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ABSTRACT. Airborne multispectral scanner data were acquired over a mixed fir and 
spruce forest affected by both current defoliation (red discoloration) and cumulative 
defoliation (loss of needles) caused by feeding of the spruce budworm (Choristoneura 
fumiferana [Clem]). The spectral bands, ratios and differences of bands, and principal 
components derived from the bands were examined for their usefulness for discrimi- 
nating defoliation condition. Classifications were conducted using the best combinations 
of two through nine bands or features derived from the bands. Three levels of current 
defoliation could be classified (heavy, light, and healthy). Cumulative defoliation and 
mixed-wood areas caused confusions in the classifications. There was little advantage to 
including more than four bands or derived features in the classifications. FOR. SCI. 
34(2):259-275. 

ADDITIONAL KEY WORDS. Damage assessment, cumulative defoliation, feature selec- 
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THE SPRUCE BUDWORM Choristoneura fumiferana is probably the most im- 
portant influence in the management of spruce-fir forests in many regions of 
eastern North America. Repeated annual feeding on current year foliage 
results in loss of radial or volume increment, reduced or complete loss of 
height growth, tree mortality, and decreased stand yields. The current 
spruce budworm outbreak in eastern North America started in the late 
1960s in northeastern Ontario, western Quebec, central New Brunswick, 
and Maine (Kettela 1983). By 1975, the outbreak covered 57 million ha in 
eastern North America and, by 1983, 23 million ha of susceptible forest con- 
tained significant volumes of dead and dying timber. Because outbreaks can 
seriously disrupt long-term timber supply and subsequent industrial via- 
bility, information on the amount and location of budworm damage is neces- 
sary for the development of stand management strategies. 

Budworm defoliation mapping programs are implemented in most out- 
break areas. Each year susceptible forests are sketch-mapped from light 
aircraft in order to outline the areas of forest defoliated by the budworm 
during that year (current defoliation). This information is used as part of a 
hazard rating system, which influences protection programs and stand har- 
vesting schedules (Dorais and Kettela 1982). 

The feeding habits of the budworm result in damage symptoms that facili- 

Donald Leckie is with the Petawawa National Forestry Institute, Canadian Forestry Service, 
Chalk River, Ontario, KOJ IJO, and Donald Ostaff is with the Canadian Forestry Service-- 
Maritimes, P.O. Box 4000, Fredericton, N.B. E3B 5P7. The authors wish to thank Forest Pro- 
tection Limited of Fredericton, N.B., for providing logistical support, especially light aircraft 
for acquiring oblique photographs and sketch-map information, Maritime Resource Manage- 
ment Service for providing the colour infrared photographs, and E.G. Kettela of the Canadian 
Forestry Service--Maritimes for acquiring sketch-map data for the test area. Manuscript re- 
ceived December 24, 1986. 

JUNE 1988/259 

D
ow

nloaded from
 https://academ

ic.oup.com
/forestscience/article/34/2/259/4642397 by guest on 25 February 2021



tate the mapping of current defoliation. After overwintering as second instar 
larvae, the budworm begins feeding in late April-early May on vegetative or 
pollen buds, old foliage, and on the expanding current year shoots. By early 
June the budworm reaches the sixth instar, a stage that accounts for 87% of 
the total amount of food consumed during the budworm's life cycle (Miller 
1977). The larvae feed within "tunnels" composed of two or three shoots 
webbed together. Feeding generally occurs on the needles of the current 
year shoots but can occur on older foliage, particularly when population 
levels are high. Partially consumed needles and other feeding debris become 
caught in these tunnels. When population levels are high, these needles, 
having turned red, and other feeding debris give the trees a characteristic 
red color. It is this red coloration that is assessed through aerial sketch- 
mapping. Mapping of the red coloration of current defoliation gives an ap- 
proximation of the distribution and level of budworm populations, as well as 
the amount of damage that has occurred that year. Timing for mapping de- 
foliation is therefore critical because peak coloration occurs during a rela- 
tively short period, generally in late June to early July. Wind and rain even- 
tually knock the red needles and other feeding debris from the trees, leaving 
exposed branches. Successive years of defoliation will result in loss of sev- 
eral age classes of needles and exposure of bare twigs (cumulative defolia- 
tion). Mortality may occur. 

