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Abstract 
A map-guided approach was followed in order to identify 
forest stands damaged b y  the spruce budworm on Landsat 
TM images. Pixels included in each forest polygon as indi- 
cated on the map are extracted and their values in TM4 and 
TM5 spectral bands, transformed to reflectance units, are an- 
alyzed using a set of numeric rules. These rules are based on 
the frequencies of occurrence of pixel values in pre-defined 
intervals. The change-detection/identification accuracy varies 
according to the stand type. Thus, for coniferous stands with 
defoliation and/or light mortality, the accuracy was 95 per- 
cent whereas, for mixed stands, an accuracy lower than 80 
percent was obtained. These results indicate that the pro- 
posed method behaves well as a fast detection technique in  a 
complex forest environment. It has a definite advantage over 
all standard methods, by  permitting the characterization as 
damaged or not of an entire stand, instead of the individual 
image pixel. Ways to further improve its performance, espe- 
cially in the case of mixed stands, are also discussed. 

Many factors could drastically modify the structure and the 
composition of the forest cover. Such factors are insect epi- 
demics, forest cutting, wind throws, and fire. The efficient 
inventory of these changes on a regular basis is a fundamen- 
tal operation of any forest management system. This is par- 
ticularly true for the Province of Quebec, Canada, where 
forests cover more than 1 million km2. Digital satellite im- 
agery, significantly improved in terms of spatial, spectral, 
and radiometric resolutions in the last decade, with its syn- 
optic and repetitive view, provides good potential for auto- 
matic forest-cover change detection and map updating. 

Research on computer analysis of satellite imagery, how- 
ever, based mostly on a pixel-by-pixel supervised classifica- 
tion, has not yet led to a reliable methodology which could 
be applied on a routine basis for forestry map updating pur- 
poses (Gougeon, 1991). The potential of a new approach for 
change detection and forestry map updating has been evalu- 
ated at the Laboratory of Remote Sensing of the UniversitB 
de Montreal. It is based on an automatic comparison of the 
existing forestry map with a more recent satellite image 
(map-guided approach). The map is used to segment the im- 
age into forest polygons. The pixels included in each polygon 
are then automatically identified and analyzed in order to 
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detect radiometric anomalies which could be associated with 
a disturbance of the anticipated ground cover on the map. 
The application of this change-detection technique with a 
SPOT HRV multispectral image has given encouraging results 
(change-detection and identification accuracy of 87 percent) 
in searching for forest stands disturbed by various types of 
cutting (Cavayas and Francouer, 1991). 

The objective of this paper is to describe an experiment 
conducted with this map-guided approach and Landsat TM 
imagery in order to detect forest stands damaged by the 
spruce budworm [Choristoneura fumiferana (Clem.)], whose 
periodic outbreaks severely affect balsam fir and white 
spruce in eastern Canada. Three outbreaks of this budworm 
occurred in the present century (Ahern et al., 1986) with the 
last one commencing at the end of the sixties. In the Prov- 
ince of Quebec the epidemic was still creating havoc in some 
regions, such as the study site in Forillon National Park, well 
into the eighties (Godard et al., 1990). 

Literature Review 
Potential Use of the Satellite Imagery 
To make decisions and efficiently manage the forests, the in- 
ventory of insect damage has to be made at various scales, 
from individual trees up to forest stands. The estimation of 
the number of damaged trees using present day satellite im- 
agery is difficult, if not impossible. Even with imagery of 
much better resolution such as aerial color-infrared photogra- 
phy, the detection of individual damaged trees may be prob- 
lematic (Klein, 1982; Murtha and Fournier, 1992). Only 
estimates of loss in leaf biomass due to defoliation seems to 
be possible, but with variable accuracy depending on the 
damage severity (Hudak et al., 1993). 

