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ABSTRACT: Classifications of airborne mutlispectral scanner data for forest defoliation assessment have generally met
with only moderate success. Key factors affeCting defoliation assessment (radiometric distortions within the imagery
due to atmosphere, sun-object-viewer geometry and topography, small spectral differences between defoliation levels,
spectral variability due to stand characteristics, and confusion of defoliation classes with other forest types) are examined
with the aid of an example of current spruce budworm defoliation in a mixed fir and spruce forest which also contains
cumulative spruce budworm defoliation. Analysis indicates that these factors can seriously affect classification of de
foliation levels. For example, for certain spectral bands, radiometric distortion can be an order of magnitude larger than
the difference between current spruce budworm defoliation levels, slopes of 5° to 15° can cause differences in multis
pectral scanner intensities equivalent to the range of intensities for areas of healthy to severe current defoliation, and
5 to 10 percent differences in the hardwood component in mixedwood stands can result in intensity differences equiv
alent to the differences separating defoliation levels. Confusion of current defoliation classes with mixedwood stands
and stands of cumulative defoliation can be particularly severe.

INTRODUCTION

C LASSIFICATIONS of both satellite and airborne mutlispectral
scanner data for accurately detecting and assessing insect

and disease damage of forests have proven difficult. Damage
assessments derived from Landsat Multispectral Scanner (MSS)
data are often inadequate (Harris et aI., 1978; Madding and Ho
gan, 1978; Dottavio and Williams, 1983; Hall et aI., 1983; Nelson,
1983; Rencz and Nemeth, 1985). Insufficient spatial resolution,
insufficient spectral characteristics (e.g., number of bands, non
optimum spectral bands), and unreliability of data acquisition
(due to cloud cover during optimum biowindows for the de
tection of damage symptoms) are often cited as the main cause
of the inadequacies of Landsat MSS data.

Some improved capabilities for damage assessment may be
derived from the second generation, higher resolution Earth
resources satellites (Nelson et aI., 1984; Rencz and Nemeth, 1985;
Buchheim et aI., 1985; Beaubien and Laframboise, 1985). The
Landsat Thematic Mapper (TM) sensor has increased spatial res
olution and number of spectral bands, whereas the SPOT High
Resolution Visible (HRV) system has increased spatial resolution
and greater reliability of acquiring cloud-free data within opti
mum biowindows. Airborne MSS data offer possibilities for a
large number of wavebands, flexible waveband choice, flexible
ground resolution, and flexibility in the timing of data acqui
sition. Studies investigating classification of airborne MSS data
for forest damage assessment have met with variable, but gen
erally moderate, success (Weber and Polcyn, 1972; Leckie and
Gougeon, 1981; Teillet et aI., 1981; Koch et aI., 1984; Leckie and
Ostaff, 1987). The main factors limiting the success of these
classifications were radiometric distortions within the imagery,
small spectral differences between damage types and the levels
being assessed, confusion in classification with other forest types,
and spectral variability of areas of similar defoliation due to
differing forest stand characteristics (e.g., species, age, crown
closure, and presence of other damage types).

The purpose of this study was to quantify these problems
and explore solutions. Airborne MSS data of a study area exhib
iting current spruce budworm (Choristoneura fumiferana (Clem.»
defoliation were examined in detail. The damage symptoms
being classified, forest types of the study area, and airborne
multispectral imagery used provide a useful data set, because
the data exhibited problems common in classification of air
borne MSS data for forest damage assessment.
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DATA AND TEST AREA

DATA ACQUISITION

Airborne MSS data were acquired over two test areas (Sisson
Reservoir and Trousers Lake test areas) in northern New
Brunswick, Canada. The data were acquired by a Daedalus model
1260 eleven channel multispectral scanner (Zwick et aI., 1980)
mounted in a DC3 aircraft operated by the Canada Centre for
Remote Sensing. Table 1 gives the flight line and data
specifications for both test areas. The wavelength bands of the
scanner are given in Table 2. The field of view of the scanner
was ± 36.9°. Normal color aerial photographs of the test areas
at 1:24,000 scale were acquired. Normal color photographs at
1:11,000 and 1:4,000 scale, color infrared photographs at 1:5,500
scale, and oblique 35-mm color photographs from 90, 180, and
490 m above ground level were obtained for selected segments
of the test area. All airborne MSS data and aerial photographs
were acquired 3 July 1981. A detailed sketch-map survey of
defoliation in the test areas was also conducted.

SITE DESCRIPTION

Balsam fir (Abies balsamea (L.) Mill.) and spruce, mainly white
spruce (Picea glauca (Moench) Voss), were the predominant
softwood species in the test area and generally occurred together
in mixed stands. Eastern white cedar (Thuja occidentalis L.),
tamarack (Larix laricina (Du Roi) K. Koch), and jack pine (Pinus
banksiana Lamb.) were also present. Mixedwood and hardwood
stands were common. The terrain of both test areas was flat or
gently rolling, with some areas of broad hills generally less than
75 m in height.

DEFOLIATION CONDITIONS

Spruce budworm defoliation results in two damage symptoms:
red discoloration of the foliage (current defoliation) and loss of
foliage (cumulative defoliation). In the spring and early summer
the budworm feeds on the buds and new shoots of balsam fir
(the preferred host), white spruce, red spruce (Picea rubens Sarg.),
and, to a lesser extent, on some other softwood species. This
feeding results in red discoloration of attacked trees due to
partially consumed needles adhering to a web-like structure
produced by the budworm. The partially consumed needles dry
out, turn a red color, and eventually fall off the tree due to
wind and rain. Therefore, for a short period of time (two to
three weeks) in late spring and early summer, affected trees
and forest stands have a reddish hue. Successive years of current
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TABLE 1. FLIGHT PARAMETERS

Time Solar Solar Flight line Altitude Ground
Location (ADT) altitude azimuth azimuth AGL (m) resolution (m)

Sisson Reservoir test area 0935 37° 095° 2200 3650 9.1
(47°20'N,67"21'W)
Trousers Lake test area 0952 40° 099° 0850 3775 9.4
(47°00'N, 66°50'W)
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image. Similarly, for the Trousers Lake test area, sample areas
of different spruce and fir composition were evenly distributed
across the image. Due to insufficient data and the instability of
the polynomial fits near the edges of the images, the shapes of
the correction curves at large look angles were questionable,
and data within 100 pixels (28°) of either edge of the images
were not used in the analysis.