Aerial sketch-mapping is a simple, quick, and inexpensive method appro- 
priate for acquiring a rough delineation of insect damage but has drawbacks 
ff accurate delineations are required (Harris and Dawson 1979). Attempts 
have been made to improve the accuracy of defoliation estimates by using 
aerial photographs. Murtha (1973) used 1:10,000 color infrared photographs 
to stratify spruce-fir stands damaged by the spruce budworm into five defo- 
liation and mortality classes. Ashley et al (1976) demonstrated that normal 
color summer aerial photographs at scales of 1:15,840 and larger were ap- 
propriate for evaluating current defoliation. Current-year defoliation caused 
by the western spruce budworm Choristoneura occidentalis Freeman could 
not be detected using ultra small scale (1:126,000) color infrared photo- 
graphs (Ciesla 1974). Studies have indicated that Landsat multispectral 
scanner (MSS) data have low capabilities for detecting and delineating cur- 
rent spruce budworm defoliation (Harris et al. 1978, Madding and Hogan 
1978). The unreliability of acquiring cloud-free satellite imagery during the 
short critical period when red discolored foliage is visible on trees limits the 
usefulness of satellite data. Airborne multispectral scanner data with their 
higher spatial resolution, greater number of wavelength bands, and flexi- 
bility in timing data acquisition may provide a suitable tool for assessing 
current defoliation. 

The purpose of this study was to evaluate the effectiveness of airborne 
multispectral scanner data for detecting, mapping, and quantifying the red 
coloration of current defoliation. 

METHODS 

TEST AREA 

An area in northern New Brunswick (5 x 30 km at latitude 47ø20'N and 
longitude 67ø21'W) was selected as a test site (Sisson Reservoir test area). 
The test area was generally flat or gently sloping. Some areas had broad 
hills with relief up to 75 m. Hardwoods occurred frequently on the hill 
crowns. There were occasional steep but short-sided valleys. 
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The forest consisted of softwood, mixed-wood, and hardwood stands of 
varying areal extents. Softwood stands were often small in area. The pre- 
dominant softwood species were balsam fir (Abies balsamea [L.] Mill), and 
spruce, mainly white spruce (Picea glauca [Moench] Voss). These generally 
occurred in mixed stands with compositions of predominantly fir (fir- 
spruce) to stands of predominantly spruce (spruce-fir). Eastern white cedar 
(Thuja occidentalis L.) and tamarack (Larix laricina [DuRoi] K. Koch) oc- 
curred along stream courses and in lowland areas. The condition of the 
mixed fir and spruce stands at the time of data acquisition varied from 
healthy (no defoliation) to severe current defoliation, with many of the 
stands also having varying degrees of cumulative defoliation (lack of foliage 
due to defoliation of previous years), including mortality. Defoliation condi- 
tions may not be consistent throughout a stand, and mixtures of different 
defoliation conditions can occur within stands. Current and cumulative de- 
foliation also occurred on the softwoods within the mixed-wood stands. 

DATA ACQUISITION 

Eleven channel airborne MSS data were acquired on a single flight line over 
the Sisson Reservoir test area at 0935 hr Atlantic Daylight Time on July 3, 
1981, during the peak period of current defoliation caused by budworm 
feeding. Solar altitude was 37 ø and solar azimuth 95 ø , which was 55 ø from 
the flight line azimuth (220ø). The data were acquired by the Canada Centre 
for Remote Sensing using a Daedalus 1260 multispectral scanner mounted in 
a DC-3 aircraft (Zwick et al. 1980). The scanner had a 37 ø field of view each 
side of nadir. Flying altitude was 3650 m above ground level, which, with 
the 2.5 mr resolution of the scanner, resulted in an image with a spatial 
resolution of approximately 9-m. This resolution is practical for broad area 
damage surveys and gives results appropriate for resolutions with at least 
several trees per pixel and several pixels per homogeneous damage area. 
The wavelengths of the bands of the scanner are listed in Table 1. Bands 1 
and 2 were not used in this study due to low signal-to-noise ratios typical of 
these bands. The MSS data of each band had radiometric distortions across 

the image due to atmospheric effects and sun-object-viewer geometry (e.g., 
viewing sunlit trees on one side of the image and backlit trees on the other 
side of the image). The distortions in each band were modelled by a least 
squares polynomial fit of the mean pixel intensity of defoliated stands versus 

TABLE 1. Airborne Multispectral Scanner bands. 

Band • Wavelength (g.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 

• Bands 1 through 10 are from Zwick et al. (1980) and band 11 from McColl, W.D. (pers. 
comm.). 
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the position of the stand from nadir. The distortions were corrected by 
adding to each band a correction factor derived from the models such that 
models describing the intensity of defoliated stands across the corrected 
images have a uniform distribution. Data near the edges of the images (view 
angles greater than 28 ø ) were not used in the analysis of this study due to 
possible inaccuracies in the correction at extreme view angles. 

Simultaneous 1:24,000 normal color aerial photographs were also ob- 
tained. Additional 1:11,000 and 1:4,000 normal color and 1:5,500 color in- 
frared aerial photographs were taken for segments of the test area. Oblique 
35 mm photographs were also obtained from a light aircraft at altitudes of 
490 m, 180 m, and 90 m above ground level. The additional aerial and 
oblique photographs were acquired the same day as the airborne MSS data. 
A detailed defoliation aerial sketch-map of the test area was obtained July 5. 