On the scale of forest stands, the objective of an inven- 
tory could be the detection of zones where the insect epi- 
demic is currently manifesting itself. This could be useful in 
planning immediate action to stop the epidemic. For this in- 
ventory, sensors with spectral bands well adapted to the op- 
tical characteristics of damaged trees have to be used (Ahern 
et al., 1986). For coniferous trees, these characteristics are 
the red-brown coloration of attacked trees ("red-attack"). Sat- 
ellite imagery cannot be applied to this type of inventory on 
a regular basis for two principal reasons: (a) the "bio-win- 
dow" when coniferous trees have this characteristic colora- 
tion is narrow (only a few weeks) and (b) the spectral bands 
and spatial resolution are not well adapted for this operation. 
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Sirois and Ahern (1988), for example, using SPOT HRV multi- 
spectral imagery for an area which was recently affected by 
the pine beetle, found that the minimum detectable surface 
area is approximately 1 to 2 ha in extent when 80 to 100 
percent of the trees have a red crown. These authors suggest 
that such a limited spatial resolution is of little use in guid- 
ing epidemic control operations. 

Satellite imagery is rather well adapted, however, to in- 
ventory of cumulative damage (previous year's defoliation 
and mortality) and to the updating of forestry maps (Sirois 
and Ahern, 1989). An indirect estimation of current year de- 
foliation could also be made by comparing early and late 
summer images (Hudak et a]., 1993). 

Methodologies of Information Extraction 
The basic methodology followed in previous investigations 
was pixel-by-pixel supervised classification. For example, 
Godard et al. (1990) successfully classified pixels of a Land- 
sat TM image covering the Gaspesie peninsula, Quebec, into 
various categories of defoliation (defoliation absent, light, 
moderate, and heavy). The forest cover was affected by the 
spruce budworm, and coniferous or deciduous dominated 
stands were considered. The classification accuracy per class 
using test sites ranged from 85 to 95 percent. In contrast, 
they obtained much lower accuracies in trying to classify a 
SPOT HRV multispectral image of the same area and with the 
same stratification. They attribute this difference, in favor of 
the TM image, to the use of the TM5 band and the greater dy- 
namic range of the TM bands compared to the equivalent 
SPOT HRV bands. Hudak et al. (1993) obtained much better 
accuracies in classifying pixels of SPOT HRV covering conifer- 
ous forest in eastern Canada damaged by the eastern hem- 
lock looper. Using a stratification similar to that of Godard et 
al. (1990), they obtained a classification accuracy ranging 
from 75 percent (light defoliation) to 100 percent (moderate 
and severe defoliation). Using Landsat TM of another area for 
classifying pixels damaged by the same insect, they obtained 
an accuracy per defoliation class ranging from 93 percent 
(light defoliation) to 100 percent (moderate defoliation). 
However, the accuracy with Landsat TM was lower (from 71 
percent to 89 percent) in identifying severity of damage 
caused by another insect, the blackheaded budworm. 

These results confirm the potential of satellite imagery, 
especially that of Landsat TM, for mapping cumulative defoli- 
ation and mortality of coniferous trees. However, it seems 
that classification results vary according to the stand compo- 
sition, and the spatial pattern and extent of the damage. A 
more uniform area in terms of stand composition and pat- 
terns of epidemic could favor better results than an area with 
more variable composition and/or complex epidemic spatial 
patterns. Concerning the stand composition, Ekstrand (1994) 
notes that the identification on Landsat TM images of rather 
moderately defoliated Norway spruce stands could be impos- 
sible if hardwoods and pines are present within the spruce 
stands. Contrast variations due to atmospheric and topo- 
graphic effects and reflectance variations due to different 
stand architectures could also give rise to variable classifica- 
tion results. 

The major problem, however, with this method is that 
the obtained results cannot be directly used in a forest-map 
updating operation because the identification unit is not an 
entire stand but the individual pixel. To take one example, a 
stand is lightly damaged not because every contiguous pixel 
in it has been equally affected by the insect, but because the 
proportion of damaged trees within a stand is between some 
pre-specified limits, e.g., 1 percent to 30 percent. The pro- 
cessing operation will tend to show a patchwork quilt effect 
whereby the stand boundaries will not be easily recogniz- 
able. The same problem is also present in the case of change 

detection by post-classification comparison of multi-date sat- 
ellite images, even if sophisticated methods of comparison 
are used (Gougeon, 1991). 