FIG. 1. Radiometric distortion across band 3 (blue) and band 9 (near
infrared) images. The lines represent the polynomial correction curves for
each surface type derived from the relationship of mean pixel intensity
value versus pixel location (centroid) of each sample area. The mean
intensity value for sample areas of defoliated mixed fir and spruce (Sisson
Reservoir data) and healthy mixed fir and spruce (Trousers Lake data)
are plotted. The scanner is viewing the predominantly sunlit side of the
trees for negative pixels from nadir. (a) Sisson Reservoir. (b) Sisson Res
ervoir. (c) Trousers Lake. (d) Trousers Lake.

PROCEDURES

DATA PREPROCESSING

Sun-object-viewer geometry and the changing influence of
atmospheric path radiance and attenuation with scan angle
resulted in severe radiometric distortions along the across-track
direction of the MSS imagery. The combined effects of these
distortions were modeled using a least- squares fit quadratic or
cubic polynomial relating mean pixel intensity values (dependent
variable) of sample areas containing current and moderate
cumulative defoliation (Sisson Reservoir test area) or mixed
healthy fir and spruce (Trousers Lake test area) to the pixel
location of the centroid of the sample areas (independent variable)
(e.g., Figure 1). A separate correction curve was determined for
each band of each test area and applied in an additive manner
to the image of each band. The coefficient of determination of
these correction curves ranged from 0.90 to 0.98 for bands of
the Sisson Reservoir data and 0.75 to 0.88 for bands in the
visible wavelengths of the Trousers Lake data. Coefficients of
determination were lower (0.13 to 0.75) in the infrared bands
of the Trousers Lake data because trends with view angle were
lower and spectral variation higher. Possible biases in the Sisson
Reservoir data introduced by employing stands of different
defoliation conditions were minimized by using a large number
of sample areas (45) which had an approximately uniform spatial
distribution of the different defoliation conditions across the

Note: Bands 1 and 2 were not used in this analysis due to high
noise levels.

'Bands 1 through 10 are from Zwick et al. (1980); band 11 is from
McColl (pers. comm.).

Band I Wavelength (~m)

1 0.39 - 0.42
2 0.42-0.45
3 0.45 - 0.50
4 0.50 - 0.55
5 0.55 - 0.60
6 0.59 - 0.65
7 0.63 - 0.70
8 0.68 - 0.78
9 0.77 - 0.90

10 0.87 - 1.04
11 1.55 - 2.75

TABLE 2. AIRBORNE MULTISPECTRAL SCANNER BANDS

defoliation result in a cumulative loss of foliage and exposure
of bare twigs.

All data for this study were acquired in early July during the
peak period of red discoloration. Both test areas had suffered
defoliation of varying intensity for numerous years. The forest
condition of the Sisson test area consisted of varying degrees
of current defoliation on the fir and spruce trees, with cumulative
defoliation of varying degrees occurring in many stands. A single
stand or tree sometimes contained both current and cumulative
defoliation. Mortality also occurred. The Trousers Lake test area
contained large areas of unaffected healthy forest and areas
with varying amounts of cumulative defoliation. Current
defoLiation was minor and occurred in only small scattered areas.
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DEVELOPING GROUND REFERENCE DATA

Sample areas consisting of forest stands or segments of stands
with similar defoliation condition were defined. These areas
were of pure, generally mature, dense fir/spruce to spruce/fir
composition. Their size generally ranged from 100 to 1,000 pixels.
Sample areas with different stand characteristics were also
selected.

Photointerpretation of the aerial and oblique photographs was
used to determine the defoliation levels of sample areas. Current
defoliation was assessed by the intensity of red coloration and
the proportion of trees with red discoloration. Species
composition of sample areas was also determined by
photointerpretation supported by forest inventory map data.

The defoliation condition of sample areas was assessed
according to two systems. The first system was used to quantify
current or cumulative defoliation in order to analyze spectral
differences due to defoliation. To facilitate analysis of spectral
differences due to current defoliation, sample areas with only
current defoliation were selected and their defoliation level
assessed according to a rating system between a and 20 for
healthy through to very severe current defoliation (0 to 5
representing healthy and minor defoliation, 5 to 10 light, 10 to
15 moderate, and 15 to 20 severe defoliation). Areas with
cumulative defoliation were also selected and cumulative
defoliation rated according to a similar system. However, due
to the presence of various levels of current defoliation (severe
to healthy) associated with the cumulative defoliation, stands
of similar ratings may have very different defoliation conditions.

A second defoliation categorization system was developed to
test the capabilities to digitally classify different defoliation levels.
Defoliation classes were defined as follows:

• healthy - no visible current or cumulative defoliation and no
mortality;

• light defoliation - current defoliation less than 35 percent'; generally
haVIng less than 10 to 15 percent2 cumulative defoliation;

• moderate defoliation - current defoliation 35 to 70 percent; generally
haVIng less than 20 percent cumulative defoliation;

• severe defoliation - current defoliation greater than 70 percent;
generally having less than 20 percent cumulative defoliation; and

• cumulative defoliation - 25 to 100 percent cumulative defoliation
but generally between 25 and 60 percent; the other component of
the forest may be current defoliation and/or healthy; the term
moderate cumulative defoliation will be used for stands of 25 to
60 percent cumulative defoliation.

