and the meteorological characteristics of the disturbance event acted together to de-
termine the spatial extent of ice storm damage.

Introduction

Large-extent physical disturbances have received at-
tention related to their influence on ecosystem struc-
ture and function �Foster et al. 1998; Swanson et al.
1998; Turner and Dale 1998�. Fires, hurricanes, tor-
nados, ice storms, and landslides have been recog-
nized as examples of large-extent disturbance events,
with ice storms annually impacting an area of U.S.
forests about one-third of that disturbed by fire �Dale
et al. 2001�. Despite their potential to alter ecological

processes and patterns at a significant extent and
magnitude, the nature and spatial coverage of large,
infrequent disturbances, are poorly understood
�Turner and Dale 1998�. Recent advances in synoptic
data acquisition at a greater spatial resolution, and
over large areas, are contributing to a growing ability
to determine underlying influences of landscape fea-
tures on large-extent disturbances. Of particular inter-
est is the potential for large-extent analyses of
physical disturbances to identify important biophysi-
cal interactions across ecosystem boundaries, such as
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wood inputs from forests into streams �Kraft et al.
2002�.

In January 1998, a severe ice storm extensively
damaged the canopy of many northeastern U.S. and
eastern Canadian forests. Although previous investi-
gations reported that the forest landscape was affected
by the 1998 ice storm in a highly patchy and variable
fashion �Irland 1998; Duguay et al. 2001�, these ob-
servations did not provide a quantitative evaluation of
the spatial extent of aggregation associated with ob-
served forest damage. The primary impact of an ice
storm in a forested environment is extensive break-
age of tree canopy branches �Manion and Griffin
2001; Rhoads et al. 2002�, resulting in large amounts
of woody debris deposition on the forest floor
�Hooper et al. 2001�. Secondary effects include im-
pacts on associated forest fauna �Jones et al. 2001a�
and increased wood deposition into streams �Kraft et
al. 2002�.

Within the Adirondack mountains of New York, ic-
ing of forests produced significant limb and crown
breakage �Irland 1998; Jones et al. 2001b�. Previous
studies have suggested that trees with asymmetrical
crowns on the periphery of canopy openings or roads
may be particularly vulnerable to ice damage, as are
broad-crowned trees growing in the open �Seischab
et al. 1993�. While the forest literature has a long
record of studies reporting the influence of ice storms
on forest community composition in plots smaller
than 100 ha �Carvell et al. 1957; Seischab et al. 1993;
Jones et al. 2001b; Rhoads et al. 2002�, the spatial
extent and landscape influence of ice storm damage
upon forests has not been evaluated at a broader scale.

Ecological manifestations of large-extent disturb-
ances are rarely homogeneous in their spatial cover-
age �Turner and Dale 1998; Peterson 2002�, and
several studies have investigated edges as focal loca-
tions for aggregations of ecological alteration �Foster
et al. 1998; Weathers et al. 2000�. In a New Hamp-
shire forest, tree canopy damage from the 1998 ice
storm was found to intensify near naturally occurring
edges, such as streams �Rhoads et al. 2002�. Edges
represent transitional gradients between locations of
differing ecological structure and function �Forman
1987; Turner 1989�, and have both natural and
anthropogenic origins �Naveh 1995; Swetnam et al.
1999�. Stream networks, cliffs, and coastlines are ex-
amples of naturally occurring edges; whereas roads,
utility corridors, agriculture and forest practices im-
pose human-created boundaries. Topographic land-
scape features can act as a deterministic gradient that

predisposes boundaries, and proximate areas, to vary-
ing degrees of ecological modification in the event of
a large-extent disturbance �Boose et al. 2001�. As part
of our study, we investigated the potential to measure
boundary effects resulting from a large-extent disturb-
ance event throughout a large �2045 km2� region.

The abiotic environment plays an important role in
landscape pattern formation, serving as a stage of in-
teraction for biotic processes and disturbance events.
Topography �i.e., elevation, aspect� has been reported
as an important factor influencing localized patterns
of forest disturbance, including ice storms �Foster et
al. 1998; Rhoads et al. 2002; Rollins et al. 2002�.
Large-extent evaluations of the influence of physical
landscape characteristics on ecological disturbances
have been undertaken for hurricanes �Foster and
Boose 1992; Boose et al. 2001� and fires �Rollins et
al. 2002�, but studies conducted at such a large spa-
tial extent are rare. The question driving these inves-
tigations, as well as ours, was: What factors
determine which specific locations are impacted by
disturbance events? Due to its large spatial extent, the
1998 ice storm provided an opportunity to evaluate
the spatial pattern and landscape influence of a dis-
turbance throughout a broad forested landscape.