DEFOLIATION CLASSES AND SELECTION OF SAMPLE TRAINING AREAS 

The defoliation classes used in this study were defined as follows: 

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

light defoliation--current defoliatin less than 35%; generally having less than 
10-15% cumulative defoliation 

moderate defoliation--current defoliation 35-70%; generally having less than 20% 
cumulative defoliation 

severe defoliation--current defoliation >70%; generally having less than 20% cumu- 
lative defoliation 

moderate cumulative defoliation--cumulative defoliation between 25% and 60% 

with varying degrees of current defoliation. 

The current defoliation classes follow closely those used in operational 
sketch-mapping (Dorais and Kettela 1982). The percentage of current defo- 
liation was estimated from the proportion of trees and proportion of the 
visible portion of the tree crowns with a red coloration and the intensity of 
that red coloration. 

Defoliation levels and species Composition of homogeneous sample areas 
were determined from interpretation of the vertical and oblique aerial photo- 
graphs. Sample areas of the five defoliation classes, including the classifica- 
tion training areas, were genrally pure high density fir-spruce to spruce-fir. 
The classification training area for moderate cumulative defoliation was rep- 
resentative of the cumulative defoliation in the study area, which was often 
associated with varying levels of current defoliation within the same stand 
or on the same tree. 

Analysis of classification capabilities was restricted to a case of five defo- 
liation classes (severe, moderate, and light current defoliation, moderate cu- 
mulative defoliation, and healthy) in pure dense fir-spruce to spruce-fir 
stands. 

FEATURE SELECTION 

The nine bands of airborne MSS data were examined to determine their 

capability to separate levels of current defoliation from each other, from 
healthy conifers, and from cumulative defoliation. Ratio and differences of 
the bands were also investigated, as were principal components derived 
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TABLE2. Features derived from the nine bands of the Multispectral Scanner. 

Ratio of bands • 

4/3, 5/3 
6/3, 6/4, 6/5 
9/3,9/4,9/6 
11/3, 11/4, 11/6, 11/9 
11/(3 + 4 + 5 + 6),9/(3 + 4 + 5 + 6),7/(4 + 5),6/(4 + 5) 

Difference between bands 2 

3-4 

6-3, 6-4 
9-3, 9-4, 9-6 
11-4, 11-9 

Principal components of all nine bands 

1st, 2nd, and 3rd components of a specific sample area (equal areas of the five 
defoliation classes) 

1st, 2nd, and 3rd components of a general sample area (entire study area) 

• The ratio of two bands (A/B) is calculated by the equation: ratio = 128 x (intensity of band 
A + intensity of band B). 

2 The difference of two bands (A-B) is calculated by the equation: difference = 128 - (in- 
tensity of band A - intensity of band B). 

from the nine bands (Table 2). The capabilities of the features to separate 
defoliation classes were determined using Bhattacharyya distance (B-dis- 
tance), a measure of statistical distance between classes (Kailath 1967). 
Class statistics of the defoliation classes were derived from sample areas 
representative of the defoliation classes. These sample areas were also used 
as training areas for supervised maximum likelihood classifications (classifi- 
cation training areas). The best single feature was selected as the feature 
with the largest average B-distance between classes. The best combination 
of two features was defined as the best single feature plus the feature in 
combination with the best single feature that produced the largest average 
B-distance between classes. The procedure was continued in a stepwise 
manner to determine useful combinations of two through n features. • 

The feature selection procedure was used to determine features and fea- 
ture combinations useful for differentiating defoliation levels for three cases: 

1. current defoliation only [i.e., discriminating the four current defoliation classes 
(healthy, light, moderate, and severe) from each other]: the average of B-dis- 
tances between these classes was used to determine useful features; results are 
appropriate for areas in which cumulative defoliation does not occur, or is 
minor; 

2. mixed current and cumulative defoliation (i.e., discriminating the four current 
defoliation classes from one another and discriminating cumulative defoliation 
from current defoliation): the average B-distance between current defoliation 
classes, and between the moderate cumulative defoliation class and each of the 
current defoliation classes was used to determine useful features; results are 

• In the forward selection procedure used, the features selected at each stage of n features 
depends on those previously selected. There is no provision for eliminating previously selected 
features. The best set of feature combinations at any stage derived by this analysis procedure 
therefore may not necessarily be the best overall combination of features if all possible combi- 
nations of n features were considered. 
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appropriate for differentiating defoliation conditions in an area with stands of 
current defoliation and stands of moderate cumulative defoliation; 
cumulative versus current defoliation (i.e. discriminating cumulative defoliation 
from current defoliation): the average B-distance between the moderate cumula- 
tive defoliation class and each of the current defoliation classes was used in this 

case; this procedure will indicate whether any features are particularly beneficial 
for separating cumulative from current defoliation. 