ANALYSIS PROCEDURES

Radiometric Distortions. The magnitude and nature of radiometric
distortions across airborne MSS imagery were examined for several
forest types for the two flight lines of the test data set of this
study. The distortions in each spectral band were estimated
from plots of the mean of sample areas of each forest type
versus the position of the sample areas relative to nadir (e.g.,
Figure 1). The distortion for water surfaces was used to
approximate path radiance and to assist in indicating the
contribution of sun-object-viewer geometry to the radiometric
distortion of the forested surfaces. Several empirical techniques
(modeling scene statistics and ratioing of bands) were tested as
simple methods for correcting radiometric distortions across the
image.

An approximation of radiometric distortions due to slope and
aspect for the data of this study was calculated using a Lambertian
model of the forest canopy. A simple correction was applied to
the data for path radiance, based on the intensity recorded over
a water surface and assuming a low water reflectance.

, The percent current defoliation is estimated from the proportion of
the visible portion of the tree crowns of the sample area with a red
coloration and the intensity of that red coloration.

2 The percent cumulative defoliation is the proportion of foliage lost
from the visible portion of the tree crowns of the sample area.

Spectral Differences Among Current Defoliation Levels. The spectral
differences among current defoliation levels were characterized
by analyses of the means and standard deviations of
homogeneous defoliated sample areas. The mean pixel intensity
of sample areas (Sisson Reservoir test area) for the nine spectral
bands was plotted against current defoliation rating of the sample
area. Similarly, the mean intensity of various features derived
from the nine spectral bands was plotted. Examples for some
of the bands and features reported to be most useful for
discriminating defoliation conditions (Leckie and Ostaff, 1987)
are given in Figure 2.

A problem arises in using this data set for estimating a trend
in recorded intensity due to different current defoliation levels.
Spruce has a higher reflectance than balsam fir in all bands (see
Variable Spruce and Fir Composition subsection). Becauses the
healthy stands in the Sisson Reservoir test area, including those
of Figure 2, are mainly spruce/fir, with some being spruce, there
is a bias towards high intensities for the healthy sample areas
used in this study, and differences between healthy fir/spruce
and the current defoliation stands may vary from those indicated
in Figure 2. The sample areas of light, moderate, and severe
current defoliation and of moderate cumulative defoliation are
not biased towards greater or fewer numbers of spruce/fir or
fir/spruce sample areas. Thus, although variability among stands
of a similar defoliation level was increased by including stands
of compositions of spruce/fir through to fir/spruce, trends of
intensity with defoliation level were not unduly biased. A typical
range of intensities for healthy stands of varying proportions
of spruce and fir was estimated in Figure 2 by using the data
of Figure 3. Taking the classification training area as a typical
stand of spruce/fir, the expected intensity of stands with other
fir and spruce compositions was estimated by (1) determining
the differences between the intensity of stands of other
composition and the spruce/fir of Figure 3, and (2) adding these
differences to the intensity of the c1assificaiton training area.
This range shows the mean intensity expected as the composition
of healthy stands (Figure 3) varies from pure spruce (upper end
of range) through to pure balsam fir (lower end of range). When
estimating trends of intensity with current defoliation level by
comparison of healthy stands with sample areas with defoliation,
the middle part of the range corresponding to fir/spruce - spruce/
fir was used.

A maximum likelihood classification of the Sisson Reservoir
test area using all spectral bands was conducted (1) to determine
the levels of defoliation which can be reliably separated and (2)
to characterize confusion of defoliation classes with other forest
types. Representative sample areas of each of the four current
defoliation classes (classification training areas) were used to
generate the class statistics for the maximum likelihood classifier.
Other classes (moderate cumulative defoliation, eastern cedar
lowlands, tamarack, and three mixedwood) were also classified.
Accuracy was assessed by comparing the classification results
with a test data set of independent sample areas.

Spectral Variability Due to Stand Characteristics. The problem of
spectral differences among areas of similar current defoliation
level but different forest stand characteristics was quantified by
examining the spectral differences among pixels containing
varying quantities of other forest types (e.g., Figures 2, 3, and
4) and relating these differences to the spectral differences among
defoliation classes. The cases of cumulative defoliation mixed
with current defoliation, variable fir and spruce composition,
and presence of a hardwood component in a defoliated stand
were quantified, and spectral bands or band ratios useful in
minimizing the effects of these variables were determined. As
well, age and crown closure are discussed because these factors
account for spectral differences among areas of similar defoliation
condition.

Confusion ofCurrent Defoliation with Other Forest Types. Confusion
of current defoliation with other forest types was determined.
The confusion with cumulative defoliation was estimated using
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FIG. 2. Spectral signatures (band 4, 6, 9, and 11) and band ratios (9/6 and 6/4) versus current defoliation level. Mean intensity level and standard
deviation for dense fir/spruce to spruce/fir sample areas. Defoliation is rated from 0 to 20 (0 to 5 = healthy and very light, 5 to 10 = light, 10 to 15
= moderate, 15 to 20 = severe). Also given is the range of mean intensity levels for 21 moderate cumulative defoliation sample areas (t ), the
mean intensity level for a severe cumulative defoliation (total defoliation) sample area (tl.), and the mean intensity levels for the classification training
areas (healthy +, light x, moderate 0, sever~ 0, moderate cumulative defoliation 0); the typical range of intensity levels resulting from a varying
spruce and fir component of a healthy stand ( : ) based on the classification training area for the healthy class (+) being typical of a spruce/fir stand;
and the estimated intensity for a healthy fir/spruce - spruce/fir stand (.).
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FIG. 3. Spectral signatures (bands 4, 6, 9, and 11) versus species com
position [balsam fir (F) to spruce (S)] for healthy stands of the Trousers
Lake test area. Absolute intensity values of these data are not comparable
with those of the Sisson Reservoir test area but the irradiance increments
represented by the intensity levels are approximately equivalent. Forty
six sample areas were used.

overlap of spectral signatures and confusion in classification
results. Spectral bands useful in reducing this confusion are
discussed. Confusion with other forest types was also estimated
from classification results.