An alternative to per-pixel classification is image seg- 
mentation in zones which could be assigned to particular 
stands and, after this, the classification of each segment. Seg- 
mentation methods, however, as applied to satellite images 
of forested territories are rather inefficient because forest 
stands do not have sharp spectral limits and texture is not a 
major discriminant characteristic at the satellite image scale 
(St-Onge and Cavayas, 1995). 

The change detection technique proposed in this paper 
uses an existing forestry map to provide the desired limits of 
forest stands. The analysis could then be focused within these 
limits to detect eventual changes (Cavayas and Francoeur, 
1991). It is to be noted that this map-guided approach was 
also proposed by other authors in a forestry inventory context 
with satellite imagery but with different objectives. For exam- 
ple, Goodenough (1988) uses existing maps as an assistance in 
choosing meaningful training sites for pixel-by-pixel super- 
vised classification and Ekstrand (1994) employs this ap- 
proach to adjust coefficients of a linear transformation of TM4 
values to degree of defoliation of Norway spruce stands. 

Study Area and Data Sets 
Forillon National Park is located in the central part of the 
Gaspesie peninsula, Quebec (Figure 1). The dominant forest 
species are balsam fir, black spruce, and white birch. A 
Landsat-5 TM image acquired on 22 July 1986 was used in 
this study. This image was geometrically corrected to the 
UTM grid and resampled by cubic convolution at a 25-m spa- 
tial resolution. This acquisition date was chosen for compati- 
bility with the corresponding forestry map sheets at a scale 
of 1:20,000 (Quebec Forest Inventory Service). The latter 
were compiled using aerial photographs acquired at the same 
period as the satellite image. Thus, a good control basis for 
our method is provided. Color infrared aerial photographs at 
1:15,000 scale, also acquired in 1986, were available and 
used for additional control. It is to be noted that in that year 
the epidemic was strongly in evidence in this region (Godard 
et al., 1990). Only TM3, TM4, and TM5 bands were retained 
for this study. These bands are considered the best ones for a 
general purpose forest inventory (Horler and Ahern, 1986). 

According to the stratification employed in the forestry 
map, two classes of epidemic due to the spruce budworm are 
recognized: light and severe epidemic. Light epidemic is con- 
sidered as a stand disturbance factor and means that a pro- 
portion of coniferous trees within the stand are dead, but 
there is a high proportion of still living coniferous trees. 
These living trees may be defoliated or not. If the defoliated 
trees present a loss of needles not in excess of 50 percent, a 
light defoliation symbol is indicated on the map. When the 
defoliation exceeds 50 percent, heavy defoliation is indi- 
cated. If there is absence of mortality, the coniferous trees 
may be lightly or heavy defoliated. When almost an entire 
coniferous-dominated stand is killed by the epidemic, this is 
indicated as the origin of a new natural or planted stand (se- 
vere epidemic). Thus, the following forest classes could be 
present in coniferous or deciduous dominated stands: 

Stands with light defoliation 
Stands with heavy defoliation 
Stands with light mortality (light epidemic) 
Stands with light mortality and light defoliation 
Stands with light mortality and heavy defoliation 
Stands with severe mortality (severe epidemic) 

Image Preprocessing 
In order to work with standardized units, digital counts in 
the various TM bands were transformed to reflectances after 
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corrections for atmospheric effects. For this transformation, a 
standard mid-latitude summer atmosphere was assumed. The 
aerosol optical depth during the satellite overpass was in- 
ferred using deep sea water located on the image as a dark 
target in conjunction with an atmospheric code (REFLECT 
software package: Cavayas et al., in preparation). This code 
is the "6S" (Second Simulation of the Satellite Signal in the 
Solar Spectrum: Vermote et al., 1997). The atmosphere was 
considered as horizontally uniform across the terrain and the 
aerosol of the same nature as over the sea. Topographic ef- 
fects on image radiometry were ignored. The high sun eleva- 
tion and the generally moderate relief of the area were not 
expected to alter significantly the radiance values of the for- 
est cover, except in the TM4 and the TM5 spectral bands for 
stands located on a few steep slopes. 