The application of remote sensing techniques to
mapping large-extent disturbances offers several dis-
tinct advantages over conventional sampling meth-
ods. With Landsat 5 Thematic Mapper �TM� data,
these include synoptic coverage, temporal repeatabil-
ity, 30 m pixels with a 60-140 nm bandwidth, and
generally low acquisition costs �Jensen 1996; Lille-
sand and Kiefer 2000�. A contiguous matrix of geo-
metrically referenced pixels, representative of ecolog-
ical structure�s� before and after a large-extent
disturbance, provides an opportunity to investigate
the magnitude and spatial extent of disturbance.

By determining spatial extent and influence of
landscape position on ice storm damage, we can be-
gin to understand the physical scale of processes that
influence the ecological impacts of large-extent dis-
turbances. Specifically, we evaluated the following
questions: 1� Was ice storm damage patchy in its oc-
currence?; 2� Did the spatial extent of ice damage
vary in relation to differing damage magnitudes?; and
3� How did landscape features �e.g., topography, for-
est type and ecological boundaries� affect ice storm
damage?
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Site Description

The Adirondack Park in northern New York State re-
presents the largest park in the contiguous United
States east of the Mississippi River �Mac et al.
1998��Figure 1�. The Adirondacks are a topographi-
cally complex region with an elevation range span-
ning 25 to 1650 m above sea level. Thin soils, steep
slopes, and glacial till over igneous and metamorphic
bedrock are typical geomorphic features in Adiron-
dack watersheds. Most forests within the park were
first logged prior to 1900. Currently, coniferous and
deciduous forests comprise 31% and 69%, respec-
tively, of the forested park area addressed in this
study, with the remaining land cover types consisting
of agriculture, urban, water and a small amount of
mixed forest �Vogelmann et al. 2001�. Coniferous
forest within the study area is dominated by red
spruce �Picea rubens�, balsam fir �Abies balsamea�,
eastern hemlock �Tsuga canadensis� and white pine
�Pinus strobus�; deciduous forest is dominated by
maple �Acer spp.�, aspen �Populus spp.�, American
beech �Fagus grandifolia� and birch �Betula spp.�
�Manion et al. 2001�. The study area encompasses
2045 km2 of forested land in the northeastern section
of the park �Figure 1� and includes several hundred
small lakes, as well as more than 1000 km of streams
and rivers. This area was selected to encompass a
single Landsat 5 TM image within a known region of
ice storm influence, as well as access to in situ mea-
surements of canopy damage �Manion et al. 2001�.

Materials and methods

Data

Satellite data from the Landsat 5 TM sensor provided
visible and near-infrared electromagnetic radiation
intensity values for 30 m * 30 m locations in the
northeastern Adirondacks �Landsat 5 TM Track 14 /
Frame 29; 8/21/90 & 8/27/98�. These satellite data
were selected according to criteria including: pre and
post-storm dates, forest phenological similarity �i.e.,
data acquired during anniversary weeks in August�,
minimal cloud cover, and suitable atmospheric
visibility �i.e., minimal humidity or atmospheric par-
ticulate�. The use of an older image �i.e., 1990� was
necessitated by these criteria. USGS Digital Elevation
Models �DEMs� were obtained from a digital data re-
pository at Cornell. A portion of the USGS National
Land Cover Dataset �NLCD� �Vogelmann et al. 2001�
�30 m * 30 m spatial resolution; 8/29/93 leaf-on clas-
sification� was obtained from the Adirondack Park
Agency and reclassified to form binary maps that
identified forested areas.

In situ measurements of forest canopy damage
were incorporated into a change detection model us-
ing extensive ground-truthed data from Manion et al.
�2001�. We used the percent breakage statistic derived
by Rubin and Manion �2001� to model canopy dam-
age. A subset of 23 plots included within the study
region, and an area within 10 km of its boundary,
were selected from plots randomly sampled by Man-
ion et al. �2001� for analysis.