CLASSIFICATION PROCEDURES 

Supervised maximum likelihood techniques (Colwell 1983) were used to 
classify five defoliation classes: severe, moderate, and light current defolia- 
tion, moderate cumulative defoliation, and healthy. The classes were identi- 
fied in dense forest stands with compositions ranging from pure fir-spruce to 
spruce-fir. The healthy class, however, was predominantly spruce-fir or 
spruce. Two additional healthy conifer classes, eastern cedar lowlands and 
tamarack, were included. The eastern cedar lowlands commonly occurred 
along stream courses and consisted predominantly of eastern white cedar 
with some other softwood species, including defoliated spruce and balsam 
fir. Several classes of mixed-wood were also included: softwood-hardwood 

(predominantly softwood), mixed-wood (approximately equal softwood and 
hardwood), and hardwood-softwood (predominantly hardwood). The soft- 
woods of these mixed-wood classes were spruce and/or fir with current de- 
foliation generally at the moderate level, often with some cumulative defo- 
liation. The eastern cedar lowland, tamarack, and mixed-wood classes were 
used to test confusion with the five defoliation classes. They were also in- 
cluded to reduce commission errors due to: (1) areas of these classes being 
erroneously classified as one of the five defoliation classes, or (2) inclusions 
of defoliation within these classes being classified as the wrong defoliation 
class. 

Classifications of the five defoliation classes, two additional healthy co- 
nifer classes, and three mixed-wood classes were completed using the best 
combinations of 2, 3, 4, 5, 7, and 9 bands and features as determined by the 
average B-distance between the five defoliation classes (Tables 3 and 4). 
Accuracies were determined by comparing the maximum likelihood classifi- 
cation of each pixel within a test sample area with the class of the sample 
area. The test sample areas were independent of the classification training 
areas. 

RESULTS 

FEATURE SELECTION 

Spectral Bands 
The best single bands, and useful sequence of bands in combination with 
one another, for discriminating among current defoliation classes are listed 
in Table 3. The near infrared bands (9, 8, and 10) were best for discrimi- 
nating current defoliation, followed by the green bands (4 and 5). The red (6 
and 7) and mid-infrared (11) bands were less useful. Results were similar if 
only the classes with current defoliation (severe, moderate, and light) are 
analyzed (Table 3). The combination of three bands included a near-in- 
frared, red, and green band. There was little difference in the B-distance of 
the combination of four bands when the blue band (3) or mid-infrared band 
(11) was included as the fourth band. The three near-infrared bands were 
highly correlated with each other, and there was little value in including 
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TABLE 3. Bhattacharyya distance of single bands listed in order of decreasing 
B-distance, and B-distance of band combinations with bands listed in order of their 
entry into the sequence of band combinations. 

1. Current defoliation only 

(a) Single bands • (severe, moderate, light, healthy) 
Band 9 8 10 4 5 7 6 11 3 

B-distance 0.76 0.76 0.63 0.47 0.34 0.25 0.11 0.11 0.09 

CO) Single bands I (severe, moderate, light) 

Band 9 8 10 4 11 6 7 5 3 

B-distance 0.46 0.43 0.38 0.12 0.10 0.07 0.05 0.05 0.03 

(c) Combination of bands 2 (severe, moderate, light, healthy) 

Band 9 6 4 3 11 5 10 7 8 

B-distance 0.76 1.54 1.98 2.09 2.21 2.30 2.39 2.47 2.58 

(d) Combination of bands 2 (severe, moderate, ligh0 

Band 9 6 3 11 4 10 8 7 5 

B-distance 0.46 1.16 1.35 1.48 1.58 1.67 1.73 1.86 1.93 

2. Mixed current and cumulative defoliation (severe, moderate and light defoliation, moderate 
cumulative defoliation, healthy) 

(a) Single bands • 

Band 9 8 10 4 11 5 7 6 3 

B-distance 0.63 0.63 0.53 0.41 0.32 0.29 0.21 0.20 0.17 

(b) Combination of bands 2 

Band 9 6 4 11 5 3 8 7 10 

B-distance 0.63 1.54 1.94 2.20 2.33 2.44 2.54 2.63 2.71 

3. Cumulative versus current defoliation (moderate cumulative versus healthy and severe, 
moderate, and light current defoliation) 

(a) Single bands a 

Band 11 9 8 

B-distance 0.65 0.44 0.43 

CO) Combination of bands 2 

Band 11 9 6 

B-distance 0.65 1.15 2.00 

10 6 4 3 5 7 

0.38 0.33 0.31 0.29 0.23 0.15 

4 5 3 8 7 10 

2.36 2.54 2.63 2.75 2.84 2.90 

• Bhattacharyya distance for each band individually. The B-distance given is the average 
B-distance between the defoliation classes indicated in parentheses. 

2 Combination of best one through nine bands in order of entry into best sequence of bands. 
Bhattacharyya distance is that for the combined one through nine bands and is calculated as the 
average B-distance between the defoliation classes indicated in parentheses. 

more than one near-infrared band. Band 7 gave poor separation of defolia- 
tion classes due to large variances in the reflectance within sample areas. 