Once the atmospheric were computed, the 
reflectance of each pixel was estimated (Lambertian assump- 
tion) using the following equations: 

T ( A ~  DC + Ao) 
R,* = 

T,,, . E, cosZ 

Table 1 explains the parameters of the above equations and 
gives the values used in order to transform digital counts to 

i reflectance units. 

Development of the Numeric Interpretation Key 
I 

Image Segmentation 
Earlier studies showed that maps compiled using conven- 
tional techniques may present significant differences in the 
location and shape of objects (contours of lakes, rivers, road 
network, forest polygons, etc.) when superimposed on satel- 
lite images (e.g., Goodenough, 1988; Goldberg et al., 1988). 
In our case, a visual verification was made prior to the data 
analysis with the digitized contours of forest polygons super- 
imposed on an enhanced color composite of TM3, TM4, and 
TM5 bands (Plate la).  On this color composite ( T M ~ ,  TM4, and 
TM3 in red, green, and blue, respectively), light green hues 

TABLE 1. TRANSFORMATION OF DIGITAL COUNTS TO GROUND REFLECTANCES: (A) 

LIST OF SYMBOLS; (B) VALUES OF ATMOSPHERIC A N D  ~ L L U M ~ N A T ~ O N  PARAMETERS 
COMPUTED BY THE REFLECT SOWARE PACKAGE 

(a) 
Symbol Definition 

A0 
A, 
E, 

DC 
Rat* 
Rt 
Rt* 
S 

T,,,, 

TUP 

T,,, 

z 
(b) 
Band 

Calibration offset 
Calibration gain 
Solar exo-atmospheric irradiance adjusted for the earth-sun 

distance (W m-2 pm-I) 
Digital count 
Atmospheric reflectance 
Target reflectance 
Target reflectance at the top of the atmosphere 
Atmospheric spherical albedo 
Total (direct-tdiffuse) downward transmission of solar ra- 

diation due to atmospheric scattering 
Total (direct+diffuse) upward transmission of reflected ra- 

diation due to atmospheric scattering 
Total (sun-target-sensor) gaseous transmission of solar radi- 

ation 
Solar zenith angle 

Solar zenith angle = 35.238" 
*Source: MOSAICS Technical Information Package, Energy, Mines 
and Resources, Canada, Canada Centre for Remote Sensing, July 1987. 

represent deciduous-dominated stands and dark green hues 
represent coniferous stands. The red-brown hues characterize 
stands damaged in various degrees by the spruce budworm. 
The fact that the map contours were established using aerial 
photography acquired in the same period as the satellite im- 
age simplified the verification of the image-map congruence. 

The superimposition of polygon contours with this color 
composite (Plate la)  showed that included pixels exhibit, in 
general, quite similar hue patterns for each forest class. Thus, 
it was admitted that congruence problems were virtually ab- 
sent and that the segmentation of the image using the for- 

I Figure 1. Location of the study site. I 
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a) Color composite 

Deciduous forest stand - Healthy mixed stand 
Defoliated mixed stand 
Healthy coniferous stand 
Low defoliation in coniferous stand 

I High defoliation in coniferous stand 
I Heavy mortality in coniferous stand 

b) Classified image 

Plate 1. (a) Digitized contours of forest poly- 
gons superimposed upon a false color com- 
posite (1:50,000 scale) of TM3, TM4, and TM5 
bands; (b) Forest polygons classified using 
the proposed numeric key with T M ~  band in 
background. 

estry maps does not introduce significant bias in the analysis 
of pixel values. 