Image pre-processing

Geometric correction was implemented to minimize
scene distortions and permit image-to-image rectifi-
cation �Jensen 1996; Lillesand and Kiefer 2000�, and
intensity interpolation was conducted using the near-
est neighbor technique �Campbell 1996�. We per-
formed spatial interpolation �Lillesand and Kiefer
2000� of the 1990 Landsat 5 TM dataset with a ref-
erence image that had been Level-8 commercially
georeferenced. A second-order polynomial shift was
performed to rectify the 1990 satellite scene; this was
determined to be appropriate given the topographic
complexity inherent in the landscape �Jensen 1996�.
Thirty control points were used to rectify the 1990
image �Root Mean Square Error �RMSE� of 0.124
pixels�; similarly, the 1998 satellite image was recti-

Figure 1. Location of study area within the northeastern portion of
the Adirondack Park. The 2045 km2 study location is bordered by
Lake Champlain to the east and the high peaks region of the Ad-
irondack Mountains to the southwest.
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fied using forty-five control points �RMSE of 0.139
pixels�.

Atmospheric attenuation of electromagnetic radia-
tion routinely compromises the quality of satellite
data �Chavez 1996; Jensen 1996; Song et al. 2001�.
To achieve a meaningful measure of radiance at the
Earth’s surface we minimized these interferences to
electromagnetic radiation by applying an atmospheric
correction model �Jensen 1996�. Since atmospheric
correction has often been viewed as burdensome
�Song et al. 2001� and employed inconsistently
�Kaufman and Tanré 1992; McDonald et al. 1998�, its
application to ecological change detection work has
not been universal. The temporal separation of the
imagery necessitated the assumption of dissimilar at-
mospheric conditions in this study, therefore we con-
verted satellite data to approximate reflectance �ratio
of upwelling to downwelling ER� values. This yielded
scene-independent measures of land-cover character-
istics that could be compared across time.

Relative reflectance values were generated by first
calculating spectral radiance �Chavez 1996; Jensen
1996�. Radiance values �which are dependent upon
sun and sensor angle� were then converted to relative
reflectance data according to methods identified by
Chavez �1996� and Song et al. �2001�; this yielded a
standardized electromagnetic radiation surrogate that
was comparable between the 1990 and 1998 images,
using Equation 5 from Song et al. �2001�:

� �
��Lsat � Lp�

Tv�Eo cos ��z� Tz � Edown�
�1�

where � is the surface reflectance, Lsat and Lp are
at-satellite radiance and path radiance, respectively,
Tv is the atmospheric transmittance from the target
toward the sensor, E0 cos��z�Tz is a collective term for
beam irradiance where E0 is the exoatmospheric so-
lar constant, Tz the atmospheric transmittance in the
illumination direction, �z the solar zenith angle, and
Edown is the downwelling diffuse irradiance.

Solving for path radiance �Lp in Song et al. 2001�
requires standardization of each spectral band based
upon its dark object values �Song et al. 2001�, since
atmospheric scattering often produces elevated digi-
tal number values in dark areas within a satellite
scene. A method for calculating Lp necessary for the
solution of Equation 1 was identified by Chavez
�1989� and successfully used by Song et al. �2001�:

Lp � G × DNmin � B � 0.01�Eo cos ��0�Tz� ⁄ �
�2�

where G is the sensor gain and B the bias used for
converting satellite data to radiance. Methods identi-
fied by McDonald et al. �1998� were used to select
the darkest digital number �DN� with n � 1000 �DN-

min� pixels for each of the satellite scenes. To mini-
mize scatter-induced data error, we employed the dark
object subtraction technique identified in Chavez
�1996� to approximate Tz �Equation 1� using cos��z�
for Landsat 5 TM bands 3 and 4 for each of the 1990
and 1998 images. Equation’s 1 and 2 were then used
with data from the Landsat 5 TM 1990 and 1998
scenes to produce scene-independent atmospherically
corrected datasets.

Normalized difference vegetation index (NDVI)

The normalized difference vegetation index �NDVI�
is a spectral vegetation indicator that has been used
extensively to monitor vegetation vigor and as a sur-
rogate measure for canopy density �United States En-
vironmental Protection Agency 1993; Jensen 1996;
Viedma et al. 1997�. The degree to which NDVI val-
ues are dependent on atmospheric conditions was not
fully appreciated until recently �Teillet et al. 1997;
Song et al. 2001�. NDVI has been applied to evaluate
ice damage within forests �Burnett 2002; Dupigny-
Giroux et al. 2003�. Lillesand and Kiefer �2000� de-
fine NDVI as a measure of the proportion of
photosynthetically absorbed radiation:

NDVI � ��NIR � �R� ⁄ ��NIR � �R� �3�

where �NIR is the reflectance value in the near in-
frared �NIR� band and �R is the reflectance value in
the red band. NDVI values range from negative one
to one �Jensen 1996�, with those approaching one in-
dicating the presence of dense vegetative cover
�closed canopy forest�.