The band combinations for the case of mixed current and cumulative de- 
foliation were similar to those for the case of current defoliation alone (Table 
3). The cumulative versus current defoliation case in Table 3 gives the best 
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TABLE 4. Bhattacharyya distance of single features listed in order of decreasing 
B-distance, and B-distance of feature combinations with features listed in order of 
their entry into the sequence of feature combinations. 

1. Current defoliation only 

(a) Single features t (severe, moderate, light, healthy) 

Feature 9/6 6/4 11/9 9 4/3 4 5 11/4 6 11 3 

B-distance 1.24 0.90 0.78 0.76 0.59 0.47 0.34 0.12 0.11 0.11 0.09 

(b) Single features t (severe, moderate, light) 

Feature 9/6 11/9 6/4 9 11/4 4/3 4 11 6 5 3 

B-distance 0.87 0.76 0.65 0.46 0.15 0.14 0.12 0.10 0.07 0.05 0.03 

(c) Combination of features 2 (severe, moderate, light, healthy) 

Feature 9/6 6/4 5 9 6 11/9 11 3 11/4 4 4/3 

B-distance 1.24 1.85 2.11 2.25 2.50 2.66 3.07 3.16 3.24 3.29 3.35 

(d) Combination of features2 (severe, moderate, light) 

Feature 9/6 6/4 11/9 11/4 9 6 3 11 4 4/3 5 

B-distance 0.87 1.27 1.43 1.79 1.90 2.13 2.26 2.37 2.42 2.47 2.52 

2. Mixed current and cumulative defoliation (severe, moderate and light current defoliation, 
moderate cumulative defoliation, healthy) 

(a) Single features • 

Feature 9/6 11/9 6/4 9 4/3 4 11/4 11 5 6 3 

B-distance 1.09 0.95 0.94 0.63 0.47 0.41 0.36 0.32 0.29 0.20 0.17 

(b) Combination of features• 

Feature 9/6 6/4 11 11/9 9 6 5 3 11/4 4 4/3 

B-distance 1.09 1.74 2.11 2.33 2.72 3.04 3.20 3.30 3.37 3.43 3.51 

3. Cumulative versus current defoliation (moderate cumulative versus healthy and severe, 
moderate and light current defoliation) 

(a) Single features t 
Feature 11/9 6/4 9/6 11/4 

B-distance 1.20 1.01 0.87 0.71 

(b) Combination of features • 

Feature 11/9 6/4 4 5 

B-distance 1.20 1.93 2.35 2.55 

11 9 6 4 3 4/3 5 

0.65 0.44 0.33 0.31 0.29 0.29 0.23 

3 9/6 11 9 6 4/3 11/4 

2.64 2.76 3.21 3.46 3.56 3.67 3.76 

• Bhattacharyya distance for each feature individually. The B-distance given is the average 
B-distance between the defoliation classes indicated in parentheses. 

• Combination of best one through eleven features in order of entry into best sequence of 
features. Bhattacharyya distance is that for the combined one through eleven features and is 
calculated as the average B-distance between the defoliation classes indicated in parentheses. 

single band and a useful sequence of bands in combination with each other 
for separating moderate cumulative defoliation from healthy and current de- 
foliation. A feature selection test for differentiating severe cumulative defo- 
liation from current defoliation and healthy stands was also conducted by 
calculating the average B-distance between these classes and a class of se- 
vere cumulative defoliation represented by a sample area of 100% mortality. 
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Important bands in combination with each other were, in order of impor- 
'tance: blue (3), a near-infrared (9), and mid-infrared (11). Leckie (1987) re- 
ports that it is advantageous to use blue, mid-infrared, and near-infrared 
bands to reduce confusion between current and cumulative defoliation when 
classifying current defoliation levels in areas where cumulative defoliation is 
present. 

Features Derived from the Nine Spectral Bands 
Use of features derived from the nine bands may improve classification ca- 
pabilities and/or reduce the number of features required to provide accurate 
classifications. Thirty features were tested (Table 2), representing ratios and 
differences of bands within the main spectral regions (blue, green, red, 
near-infrared, and middle-infrared) and principal components derived from 
all nine bands. In cases where there were several highly correlated bands in 
the same spectral region, one band (generally the band with the best dis- 
crimination capability.) was often used to represent that spectral region. For 
example, band 9 was used to represent the near-infrared region. Alternately, 
combinations of bands were also used to represent certain spectral regions, 
for example, 4 and 5 for the green. Some of these features were closely 
related. Related features were determined as those with high linear correla- 
tion coefficients, and by features whose importance was reduced when one 
of several related features was included in the sequence of best features. 

Examination of the ratio features indicated several groupings of related 
features: 

1. ratios involving the near-infrared band (9) and bands in the visible part of the 
spectrum [9/3, 9/4, 9/6, and 9/(3 + 4 + 5 + 6)] 

2. ratios involving the mid-infrared band (11) and the visible bands [11/3, 11/4, 11/6, 
andll/(3 + 4 + 5 + 6)] 

3. ratios involving the blue band (3) and the other visible bands (4/3, 5/3, and 6/3), 
and 

4. ratios involving the red versus green bands [6/5, 6/4, and 6/(4 + 5)]. 