Rules of the Numeric Interpretation Key 
In the present study, no attempt has been made to develop a 
numeric interpretation key including rules for the discrimi- 
nation of forest species, species associations, or forest-stand 
architectures. Our objective was to build a key which could 
be used in order to answer the question, "is the examined 
forest polygon damaged by the spruce budworm and, if the 
case arises, what is the damage severity?" Forest polygons 
within a 512- by 512-pixel subscene were used in order to 
develop the numeric key. These polygons were grouped first 
in three general categories: (1) coniferous, (2) mixed domi- 
nated by coniferous, and (3) mixed dominated by deciduous. 
For each category, the forest polygons were further grouped 
according to their degree of mortality andlor defoliation (Ta- 
ble 2), and their reflectance values were analyzed. 
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The reflectance values of forest stands did not show sig- 
nificant variations in the TM3 band according to the degree of 
damage by the spruce budworm. In fact, these values cov- 
ered a small range from about 1.5 percent to 4.0 percent. 
Thus, it was decided to retain only the TM4 and TM5 spectral 
bands for further analysis. 

Figure 2 shows the statistics of forest polygons in the 
TM4 and TM5 bands. The reflectances in the TM4 band cover 
a large interval, from about 20 percent to 40 percent or even 
more (Figure 2a). The high reflectance values of coniferous 
stands could be explained by the nature of the stands (rather 
sparse canopies with no tall trees). On the average, reflec- 
tance~ of coniferous stands present a slight decrease accord- 
ing to the severity of the damage. Canopies which are 
heavily touched by the epidemic (Figure 2a, classes C5 and 
C7) present in contrast a slight increase. This could be ex- 
plained by the fact that the understory (composed mostly of 
deciduous shrubs, as indicated by color infrared photo- 
graphs) is more visible to the sensor, thus causing increased 
reflectance in this band. The same trend was also observed 
by Ahern et al. (1991) in a similar forested environment af- 
fected by the spruce budworm. Mixed stands (either decidu- 
ous or coniferous dominated) show slightly higher average 
values than the coniferous stands. No clear trend, related to 
the severity of mortality andlor defoliation, is observed. 

The reflectances in the TM5 band (Figure 2b) present 
lower differences according to the stand composition when 
compared to the TM4 band. In the case of mixed stands dom- 
inated by coniferous species, a slight increase in the average 
reflectance values with damage severity is observable. A 
closer examination of the histograms of individual stands in 
this band, however, has revealed that the distribution of 
pixel values follows some distinctive patterns according to 
the damage severity by the spruce budworrn. Usually, the 
bulk of the reflectance values were within some characteris- 
tic intervals (Figure 3). Using as a criterion the frequencies of 
occurrence of pixel values within these specific intervals, it 

Number of Number of 
Class Symbol Polygons Pixels 

Coniferous 
Healthy C1  24 4160 
Lightly defoliated C2 16  5671 
Heavily defoliated C3 2 657 
Light mortality C4 38 11908 
Light mortality and 

light defoliation C5 12 3896 
Light mortality and 

heavy defoliation C6 NA N A 
Severe epidemic C7 38 15473 
Mixed (Coniferous) 
Healthy MC1 25 5006 
Lightly defoliated MC2 11 3262 
Heavily defoliated MC3 2 1110 
Light mortality MC4 2 352 
Light mortality and 

light defoliation MC5 17  8957 
Light mortality and 

heavy defoliation MC6 8 2869 
Mixed [Deciduous) 
Healthy or lightly 

defoliated MD12 65 57013 
Heavily defoliated MD3 2 1 6036 
Light mortality MD4 1 26 
Light mortality and 

light defoliation MD5 33 14456 
Light mortality and 

heavy defoliation MD6 14 6659 
- 
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0.40 0.30 