We calculated NDVI as the ratio of estimated at-
mospherically corrected surface reflectance values
�Equation 2� generated from Landsat 5 TM band 3
��R� and band 4 ��NIR� for each of the 1990 and
1998 images. Band 3 has a spectral range �0.63 �
0.69 �m� such that plant chlorophyll causes consid-
erable absorption of incoming radiation, while band
4 is in a spectral region �0.76 � 0.90 �m� where
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spongy mesophyll leaf structure leads to considerable
reflectance �Campbell 1996�.

Change detection

To evaluate forest canopy change resulting from ice
damage, we subtracted NDVI values calculated for
the 1990 image from the 1998 image. For purposes
of this study, we assumed that the 1998 ice storm
represented the only major weather event during the
1990s that significantly influenced forest canopy in-
tegrity to a large extent within the northeastern Ad-
irondack Park �Ray Curran, Adirondack Park Agency,
personal communication�. We reviewed logging
records held by the Adirondack Park Agency to con-
firm that only minor amounts of tree removal had oc-
curred in the study area between acquisition of the
1990 and 1998 satellite images. While some tree re-
moval within the study area was associated with
post-storm salvage efforts, the acquisition of our 1998
image predated these operations. Application of the
atmospherically corrected satellite data permitted us
to satisfy the assumption that a zero mean for stable
NDVI values in the difference image reflected no for-
est canopy change. Negative values in the resultant
NDVI difference image were hypothesized to be for-
est locations that experienced varying degrees of
damage resulting from the ice storm.

In digital image processing, change threshold
boundaries are often not known a priori, and are
commonly arrived at empirically �Ekstrand 1994;
Jensen 1996�. To distinguish ‘true’ forest damage
from natural processes affecting vegetative vigor and
density, we created a general linear model with 16
forest damage measurements, randomly-selected
from the pool of 23 available estimates. Each field
observation of percent canopy damage was associated
with coordinates obtained from a Global Positioning
System �Manion et al. 2001�. To approximate a one-
acre plot in the NDVI difference image, a 40-m buffer
was generated around the pixel with geographic co-
ordinates centered on those corresponding to in situ
damage measures. This yielded a total cluster of nine
pixels for each field site, from which the mean NDVI
difference value was calculated for use in the gener-
alized linear model �GLM�. Validation of the GLM’s
ability to predict canopy damage was tested using the
remaining �previously unused� seven field observa-
tions.

Forest canopy damage was quantified throughout
the study area by classifying the NDVI difference ac-

cording to the equation for the GLM. To avoid mis-
classification of canopy damage, we excluded NDVI
difference values that corresponded to less than ten
percent canopy damage because damage of this low
magnitude could not be attributed to the ice storm
�Irland 1998; Manion et al. 2001�. The upper bound-
ary �NDVI difference value� was determined by the
maximum value of forest damage in the observed data
�64%�. Canopy damage measurements were collapsed
into ordinal classes �no damage � 0 to 10%, moder-
ate � 10 to 40%, intense � 40 to 64%�.

A smoothing technique was applied to the dataset
using a mode filter with a 5�5 kernel �Jensen 1996�
to spatially bound the impacted storm area. This was
necessary so that a reasonable estimate of the storm
perimeter could be ascertained from the fuzzy edge
evidenced in the unfiltered data. Binary masks were
generated based upon these boundaries to isolate light
and heavily-impacted regions within the study area.
The filtered data were not used in subsequent analy-
ses, only as a guide to partitioning the storm-impacted
areas.

Spatial pattern analysis

To evaluate the relative susceptibility of deciduous
and coniferous forest to ice damage at the spatial ex-
tent of our study area, we created binary coverage
maps for each forest type �coniferous, deciduous�
based upon NLCD �Vogelmann et al. 2001�, then cal-
culated the proportion of damaged forest associated
with each cover type.