ANALYSIS OF FACTORS AFFECTING CLASSIFICATION OF
DEFOLIATION

RADIOMETRIC DISTORTIONS

Radiometric Distortions Across the Imagery. Radiometric distor
tions across a forested image are influenced largely by changes
in several key parameters with view angle: path radiance and
atmospheric attenuation, bidirectional reflectance of the objects
being viewed, and the components of the forest being viewed
(e.g., more ground cover and understorey is viewed near nadir
than at large view angles where the upper portions of the forest
canopy often dominate the field of view of the scanner). Figure
1 gives examples of the form and magnitude of the radiometric
distortions of the two data sets of this study (Table 1).

Assuming the reflectance of water to be low and diffuse for
the angles of view of the scanner, most of the variation in water
intensities observed across the image (Figure 1) can be attrib
uted to path radiance. It is apparent that path radiance contrib
uted to the increase in intensity near the edge of the images of
the visible spectral bands and was the main cause of the in
creased intensities on the side of images acquired looking towards
the sun (i.e., viewing backlit trees). There was no increase in
recorded infrared intensity near the backlit edge of the image.
Atmospheric attenuation and path radiance effects are small in
the infrared wavebands, and distortions in the infrared bands
were largely due to the effects of sun-object-viewer geometry
(e.g., Figures 1b and 1d). The larger magnitude of change with
view angle and greater asymmetry of the curves of Sisson Res
ervoir versus Trousers Lake is due to stronger sun angle effects

FIG. 4. Mean intensity value recorded by the airborne multispectral scan
ner (bands 4, 6, 9, and 11) for sample areas of different softwood/hard
wood composition in the Sisson Reservoir test area. The softwoods
generally had moderate current defoliation with some areas of cumulative
defoliation. To minimize the effects of differing radiometric distortion cor
rection curves for softwoods and hardwoods, sample areas were selected
from a region between pixel 25 and 125, near the portion of the correction
curves where the slopes are smallest and the curves of softwood and
hardwoods are similar (Figure 1). Also, the mean intensity levels for the
five classification training areas are indicated, using the symbols of Figure
2, in order to provide comparison (approximate due to different correction
curves) with the mixedwood stands.

for the Sisson Reservoir data, which had a 55° difference be
tween sun and flight line azimuth as opposed to a 14° difference
for the Trousers Lake data. The effect of sun-object-viewer ge
ometry, therefore, can contribute greatly to radiometric distor
tion in both the visible and infrared parts of the spectrum. Results
of reflectance modeling and field spectral measurement studies
have also demonstrated the importance of sun-object-viewer
geometry (e.g., Vlcek, 1974; Kalensky and Wilson, 1975; Fox,
1978; Kimes et aI., 1980; Kleman, 1985; Kimes et aI., 1986).

The magnitudes of the radiometric distortion across an image
can be large. The rates of change of image intensity with scan
angle in the steepest portion of the defoliated fir and spruce
curves for the Sisson Reservoir data were 1.0,0.6, and 0.4 pixel
intensity values/degree of scan angle for bands 3, 9, and 11,
respectively. The distortion in some bands was an order of mag
nitude larger than the difference in intensity between current
defoliation classes.

It is clear that radiometric distortion must be accounted for
prior to or during image classification. A correction of the dis
tortion must account for the complex nature of both the atmos
pheric effects and sun-object-viewer geometry effects. A modeling
approach to the correction can be used. Several models have
been used to correct for atmospheric effects on satellite and
airborne data (Turner and Spencer, 1972; Ahern et aI., 1977;
Potter, 1977; Selby et aI., 1978; O'Neill et aI., 1978; Woodham
and Lee, 1985). These require knowledge of some atmospheric
paramters and/or the following features within the image: shadow
areas, clear lakes, and other surfaces of assumed spectral re
flectance. Modeling of radiometric distortions across the im-
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agery due to sun-object-viewer geometry effects requires
knowledge of the nature of the surface and the bidirectional
reflectance of the surface, as well as the influence of sky radi
ance. Correction procedures will, therefore, be complex.

Empirical techniques are a possible simple solution to a com
plex problem. A common technique is to model the radiometric
distortion across the image by the variation of scene statistics
across the image and then to apply an additive or multiplicative
correction to the imagery based on the model. These tech
niques, however, are not generally appropriate for examining
the subtle spectral differences which are often characteristic of
forest damage. Figure 1 shows that the distortions for different
surface types and, indeed, different forest types can be differ
ent. A general correction will not be sufficient. For example, for
most bands of the Sisson Reservoir data, applying an additive
or multiplicative correction based on one or the other of defol
iated softwood or hardwood, or a mixture of the two, will lead
to residual distortions remaining after the correction. An em
pirical correction based on one forest type is often not appro
priate for other forest types, and will result in difficulties in
using the data to classify other forest types. For example, with
a correction based on defoliated fir and spruce, it was not pos
sible to classify a hardwood or mixedwood class.