The ratio of mid-infrared to near-infrared (11/9) was not closely related to 
other ratio features. The ratio of band 7 to the green bands [7/(4 + 5)] had 
low B-distances, indicating it was very poor for separation of defoliation 
classes. The best ratio features (for discriminating current defoliation levels) 
from each group of related features was determined from analyses of B-dis- 
tances. They were, in order of importance, band ratios 9/6, 6/4, 11/9, 4/3, 
and 11/4. These band ratios were also important for the case of mixed cur- 
rent and cumulative defoliation. The single feature B-distance of the differ- 
ences between two bands and the ratio of the same two bands were similar. 

The difference between bands 6 and 4, however, was the single most impor- 
tant feature for differentiating current defoliation classes of all the features 
tested. 

Principal component techniques applied to Landsat MSS and airborne 
MSS data have been useful for forestry, especially for use in image enhance- 
ments (e.g., Kourtz and Scott 1978, Leckie and Dombrowski 1984). The 
first three principal components of all nine bands were determined for two 
cases: (1) a specific sample area comprised of approximately equal area of 
healthy stands, severe, moderate, and light current defoliation, and mod- 
erate cumulative defoliation; and (2) the entire study area. Analysis of en- 
hancements produced from components of the two cases was unsuccessful 
at highlighting different defoliation levels as distinct, easily visually inter- 
preted classes. Analysis of components for their capability to separate defo- 
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liation classes indicated that the first component for case 1 was highly cor- 
related with the first component for case 2. The two second components 
were also highly correlated. The components for the specific sample area 
had slightly greater value in separating defoliation levels. On a single feature 
basis the first components were more important than the other components, 
but were not as important as several of the difference features, ratio fea- 
tures, or single bands. For example, the single feature B-distances for the 
first, second, and third component of the specific sample area were: 0.65, 
0.25, and 0.02, respectively, for the current defoliation classes only; and 
0.53, 0.47, and 0.08, respectively, for the case of mixed current and cumula- 
tive defoliation. 

It is reasonable to assume that the best classification of defoliation classes 
might occur with a combination of ratio features that were among the best 
features derived from the nine spectral bands and the best individual spec- 
tral bands. Useful combinations of the nine spectral bands and features de- 
rived from these bands were, therefore, estimated by testing five ratio fea- 
tures (the best feature from each of the five groups of correlated features) 
and six spectral bands (bands 10 and 8 were not included as they were 
closely correlated to band 9, and band 7 was excluded because of its low 
capabilities for differentiating defoliation levels). The B-distances for the 11 
final bands and features tested and sequence of features in combination with 
each other are given in Table 4. The ratios of the near-infrared to red band 
(9/6) and red to green band (6/4) were important. The importance of band 
ratio 9/6 is largely because of the change in near-infrared reflectance with 
defoliation. The high value of using band ratio 6/4 indicates the importance 
of the increase in red reflectance relative to green reflectance. For the case 
of cumulative versus current defoliation, band ratios 11/9 and 6/4 were im- 
portant. However, this is largely due to their ability to separate moderate 
cumulative defoliation from healthy and light current defoliation classes. 
Band 11 or the ratio of bands 11/6 and 11/4 showed better separation of the 
cumulative defoliation class from the moderate and severe current defolia- 
tion classes. 

CLASSIFICATION RESULTS 

Tables 5 and 6 give classification accuracies of the five defoliation classes for 
classifications using all nine bands and the best combination of four bands 
as estimated by the stepwide B-distance analysis procedure for separating 
the five defoliation classes (Table 3). The accuracies of the best combina- 
tions of four through nine features (bands and derived features) obtained by 
the B-distance analysis indicated similar results. There was considerable 
confusion between adjacent defoliation classes in the sequence of current 
defoliation (i.e., severe, moderate, light, and healthy). Confusion between 
the severe and moderate current defoliation was particularly high. This sug- 
gests that perhaps only three current defoliation classes, heavy (a combina- 
tion of severe and moderate classes), light, and healthy, can be reliably clas- 
sifted. Classification accuracy for the heavy class was approximately 75%. 
Average accuracy for four defoliation classes (heavy, light, healthy, and 
moderate cumulative defoliation) was approximately 65% to 69%, 4% to 6% 
higher than for the five defoliation classes. 