Empirical variograms were employed to quantify
spatial correlation among pixels measuring similar
magnitudes of forest canopy damage. These vario-
grams represent plots of the variance �mean squared
difference� for paired canopy damage measurements
as a function of their separation distance �Cressie and
Hawkins 1980�. The empirical variogram was calcu-
lated using a robust estimator in S� Spatial �Kaluzny
et al. 1998�:

	�h� �

� 1

2
N�h�
 �
N�h�

�zi � zj�1⁄2�4

0.457 � 0.49 ⁄ 
N�h�

�4�

where N(h) is the set of all pairwise Euclidian dis-
tances i – j=h, |N(h)| is the total of distance pairs in
N(h), and zi and zj are data values at spatial locations
i and j. Kaluzny et al. �1998� advocate the use of this
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estimation procedure over the conventional vario-
gram calculation �Matheron 1963� because it mini-
mizes the effects of outliers without removing data
points. We considered h as a distance value with
magnitude only. Empirical variograms were gener-
ated for all possible sample pairs of damaged pixels
�n � 1.2 million� up to a distance of 10 km, specify-
ing a 10-m lag distance. Based on preliminary trend
analysis, subsequent variograms were generated for
each of the moderate and intensely damaged forest
pixels using a 1.5-km maximum search distance.

Two types of ecosystem boundaries were selected
for evaluation within the study area: streams/rivers
and agricultural-forest abutments. To evaluate
whether ice damage produced measurable edge
effects at a landscape scale, we obtained GIS digital
coverages for streams and rivers. Buffering was con-
ducted at 100-m increments from the stream edge to
0.5 km inland, then the percent canopy damage was
evaluated for each increment on both sides of the
stream. Damage percentages were compared with
overall damage estimates for the study area. To iden-
tify forest-agriculture boundaries the NLCD dataset
was reclassified to include agricultural and forested
areas. Similar to the aforementioned stream/river
procedure, agricultural areas were buffered where
they abutted forested areas. Buffering at distances
greater than 500 m for streams/rivers, and 300 m for
anthropogenic edges, was avoided since buffers began
to overlap boundaries at these thresholds.

To explore potential topographically-induced pat-
terns of ice damage to forests at a landscape scale, we
performed a bilinear resampling routine �Jensen
1996� on the USGS DEM of the study area to stan-
dardize it to a common spatial resolution with the
NDVI difference image �30 m * 30 m pixels�. Eleva-
tion values were classified into increments with a
100-m range, then percent canopy damage was cal-
culated for each elevation class. Aspect and slope
values were generated on a per-pixel basis following
Monmonier �1982�. The aspect image was classified
according to eight cardinal directions �N, NE, E, SE,
S, SW, W, NW�. Slope �0 to 68 degrees� was classi-
fied into five percent increments. Percentage of forest
canopy damage was then determined for each of these
aspect and slope classes using the NDVI difference
image. A Chi-Square analysis of correspondence was
performed with modeled canopy damage and topo-
graphic variables to test for significance.

Results

The histogram of NDVI difference values shows a
change in vegetation density and vigor following the
ice storm event �Figure 2�. The shape of the curve is
leptokurtic and closely resembles a normal distribu-
tion. The overall mean NDVI difference was
� 0.0043 �/- 0.0017 �2 SD�, which is indicative of a
small to moderate decline in overall canopy density
and vigor across the entire study area between 1990
and 1998. This is consistent with the expectation that
ice storm tree canopy damage produced a measurable
decline in vegetative biomass production in the sum-
mer following the icing event �Dupigny-Giroux et al.
2003�.

Based on field observations, a significant propor-
tion of the variation in tree canopy damage was ac-
counted for by NDVI difference values �Figure 3�,
according to the linear model:

CD � �594NDVIdif � 6.3 �5�

Where NDVIdif is the difference between 1998 and
1990 NDVI measures and CD is field-estimated tree
canopy damage �% of total canopy�.