The ratio of bands is another possible simple correction tech
nique, although ratios account poorly for atmospheric effects,
especially path radiance. In the Sisson Reservoir data, the ratio
of bands in the visible part of the spectrum eliminated most of
the radiometric distortion across the imagery. For example, the
ratio of bands 6 and 4 (6/4), which is a good band ratio for
discriminating current defoliation, resulted in distortions of less
than 1.5 intensity levels across the image for defoliated soft
woods and seven intensity levels for hardwoods. Ratios of in
frared bands or infrared and visible bands had important
distortions. The ratio of bands 9 and 6 (9/6), also a good band
ratio for current defoliation assessment, had distortions of up
to 45 intensity levels across the image for both hardwoods and
defoliated fir and spruce. Distortions of 12 intensity levels for
defoliated fir and spruce and five intensity levels for hardwood
occurred for the ratio of the mid-infrared band 11 and near
infrared band 9. Kleman (1985) computed ratios of spectral re
flectance values of conifer stands acquired from a helicopter and
determined that the band ratio of visible bands had less radio
metric distortions due to different view angles than ratios in
volVing a near-infrared band and mid-infrared band.

Radiometric Distortions Due to Topography. The slope and aspect
of the surface is a factor in the sun-object-viewer geometry which
will cause radiometric distortion. The need for correction of
multispectral scanner data of forested terrain for the effect of
different slopes and aspects has been documented (e.g., Sa
dowski and Malila, 1977; Justice, 1978; Rochon et aI., 1979; Smith
et aI., 1980; Williams and Ingram, 1981).

Applying a simple Lambertian model to the data of this study
indicated that slopes of approximately 15° for the blue band (4)
and near-infrared bands and 5° for the red band (6) would cause
a difference in recorded intensity equivalent to the range of
intensities for current defoliation (severe to healthy) if the as
pect of the slope is directly towards the sun. Similar values for
slopes with aspects at 45° to the sun azimuth are 25° for bands
4 and 9 and 7° for band 6.

Methods of correcting for the effects of sun-object-viewer ge
ometry in cases of different slope and aspect have been devel
oped and function with varying degrees of success (e.g., Smith
et aI., 1980; Hugli and Frei, 1981; Kimes and Kirchner, 1981;
Teillet et aI., 1982; Williams and Ingram, 1981; Cavayas et aI.,
1983). These require knowledge of the slope and aspect and
add further complexity to the analysis of data.

SPECTRAL DIFFERENCES AMONG CURRENT DEFOLIATION LEVELS

Plots of the mean intensity of sample areas versus current
defoliation rating (e.g., Figure 2) showed the near-infrared bands

(bands 8, 9, and 10), and to some extent band 4 (0.50 to 0.55
fLm) and perhaps band 5 (0.55 to 0.60 fLm), to have a consistent
trend of decreasing reflectance from healthy through to severe
defoliation. There was little difference in the reflectance of
different defoliation levels in the blue (band 3), red (band 6 and
7), and mid-infrared (band 11). The trends of decreasing near
infrared and green band intensities with increasing current
defoliation are consistent with what might be expected due to
the nature of current defoliation. Teillet et aI. (1985) give the
spectral reflectance for the various components of defoliated
trees (current year needles, old needles, bare twigs, and red
feeding debris). Consumption of the needles on the current year
shoots during budworm feeding should cause a decrease in
green reflectance. New needles, which have a considerably higher
green reflectance than older needles, most bare bark, or red
feeding debris, are removed or partially consumed and turn a
red color. A decrease in near-infrared reflectance is expected
due to the loss of foliage and low near-infrared reflectance of
bare twigs and feeding debris. An increase in red reflectance is
expected with increasing current defoliation because both feeding
debris and bare twigs have higher red reflectances than needles,
and a red coloration of the trees is the main damage symptom
observed by the eye from a distance. A definite increase was
not observed for the red bands used (Figure 2). This may be
due to the specific wavelength interval or broad nature of the
wavelength bands used. An optimized wavelength band may
exhibit an increase in red reflectance. A study, which compared
visual interpretations of airborne MSS (Daedalus 1260) data with
those of a pushbroom multispectral scanner (MEIS II), determined
that the narrower red band (0.66 to 0.69fLm) of the MEIS II was
the main reason for a better current defoliation assessment
capability of the MEIS II imagery over the Daedalus MSS imagery
(Ahern et aI., 1986). The spectral characteristics reported by Teillet
et aI. (1985) indicate that the maximum difference between the
reflectance of healthy foliage and the red feeding debris of current
defoliation in the visible part of the spectrum occurs in a narrow
band at approximately 0.67 fLm.

A key question is whether the differences in recorded intensity
of stands of different current defoliation classes are sufficiently
large, compared to the natural variability of reflectances of stands
of mixed fir and spruce, to be discriminated from each other.
The variability within a homogeneous stand, in terms of intensity
level of the 9.0-m resolution data, is indicated by the sample
area standard deviations of Figure 2. The standard deviations
are generally large in comparison with trends in recorded intensity
with defoliation level. Leckie and Ostaff (1987) used
Bhattacharyya distance as a statistical measure of the capabilities
of each band for separating defoliation levels and reported that
the near-infrared bands had the greatest ability to discriminate
current defoliation levels; the green band (4) had the next greatest
separability. The ratio features had greater separability than single
bands, with band ratio 9/6 having the best separability of the
ratio of bands tested. Band ratios 6/4 and 11/9 also displayed
high separability.

A good measure of the ability to separate current defoliation
is the classification accuracy of a maximum likelihood
classification. Table 3 gives results of the classification of Sisson
Reservoir data using all nine bands. The separability of classes
does not appear sufficient to classify four levels of defoliation.
There is considerable confusion between severe and moderate
defoliation. Three levels, heavy (a combination of severe and
moderate), light, and health appear appropriate, yielding an
overall accuracy of approximately 71 percent.