There was also confusion between the severe and moderate (or heavy) 
current defoliation classes and the moderate cumulative defoliation class. 
The confusion with current defoliation differs under different conditions of 
cumulative defoliation (e.g., more severe or less severe). In areas where no 
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cumulative defoliation is present, the classification accuracy of heavy cur- 
rent defoliation is expected to be high. Accuracy was estimated to be ap- 
proximately 80% and average accuracy for the heavy, light, and healthy 
classes was estimated to be 70% to 73%. 2 In an operational survey, only two 
defoliation classes (heavy and light current defoliation) plus identification of 
a single class of healthy conifers, regardless of species composition, may be 
required (i.e., accurate identification of the type of healthy conifer is not 
required). For a case of no cumulative defoliation, and a healthy conifer 
class including the healthy mixed fir and spruce, tamarack, and cedar low- 
lands classes, accuracy was estimated to be 75% to 80%. 

There was some confusion of defoliated areas with the other forest classes 
(Tables 5 and 6). A more serious problem is areas of other forest types being 
classified as one of the defoliation classes. For example, approximately 25% 
of eastern cedar lowland sample areas and 25% to 30% of softwood-hard- 
wood sample areas were classified as one of the defoliation classes. Al- 
though there was defoliation of some of the fir and spruce associated with 
these forest types, a reliable classification of the correct defoliation level 
was not possible. 

Figure I gives the classification accuracy for four defoliation classes 
(heavy and light current defoliation, moderate cumulative defoliation, and 
healthy) plotted against number of bands or features in the sequence of 
bands and feature combinations of Tables 3 and 4 (mixed current and cumu- 
lative defoliation case). There was little advantage using the combinations of 
features instead of the combinations of bands; classification accuracies were 
similar (Figure I). A classification of four bands or features was sufficient. 
Total area estimates for each of the defoliation classes were generally stable 
for classifications using four or more bands or features. There was, how- 
ever, a decrease in the number of pixels classified as one of the five defolia- 
tion classes as the number of features increased. This was due to an increase 

in the number of unclassified pixels. Commission errors became important 
if only two or three bands or features were used; for example, some areas of 
floating log debris and some shoreline boundaries were classified as defolia- 
tion. 

SUMMARY AND DISCUSSION 

The best single bands for separating levels of current defoliation were the 
near-infrared (8, 9, and I0), followed by green (4 and 5). The red band (6) 
and mid-infrared band (I I) were of lesser importance. There was a decrease 
in near-infrared and green band reflectance with increasing current defolia- 
tion, but the difference in reflectance between severe, moderate, and light 
current defoliation was small for the other visible bands and the mid-in- 
frared band (Leckie 1987). The ratios of a near-infrared channel with a vis- 
ible or combination of visible channels, especially the ratio of bands 9 and 6 
(9/6), and the difference or ratio of the red and green band (6-4 and 6/4) 
were important single features for separating current defoliation classes. 
The best combination of four bands as determined by the stepwise B-dis- 
tance analysis was 9, 6, 4, and 3. Similarly, the best combination of four 
ratio features and bands was the ratio of bands 9 and 6 (9/6), the ratio of 
bands 6 and 4 (6/4), and bands 5 and 9. 

2 Estimated by eliminating all pixels classified as cumulative defoliation from the analysis of 
accuracy. 
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FIeUaE I. Mean classification accuracy for four defoliation classes (heavy and light current 
defoliation, moderate cumulative defoliation, and healthy) for classifications using the best 
combinations of 2, 3, 4, 5, 7, and 9 bands and features (Table 3 and 4, mixed current and 
cumulative defoliation case). 

B-distance analysis indicated that the mid-infrared band (l l) was best for 
separating moderate cumulative defoliation from current defoliation. 
Overlap of the airborne MSS band intensities of areas of moderate cumula- 
tive defoliation with those of current defoliation was least in band 11 (Leckie 
1987). The best band combination for classifying the four current defoliation 
levels and moderate cumulative defoliation (using the stepwise B-distance 
analysis procedure) was bands 9, 6, 4, and 11; the best feature combination 
was the ratio of band 9 and 6 (9/6), the ratio of band 6 and 4 (6/4), band 11, 
and the ratio of band 11 and 9 (11/9). There was little difference in classifica- 
tion accuracy when using the best band or best feature combinations. 

Three levels of current defoliation (heavy, light, and healthy) in dense 
fir-spruce to spruce-fir stands can be classified. In some cases it may be 
possible to classify four levels of current defoliation. Classification accuracy 
for three current defoliation classes (heavy, light, and healthy) was approxi- 
mately 67% for a case where moderate cumulative defoliation was present. 
Most confusion is between adjacent classes or between heavy current defo- 
liation and moderate cumulative defoliation. Current and cumulative defo- 
liation may be confused, except perhaps when cumulative defoliation is se- 
vere. Errors can be minimized by using a mid-infrared band (11) and, pos- 
sibly, a blue band (3) if cumulative defoliation is severe. In cases where 
cumulative defoliation does not occur, accuracies for classifying current de- 
foliation classes are approximately 70% to 73%. If only light and heavy de- 
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foliation areas are required (i.e., classification of healthy conifer classes not 
required), classification accuracy can be expected to be 75% to 80%. 

The classifications obtained for the airborne MSS data were moderately 
successful. Other limitations of classification of airborne MSS data exist. 