We evaluated the ability of Equation 5 to predict
ice storm-related tree canopy damage using seven in-
dependent field measurements �Figure 4�. The slope
of a linear model relating observed canopy damage
to predicted canopy damage from NDVI difference

Figure 2. Density plot of NDVI difference values for all 2.6 x 107

pixels within the study area. Forest canopy damage resulting from
the ice storm was associated with NDVI values ranging from
� 0.0063 to � 0.0972, shown with diagonal shading. A vertical
line designates the location of a NDVI difference value equal to
zero.
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values was 1.03, and accounted for a substantial pro-
portion of variation in predicted canopy damage �R2

� 0.83, p � 0.004�. This supports the model’s ability
to predict ice storm damage using NDVI difference
values determined from the 1990 and 1998 satellite
images. Applying this model to the entire study area
revealed that 22% of the forested area experienced
canopy damage resulting from the ice storm: 13%
was moderately-damaged and 9% was intensely-
damaged. Ice storm damage was not contiguous
throughout the study area, and was more concentrated
in the 1190 km2 northern region �Figure 5�. The areal
coverage of impacted forests within the heavily-dam-
aged northern portion and lightly-damaged southern
portion of the study area was 32.2% and 7.3%,

respectively. The area of damaged forest canopy de-
clined as a function of damage magnitude �Table 1�.

Forest susceptibility to ice damage was found to
vary based upon vegetation type. Deciduous forest
was more impacted by the ice storm than coniferous
forest in both proportion of area affected and damage
magnitude. Overall, 17% of the total forested area
was damaged deciduous forest, whereas 5% was
damaged coniferous forest. Almost 40% of damaged
deciduous stands were intensely damaged, contrasting
with 30% of the damaged conifer forest.

Results obtained from empirical variogram analy-
sis revealed that canopy damage was spatially autcor-
related for both moderate and intensely-impacted
forest �Figure 6�. The empirical variogram is a plot
of the observed values of variance �gamma� as a
function of distance. The rate of increase in gamma
permits the characterization of the continuity of the
variable. Most variograms level off at a sill value that
is equivalent to the variance of the variable �i.e.,
NDVI difference�; the distance associated with this
gamma value is referred to as the range. Range val-
ues from this analysis represent the distance beyond
which deviations in canopy damage do not depend on
distance, hence canopy damage values were not cor-
related. We used an exponential model to estimate
range values of 300 and 147 m for moderate and in-
tense canopy damage, respectively.

Data describing canopy damage proximate to eco-
system boundaries did not support the hypothesis that
greater damage to forests would occur along edges.
To the contrary, damage within the heavily-impacted
northern portion of the study area showed a trend to-
ward increasing canopy damage at increasing dis-
tances from streams and rivers �Table 2�. The same
pattern was evident for damaged canopy proximate to
anthropogenic boundaries. Streams and rivers in the
lightly-impacted southern portion of the study area
showed slightly elevated damage for areas most
proximate to streams �0 to 100 m� �Table 2�.

Evaluation of the influence of topographic varia-
bles �i.e., elevation, aspect and slope� revealed that
several physical landscape characteristics were
strongly correlated with ice storm damage. A
chi-square analysis of correspondence identified a
significant relationship �p � 0.001� between eleva-
tion, aspect and slope when cross-tabulated with
canopy damage. Elevation, aspect and slope were de-
termined to have Cramer’s values of 0.35, 0.29 and
0.04, respectively, where values � 0.1 represent a
minimum threshold indicating the presence of a rela-

Figure 3. Percent canopy damage from 16 field observations shown
as a function of NDVI difference values for these locations. Line
shows fit of significant linear model �R2 � 0. 72, p � 0.001�.

Figure 4. Observed canopy damage from seven field observations
shown as a function of predicted canopy damage. Line shows fit of
linear model.
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tionship and values � 0.3 denote a strong positive
correlation �Ott and Longnecker 2001�. We did not
further evaluate slope as a variable of interest because
its relationship with canopy damage was weak.

A strong influence of elevation on ice storm dam-
age was observed, with impacts concentrated between
200 and 600 m �Figure 7�. Forest composition �i.e.,
percent canopy cover of coniferous and deciduous�
was similar for the 200 to 600 m elevational band by
comparison with the overall study area: coniferous
and deciduous forest cover were 33% and 67%, re-
spectively, between 200 and 600 m, and 31% and

69% for the entire study area. Aspect also had a
strong influence on ice storm damage, which was
concentrated at locations with a landscape orientation
facing eastward and ranging between NW and SE
�Figure 8�.