SPECTRAL VARIABILITY DUE TO STAND CHARACTERISTICS

Cumulative Defoliation Mixed with Current Defoliation. The range
of intensities from healthy through moderate cumulative
defoliation sample areas to the severe cumulative defoliation
sample area of Figure 2 indicates the range of intensities possible
for cumulative defoliation. Differences in amounts of cumulative
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TABLE 3. CLASSIFICATION ACCURACY (PERCENT) FOR CLASSIFICATION OF TEN CLASSES USING NINE BANDS

MAXIMUM LIKELIHOOD CLASS
Cumulative Severe Moderate Light Healthy Others/Unclassified

Cumulative 63.3 5.3 11.4 2.6 0.2 17.2
Severe 6.9 68.7 18.0 2.9 0.2 3.3
Moderate 7.2 14.7 49.8 8.9 0.6 18.8
Light 0.8 3.3 14.2 71.4 4.2 6.1
Healthy 0.3 0.2 3.9 4.4 65.4 25.8
Cedar lowland 0.4 0.0 4.0 19.0 9.4 67.2
Tamarack 0.0 0.0 0.0 0.0 5.7 94.3
Softwoodlha rdwood 11.4 3.2 8.0 1.6 0.4 75.4
Mixedwood 0.6 0.1 4.1 3.8 0.3 91.1
Hardwood/softwood 0.1 0.0 1.3 0.6 0.1 97.9

defoliation mixed with current defoliation will cause difficulties
in estimating the proper current defoliation level. Some bands
will be more sensitive to presence of cumulative defoliation than
other bands. There are considerable changes in recorded intensity
for the near-infrared bands and blue band with cumulative
defolia tion (Leckie and Gougeon, 1981). Band 11 appears to
have the largest difference in intensity between moderate
cumulative and current defoliation (Figure 2). Therefore, the
presence of cumulative defoliation will, in particular, alter spectral
characteristics in these bands and reduce their effectiveness for
discriminating current defoliation levels in cases where there is
mixed current and cumulative defoliation.

Variable Spruce and Fir Composition. Figure 3 shows increases
in recorded intensity with increasing spruce proportions in stands
of spruce and balsam fir. White spruce generally appears brighter
than balsam fir on aerial photographs (Sayn-Wittgensten, 1978).
Yost and Wenderoth (1971) showed that the visible and near
infrared spectral reflectance of red spruce is greater than that
of balsam fir. The magnitude of the potential variability among
stands resulting from different spruce and balsam fir components
is demonstrated in Figure 3. The importance of this variability
relative to changes in recorded intensity resulting from different
defoliation levels is estimated in Table 4. It is illustrated by the
estimated range of intensities resulting from spruce and fir
proportions varying from pure balsam fir to pure spruce (Figure
2). Variability in spruce and balsam fir species composition can,
therefore, result in confusion. The confusion can be reduced by
use of the band ratio features such as 6/4, 11/9, and 9/6 (Table
4) which are also useful features for discriminating defoliation

condition (Leckie and Ostaff, 1987). For example, for band ratio
6/4, the range of intensity caused by differences in fir-spruce
composition from pure balsam fir to pure spruce was only 0.07
times the difference in intensity between severe and healthy
current defoliation. The corresponding ratio for composition
changes from fir/spruce to spruce/fir was 0.05.

Variable Hardwood Composition. The influence of a hardwood
component on the reflectance of defoliated stands can be
estimated from Figure 4. Differences in recorded intensity for
different hardwood percentages are very large in the near
infrared. Differences in intensity are not as large for band 11
but, in relation to the differences in intensity due to defoliation,
differences due to changes in the hardwood component are
important (Table 4 and Figure 2). For example, the differences
in recorded intensity of bands 7 through 11 caused by 5 to 10
percent differences in hardwood component of a softwood or
softwood-hardwood pixel will be similar to the difference
separating one defoliation class from another (four classes). The
green spectral bands (4 and 5) are less influenced by the hardwood
component. A 25 to 35 percent difference in hardwood
component of a softwood or softwood-hardwood pixel results
in intensity differences similar to those among defoliation classes.
Changes in intensity with varying hardwood component for
bands 3 and 6 are small; the differences in intensity between
the defoliation classes are, however, also minor (Table 4 and
Figure 2).

Small proportions of hardwoods within stands of spruce and
fir can, therefore, cause confusion of defoliation level, as well
as make defoliation assessment in mixedwoods difficult. Use of

TABLE 4. SENSITIVITY OF BANDS AND SELECTED FEATURES TO CHANGES IN BALSAM FIR-SPRUCE COMPOSITION AND HARDWOOD-SOFTWOOD

COMPOSITION RELATIVE TO THEIR SENSITIVITY TO CURRENT DEFOLIATION LEVELS

Approximate range
Range relative to range for current defoliation2

for current fir versus spruce softwood versus hardwood
Feature defoliation I F to 5 F/S to S/F oto 100% H oto 50% H

3 0
4 -2.8 2.3 0.8 2.1 0.6
5 -2.6 2.2 0.8 1.8 0.5
6 0.9 5.1 3.2 0 0
7 -2.2 2.2 2.1 9.6 2.8
8 -11.0 1.1 0.6 6.4 2.0
9 -9.5 1.4 0.7 7.4 2.2

10 -10.5 1.3 0.8 5.9 1.9
11 1.1 3.5 2.0 10.9 2.9

4/3 4.5 0.6 0.4 1.7 0.6
6/4 6.0 0.07 0.05 1.4 0.6
9/6 -28. 1.4 0.4 6.4 2.1

11/4 -3.6 1.1 0.6 5.6 1.7
11/9 15. 0.05 0.04 1.6 0.9

'The range for current defoliation from severe to healthy (corrected for fir versus spruce composition) is determined from plots of mean
intensity level of sample areas versus defoliation rating (e.g., Figure 2).

2Range divided by range for current defoliation. Range for fir versus spruce and hardwood versus softwood is determined from plots of
mean intensity of sample areas versus fir-spruce and hardwood-softwood composition (e.g., Figures 3 and 4).
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band 4 or band ratios 6/4 and 11/9 would aid in minimizing
confusion (Table 4).