Results of this study are relevant to classification capabilities in dense pure 
fir-spruce and spruce-fir stands. Classification of defoliation in mixed-wood 
stands is difficult (Leckie 1987). Varying proportions of hardwoods and 
softwoods within the area covered by each pixel cause confusion in the clas- 
siftcation of defoliation levels. Similar difficulties occur with open stands 
(Leckie and Gougeon 1981). In addition, radiometric distortions across an 
image due to sun-object-viewer geometry are often different for softwoods 
versus hardwoods. It was not possible to classify the data of this study for 
defoliation in mixed-woods due to the differing radiometric distortions for 
softwoods versus hardwoods. Fir and spruce have different spectral reflec- 
tances. The proportion of fir versus spruce in a stand does cause some con- 
fusion in classification, especially for the extreme case of pure fir and 
spruce stands (Leckie 1987). There was also some confusion of defoliation 
classes with other forest types. 

Good classifications of cumulative defoliation in dense fir-spruce forests 
are possible (Leckie and Gougeon 1981), and this study indicates moderate 
capabilities for classifying current defoliation. Although classification tech- 
niques are useful under certain circumstances, they will become suitable for 
widespread operational use only after problems associated with the analysis 
of data have been resolved. 

There are several possibilities for resolving these problems and improving 
the capabilities of airborne scanner data for defoliation classification. The 
classification capabilities of current defoliation may be improved by the use 
of optimized wavelength bands. A study to define these wavelength bands 
for both current and cumulative defoliation has been initiated, with prelimi- 
nary results showing opportunities for better defoliation assessment using 
optimized wavelength bands (Teillet et al. 1985). An optimization in the red 
region of the spectrum may be particularly useful. Leckie (1987) reports that 
there is little difference in recorded intensities of airborne MSS data in the 

red bands of the Daedalus model 1260 scanner (bands 6 and 7 of Table I) 
with current defoliation level. Ahem et al. (1986), through analysis of color 
composites and enhancements of airborne MSS (Daedalus model 1260) data 
and MEIS II (Multispectral Electro-Optical Imaging Scanner II) imagery, 
showed that current defoliation could be detected on MEIS II data while it 

could not on the Daedalus 1260 data. The better capability of the MEIS II 
scanner was traced to the better separation of defoliation by the red band 
used with the MEIS II (0.60-0.69 •xm), as compared with those of the Dae- 
dalus scanner (band 7:0.63-0.70 •xm, or band 6:0.59-0.65 •xm). 

A possible solution to the problem of confusion due to varying species 
proportion or varying stand densities of each pixel is the use of change de- 
tection techniques in which images from different times of the year, or from 
successive years, are digitally overlain and compared. Since stand density 
and species composition can generally be assumed to be constant over time 
for each pixel, variations among the changes in intensity of pixels can be 
related more closely to defoliation. Overlay of imagery with existing forest 
inventory information on a Geographic Information System would provide 
auxiliary information regarding species composition, density, and age 
which, f accurate, could aid in classifying defoliation. An advantage may be 
gained by tilting the scanner forward or aft so that it is viewing the forest at 
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an oblique angle. The field of view of the scanner will generally be domi- 
nated by the upper parts of the forest canopy, thus reducing the effects of 
differing crown closure and ground cover. In addition, the upper portions of 
the tree often appear more severely discolored due to budworm attacks, 
possibly accentuating apparent defoliation when viewed obliquely. Tech- 
niques need to be developed and tested. The problem of radiometric distor- 
tion across the images due to sun-object-viewer geometry also needs further 
investigation. 

Recent advancements in airborne multispectral scanners facilitate devel- 
opments needed to improve techniques for spruce budworm defoliation as- 
sessment. For example, the MEIS II airborne scanner is a linear army de- 
tector sensor system with eight spectral bands, the wavelength of which can 
be selected by use of spectral falters (McColl et al. 1984). Filters with opti- 
mized wavelength bands for spruce budworm defoliation assessment can be 
utilized. Enhancements of MEIS II data have been shown to be useful for 

softwood species discrimination (Leckie and Dombrowski 1984), and Ahern 
et al. (1986) indicated the potential for visual intepretation of MEIS II data 
for current spruce budworm defoliation assessment. Another key develop- 
ment is the use of inertial navigation system data to efficiently and accu- 
rately correct airborne multispectral scanner data geometrically (Gibson 
1984). It is, therefore, possible to directly relate airborne data (such as 
MEIS II imagery) and subsequent interpretations and classifications of the 
data to cartographic base maps (e.g., forest inventory maps), especially 
those on a Geographic Information System. Also, images from different 
times can be registered to facilitate change detection techniques. 

Results of this study and others suggest that the advantages of airborne 
MSS data, along with new developments in airborne sensors and systems, 
may provide more detailed and accurate information on spruce budworm 
defoliation. This will meet a growing demand. 
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