Discussion and conclusions

In this study we quantify the extent of spatial aggre-
gation of forest canopy damage propagated by a
large-extent meteorological disturbance, and report a

Figure 5. Map of canopy damage within study area forests resulting from 1998 ice storm. Grey areas represent moderate and intensely-
damaged forest. Areas without shading represent forested locations that either were not damaged, or are land cover types other than forest.
The dashed line designates the boundary of the heavily-impacted northern portion �1190 km2� of the study area. Streams and lakes are shown
for geographical reference.
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clear association of damage with landscape features
and significant clustering of forest damage. Overall,
we show that local topography �elevation and aspect�,
forest composition �deciduous or coniferous�, and the
meteorological characteristics of the disturbance
event acted together to determine the spatial extent
and magnitude of ice storm damage. Our results gen-
erally support previous suggestions that large infre-
quent disturbances are not uniform in spatial impact,

and that a complex heterogeneous damage pattern
occurs across a landscape �Turner and Dale 1998�.

The measurement and description of forest damage
patterns associated with the ice storm could not be
solely determined from meteorological data. While
such data could be used to delineate areas of poten-
tial ice accumulation, they alone are not representa-
tive of forest damage. Satellite imagery was selected
as a data source with properties suitable for determin-
ing the spatial configuration and magnitude of tree
canopy damage. Our findings corroborate studies us-
ing small plots that have reported patchy and variable
ice storm damage influenced by elevation and aspect
�Seischab et al. 1993; Mou and Warrillow 2000;
Rhoads et al. 2002�, yet we expand such observations
throughout a region several orders of magnitude
greater in extent than previous studies. Although an
equivalent analysis at such a large spatial scale could
not have been feasibly conducted via field sampling,
verification of our results relied upon the availability
of extensive field measurements collected during a
two-year period �Manion et al. 2001�. We determined
that damage patterns were aggregated spatially and
exhibited a consistent range of spatial extent � 300
m �Figure 6�. Previous studies that quantified the im-
pact of large-extent disturbances did not evaluate the
spatial autocorrelation of damage patterns.

Our results present the first spatial analysis of the
magnitude and extent of ice damage across a large
forested area, which was not possible prior to the
availability of remotely-sensed data or the computa-
tional ability to calculate a variogram with � 1.2
million data points. A large region of ice storm dam-
age was defined by the extent of large-scale meteoro-
logical conditions, within which small-scale clusters
of ice-damaged forest were produced through inter-
actions between meteorology, topography and forest
composition �Figure 5�. Previous observations reveal
that ice storm intensity varies with topography
according to meteorological conditions required for

Table 1. Area of ice-storm damaged forest within the more heavily-damaged northern and lightly-damaged southern portions of the study
area, according to intensity of canopy damage and damage classification. Canopy damage as percentage of total forest canopy in each region
is shown in square brackets.

Percent canopy damage Northern �ha� Southern �ha� Damage class

10 � 20% 12270 �11.1%� 4602 �4.0%� Moderate
20 � 30% 9226 �8.4%� 1883 �1.6%� Moderate
30 � 40% 6445 �5.8%� 927 �0.8%� Moderate
40 � 50% 4430 �4.0%� 577 �0.5%� Intense
50 � 64% 3074 �2.8%� 408 �0.4%� Intense

Figure 6. Empirical variogram of NDVI difference values for A�
moderate canopy damage and B� intense canopy damage. Curved
lines represent fitted exponential models.
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ice accumulation, a balance between rain and snow
formation �DeGaetano 2000�. Although our results
indicate that certain topographic characteristics pre-
disposed forests to ice damage, these landscape fea-
tures do not have predictive power in the absence of
specific knowledge about meteorological conditions
unique to a particular storm. For example, DeGaet-
ano et al. �1999� reported that winds during the 1998
ice storm consistently prevailed from the east-north-
east from January 6–10, 1998. This consistent wind
direction throughout the duration of this ice storm
supports our observation that forests with an east-
northeast exposure experienced greater damage than
other exposures.

Of all identified types of large infrequent disturb-
ance �Turner and Dale 1998; Dale et al. 2001�, hurri-
canes are perhaps the most similar to ice storms. The
observed spatial extent of ice storm-damaged forest
was similar to the dominant 1-ha size class of con-

tiguous hurricane damage observed in northeastern
forests by Foster and Boose �1992�. Patterns of hur-
ricane damage in the northeastern U.S. have been
significantly correlated with aspect �Foster and Boose
1992; Boose et al. 2001�. Wind speed represents the
primary driving force in a hurricane, and Foster and
Boose �1992� observed that the most important site
factor controlling tree damage was the degree of wind
exposure, which is a function of aspect and slope. We
did not find a significant influence of slope upon ice
storm damage. One notable difference between hurri-
canes and ice storms is the way in which their indi-
vidual meteorological processes interact with land-
scape features. The impact of ice storms on a
landscape has two fundamental driving processes:
horizontal movement of low-pressure cell�s� contain-
ing precipitation, and vertical stratification of the
varying temperature air masses. The latter of these

Table 2. Percent damaged canopy proximate to natural and anthropogenic boundaries within 100-m increments
from boundary. Damage estimates proximate to streams and rivers are presented separately for the more
heavily-damaged northern and lightly-damaged southern portions of the study area. Evaluation of anthropo-
genic edges was only conducted for the northern area.