Variable Age and Crown Closures. Age is another factor which
causes spectral differences among areas of similar defoliation
condition. Spectral reflectances are generally higher for young
trees than for mature trees (e.g., Koch et aI., 1984; Kleman,
1985). Leckie and Gougeon (1981) give an example of how this
can result in difficulties in classifying cumulative spruce budworm
defoliation.

The effects of varying crown closure are similar in nature to
those of varying hardwood component. The magnitude and
characteristics of these effects will vary greatly depending on
type of ground cover, amount of understorey, and solar altitude.
Data of Mead et al. (1979), Leckie and Gougeon (1981), Koch et
al. (1984), and Kleman (1985) indicate that the effect is variable
but can be large.

CONFUSION OF CURRENT DEFOLIATION WITH OTHER FOREST

TYPES

Cumulative Defoliation. There can be considerable overlap of
the reflectances of cumulative defoliation and current defoliation
(Figure 2), which will cause confusion between the two. It may
be possible to reduce this problem by incorporating cumulative
defoliation classes into the classification. In this classification it
is important to use spectral bands that can assist in the
determination of levels of both cumulative and current defoliation,
as well as in differentiating between cumulative and current
defoliation. There is a large variability in reflectance of the
moderate cumulative defoliation stands of the test area and those
represented in Figure 2. This variability is due, in part, to
differences in the amounts of current defoliation associated with
cumulative defoliation, and varying composition of spruce and
fir. It was difficult to establish the occurrence of trends in recorded
intensity with severity of cumulative defoliation. However, a
trend of increasing recorded intensity with increasing cumulative
defoliation level was observed in the mid-infrared band (band
11). Leckie and Gougeon (1981) reported that, for the case of
cumulative defoliation associated with healthy foliage in dense
fir/spruce stands, there was also an increase in recorded intensity
for the mid-infrared bands, as well as increases in the visible
bands, and decreases in the near-infrared band as cumulative
defoliation increased. There is little difference in recorded
intensity of band 11 with changes in current defoliation, and
the overlap of cumulative defoliation with current defoliation is
not large. The mid-infrared band should, therefore, be helpful
in differentiating cumulative defoliation from healthy stands or
current defoliation. Leckie and Ostaff (1987) determined through
feature selection procedures that the mid-infrared band (11) was
best for discriminating cumulative from current defoliation. The
best ratio of bands was that of bands 11 and 9 (11/9). Leckie
and Gougeon (1981) determined that the blue band (3) and a
near-infrared band (9) were good for separating classes of
cumulative defoliation (associated with healthy foliage) from
each other and from healthy stands. Nelson et al. (1984) indicated
that a blue band and a mid-infrared band (2.06 to 2.33 f.Lm) were
best for discriminating cumulative defoliation levels. A 1.53 to
1.73-f.Lm mid-infrared band was also important.

Considering both the analysis of spectral differences and feature
selection, it appears that the most useful bands for discriminating
cumulative defoliation (light, moderate, and severe) from both
current defoliation and the healthy class are

• mid-infrared (band 11): good for separating cumulative from current
defoliation (Figure 2) and the best band for determining moderate
cumulative versus current defoliation and a healthy class (Leckie
and Ostaff, 1987);

• blue band (3): good for differentiating cumulative defoliation levels
(Leckie and Gougeon, 1981; Nelson et aI., 1984) and for separating
severe cumulative defoliation from current defoliation (Leckie and
Ostaff, 1987; Figure 2, this paper); and

• near-infrared (any of the three near-infrared bands, 8, 9, or 10):
good for differentiating cumulative defoliation levels (Leckie and

Goueon, 1981); however, there is overlap in the reflectance of
moderate cumulative and current defoliation (Figure 2).

Therefore, when cumulative defoliation is present, each of a
blue, mid-infrared, and near-infrared band should be used in a
classification of current defoliation to minimize errors resulting
from the presence of cumulative defoliation.

Indeed, analysis of the classification results indicates
considerable confusion between current defoliation and
cumulative defoliation (Table 3). This confusion was largely with
moderate and severe current defoliation. Approximately 17
percent of the moderate cumulative defoliation test areas were
classified either as moderate or severe current defoliation. It was
necessary to include a cumulative defoliation class in the
classification to prevent large areas of cumulative defoliation
from being incorrectly classified as current defoliation.

Other Forest Types. Another key factor influencing the
classification capabilities of airborne MSS data for damage
assessment is commission errors resulting from other forest types
being classified as forest damage. Although it is not possible to
test confusion of all possible forest types with damage, this
study tests the commission errors between current defoliation
and other forest types within the test area [i.e., eastern cedar
lowlands, tamarack, softwood-hardwood stands (predominantly
softwood), mixedwood stands (approximately equal proportions
of softwood and hardwood), and hardwood-softwood stands
(predominantly hardwood)]. The general problem of confusion
between defoliation and other forest types is demonstrated in
Table 3.

The main source of confusion between defoliation and other
forest types was not areas of defoliation being classified as other
forest types (only 1 to 11 percent of the current or cumulative
defoliation test areas were classified as one of the other forest
types), but the classification of test areas of the other forest
types as one of the defoliation classes (Table 3). The estimates
of confusion in Table 3 are likely overestimates because, in some
cases, the pixels classified as defoliation are associated with
small zones of defoliated fir and spruce, especially for the
softwood-hardwood and eastern cedar lowlands test areas. In
the case of pixels with mixed softwood and hardwood
composition, the level or type of defoliation is unlikely to be
reliably classified.