Distance from
boundary �m�

Percent damaged canopy proximate to
streams & rivers:

Percent damaged canopy proximate to
anthropogenic edges �Northern only�

Northern Southern

0 � 100 24.9% 8.3% 18.1%
100 � 200 27.4% 7.2% 24.3%
200 � 300 28.3% 7.0% 29.6%
300 � 400 29.5% 6.8% n/a
400 � 500 30.3% 7.1% n/a

Figure 7. Percent of damaged forest canopy is plotted as a func-
tion of elevation for moderate and intensely-damaged forest.

Figure 8. Percent of damaged forest canopy as a function of as-
pect. The sizes of the compass arms reflect the magnitude of dam-
age to forested locations associated with the indicated cardinal
direction.
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processes contributes to the strong correlation of
canopy damage with elevation, a pattern not likely to
be as prominent with hurricane damage. In ice storms,
these conditions interact with landscape topology by
preferentially exposing certain locations to damage of
varying magnitudes.

Fire also produces damage patterns in forested
landscapes that can persist over long periods �Baker
1993�. At a large spatial extent, fire produces hetero-
geneity by creating a mosaic of patches with varying
degrees of damage. Previous studies in the Rocky
Mountains have shown that both elevation and aspect
influence fire occurrence �Rollins et al. 2002�. Peter-
son �2002� described fire as a contagious disturbance
that spreads itself across a landscape, and contrasted
this process with noncontagious disturbances, such as
ice storms and hurricanes. He further proposed that,
“changes in landscape pattern will alter the nature of
a contagious disturbance regime, but will not alter a
noncontagious disturbance regime” �Peterson 2002�.
Our results indicate that although mechanisms may
differ profoundly, fire and ice storms might not be as
different in nature as Peterson �2002� suggested. The
magnitude and frequency of ice events likely dictates
whether spatial patterns of ice damage to forests are
influenced by repeated ice storm impacts on forest
composition and structure, as has been observed with
fires �Peterson 2002� and hurricanes �Boose et al.
2001�.

While our study did not find increased damage
along natural and man-made edges, finer-scale obser-
vations �Rhoads et al. 2002� of increased ice storm
damage along edges indicate that human-altered
landscape changes �e.g., clear-cutting, roads, agricul-
tural abandonment, utility corridors� could alter the
landscape influence of ice storms. It is possible that
the spatial resolution �30 m * 30 m� of the Landsat 5
TM data used in this study did not allow us to distin-
guish the spatial extent of streamside tree canopy
damage, which was one of the initial study goals.
Rhoads et al. �2002� observed greater canopy dam-
age within five meters of streams. Foster and Boose
�1992� also noted that 10-100 m edges proximate to
open areas were more susceptible to hurricane blow-
down than trees in continuous forest. It is also pos-
sible that by evaluating canopy damage along streams
ranging over two orders of magnitude in width �hence
a wide range of canopy opening sizes�, we obscured
our ability to distinguish streamside canopy damage.

While the 1998 ice storm was a large infrequent
disturbance, smaller extent ice storms, which are

much more common, will inevitably influence the
forested landscape in varied ways; future ecological
manifestations of ice damage will likely be influenced
by the damage and regeneration history of previously
affected locations. Dale et al. �2001� called for the
development of analytical tools to further develop our
understanding of forest disturbance regimes. Our
study, using remotely-sensed data and spatial statis-
tics, provides transferable methods for analyzing
broad-extent disturbance events, along with an under-
standing of factors responsible for the heterogeneous
influence of such disturbances upon forested land-
scapes. We anticipate that future investigations of
large-extent ecological disturbances, including ice
storms, will be able to take advantage of recently-de-
ployed satellite sensors with sub-meter spatial resolu-
tion. These investigations will employ the detail of
plot sampling throughout a large contiguous land-
scape, enabling better characterization of disturbance-
related edge effects and canopy gap formation.
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