It was useful to include mixedwood classes in the classification
to reduce the number of pixels of mixed softwood and hardwood
composition that are classified as one of the defoliation classes3

•

However, in cases when atmospheric and sun-object-viewer
geometry distortions are severe, classification accuracy of the
mixedwood classes may be poor and inconsistent. For example,
for classifications with classes of mixed hardwood and softwood
versus classifications without these classes, the proportion of
test areas classified as one of the defoliation classes decreased
from 31 to 25 percent, 20 to 9 percent, and 5 to 2 percent for
test areas of softwood-hardwood, mixedwood, and hardwood
softwood, respectively. It was also appropriate to include the
eastern white cedar lowlands class because a large portion (37
percent) of these areas would be classified as light current
defoliation if there were not a separate class for eastern cedar
lowlands. Tamarack areas were partially classified as the healthy
class (22 percent) if the tamarack class was not included.

SUMMARY AND CONCLUSIONS

Radiometric distortions across airborne MSS data due to at
mospheric effects and sun-object-viewer geometry will cause
difficulties in determining damage conditions in many opera
tional surveys. A correction accounting for both components of
the distortion will have to be applied. Furthermore, corrections

3 Classification accuracies of the defoliation classes, as measured by
the defoliation class test sample areas, are very similar whether or not
the mixed wood classes and eastern cedar lowland and tamarack classes
were included in the classification.
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for hardwoods and softwoods often differ, so it is not generally
possible to classify defoliation level in mixedwoods or to classify
different forest types on imagery corrected for the radiometric
distortion of softwoods or damaged softwoods. Topography can
also cause radiometric distortions affecting classifications of de
foliation levels.

The lack of spectral differences between the desired damage
levels is a major difficulty in damage assessment. This difficulty
can be partially overcome by use of optimized spectral bands.
For the case of current spruce budworm defoliation, it has been
determined that a near-infrared band and a green band are most
useful, with a good combination of spectral bands of the Dae
dalus 1260 multispectral scanner being bands 9, 6, 4, and 3. The
ratios of the infrared and red bands (9/6) and red and green
bands (6/4) are particularly appropriate band ratio features for
discriminating current defoliation (Leckie and Ostaff, 1987).

The problem of small spectral differences between damage
classes is accentuated due to variability in the reflectance within
and between stands of similar damage condition. Different spe
cies composition is an important source of this variability. Small
differences in the amounts of hardwood within pixels can cause
large differences in reflectance among pixels. Considerable var
iability in the intensities recorded by an airborne scanner can,
therefore, occur from similar forest types exhibiting the same
defoliation condition. It can be beneficial to use wavelength
bands or features derived from bands which have low sensitiv
ity to changes in hardwood component but are also sensitive
to damage. For the case of current defoliation use of a green
band (4), the ratio of red and green bands (6/4), or the ratio of
mid-infrared and near-infrared bands (11/9) reduces the effect
of varying hardwood component. This problem also makes it
difficult to produce good classifications of defoliation classes in
mixedwood stands. A more subtle but still important species
effect, for the case of current spruce budworm defoliation, is
the varying proportions of fir and spruce in mixed stands of fir
and spruce. Band ratios 11/9 and 6/4 were effective in minimiz
ing this effect. Differences in stand density and age can cause
considerable spectral variability. The presence of damage other
than that being surveyed can also cause variability in the re
corded intensities of, for example, cumulative defoliation as
sociated with current defoliation.

Confusion of classifications of damage level with other forest
types is another major source of difficulty. For the case of cur
rent spruce budworm defoliation, confusion of current defol
iation with cumulative defoliation is a serious problem. It will
generally be necessary to include one or more classes of cu
mulative defoliation, as well as the current defoliation classes,
to reduce confusion of cumulative defoliation with current de
foliation. In cases where significant cumulative defoliation is
present, mid-infrared (11), blue (3), and near-infrared (9) bands
should be used in order to classify cumulative defoliation and
discriminate it from current defoliation. A mid-infrared band
(11) is particularly helpful for discriminating current and cu
mulative defoliation.

It will also often be necessary to include classes of other forest
types to prevent areas of these forest types from being classified
as damage classes. Accuracy of the classification of current de
foliation in this study was improved by including an eastern
cedar lowland class and several mixedwood classes.

Classification of forest damage is complicated. Difficulties arise
from many factors. Procedures are available and must be used
to reduce the difficulties. However, continued research is needed
to further define, develop, and test these and new procedures
and to determine if classification techniques are practical on a
widespread operational basis.
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CALL FOR PAPERS
The International Forested Wetlands Resource: Identification and Inventory

Baton Rouge, Louisiana
18-22 September 1988

This conference - sponsored by the International Union of Forestry Research Organizations (IUFRO) and cosponsored by the
School of Forestry, Wildlife, and Fisheries of the Louisiana State University, the Southern Forest Experiment Station of the USDA
Forest Service, and the Society of American Foresters - is intended for all persons interested in the forest wetland resource from
an ecological, economic, environmental, sociological, and technical standpoint. The purpose is to provide a forum for the exchange
of ideas about the importance of the forested wetlands resource, how to measure or inventory it, and how to use the inventory
results. Papers being solicited include

• Definition and Identification of International Forested Wetlands. In addition, topics of interest are present and potential uses and values, conflicts
and problems (political, competing uses, environmental, etc.), current status of the resources, and future trends for forested wetlands in
general or specific locations.

• Inventory of the International Forested Wetlands. Includes the purposes of forest inventories, techniques and tools used in classification systems
(remote sensing, ground measurements, etc.), problems associated with inventory measurements, use of inventory data (surveys, biometrics,
etc.), and the current status of inventory and future trends.

Those wishing to present a paper should submit a title and abstract, a statement of preference for paper or poster presentation,
along with your name, title, affiliation, address, and telephone number by 11 January 1988 to

Ben D. Jackson, Program Chairman
School of Forestry, Wildlife, and Fisheries
Louisiana State University
Baton Rouge, LA 70803-6202
Tele. (504)388-4216