0.25 

c2 0,20 
t 

0.15 0.05 

C2 C3 C4 C5 C6* C7 C2 C3 C4 C.5 C6* C7 
enough data to compile enough data to compile 

0.40 0.30 

0,25 

j 0.20 

3 0.25 

2 0,m 2 0.10 

0.15 0,05 

MCI MC2 MC3 MC4 MC.5 MC6 MCI MCZ MC3 MC4 MC5 MC6 

8 0.15 

2 0.20 

0,15 0,05 

MDI-2 MD3 MD4** MD5 MD6 MD1-2 MD3 MD4** MD5 MD6 
** one small polygon ** one small polygon 

(a) (b) 

Figure 2. Statistics per forest class, error bars are _t I standard deviation (see Table 2): (a) 
TM4 band, (b) TM5 band. 

was possible to differentiate between four categories of conif- Applicafi~n and Results 
erous stands according to the damage severity due to the One-hundred seven forest polygons, located in a different 
spruce budworm (Figure 3a): healthy stand, lightly defoliated sub-scene from that of the previous section, were used for 
stand, highly defoliated stand, and stands with heavy mortal- testing the performance of this numeric interpretation key 
ity. No distinction was possible between defoliation and light (plate la). polygons were covered by mixed 
mortality. For the mixed stands, dominated either by conifer- 
ous or deciduous species, only two classes could be distin- 
guished (Figure 3b): healthy mixed stands and heavily 
defoliated (with or without light mortality). 

Table 3 presents the histogram features in the TM4 and 
TM5 bands finally retained for the development of the nu- 
meric key. In this key, the TM4 band is used as a filter to 
allow the choice of the appropriate rules, including TM5 fea- 
tures for the detection of eventual damage within a stand. 
The great variance of the reflectance values in the TM4 band 
and the absence of clear trends associated with the budworm 
damage severity did not permit the more extensive use of 
this band. Features 1 and 2 in Table 3 are used to verify if 
the forest polygon is coniferous dominated. The mean value 
of TM4 (feature 3) is used in the case when the values of fea- 
tures 1 and 2 do not permit a definite decision. Features 4 to 
10 in this table are used to detect defoliation levels using 
TM5 histograms. Feature 4 is used to detect healthy conifer- 
ous stands. Features 5 and 6 allow the identification of 
lightly defoliated coniferous stands. Features 7 and 8 allow 
the distinction between heavily defoliated stands and those 
with heavy mortality. Feature 9 is used to detect heavy defo- 
liation within a mixed stand. Finally, the mean of the reflec- 
tance values in the TM5 band (feature 10) helps to make 
decisions in cases where the use of features 5 and 6 or 7 and 
8 is not sufficient. Figure 4 shows how the features of Table 
3 are used to make a decision about the presence of a dam- 
age and its severity. 

! E l ,  , 1 5 0,165 

3 0.135 

0.105 

Healthy stand Low defoliation High defoliation Heavy monality 

(a) 

c;:i , 
1 0,165 
2 

0,150 

Healthy stand Defoliated stand 

(b) 
Figure 3. Characteristic intervals of reflectance 
values in TM5 band according to the spruce bud- 
worm damage: (a) mixed stands; (b) coniferous 
stands. 
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stands and 36 by coniferous stands. Plate l b  presents the 
classification obtained using this key and Tables 4a and 4b 
show the classification accuracy. In Table 4a, in 25 percent 
of cases the key was not able to act as a good filter for conif- 
erous stands. The complexity of the epidemic patterns and 
forest composition could explain this. For example, as al- 
ready mentioned, the sensitivity of the TM4 band to the un- 
derstory vegetation in severely attacked coniferous stands 
could give rise to spectral similarity to mixed stands. To im- 
prove the performance of the key at this level, the use of the 
indicated polygon label on the map could be a valuable solu- 
tion. 

Using the characteristic histogram features of the TM5 
band, the overall classification mean accuracy was 76 per- 
cent (Table 4b). It is to be noted that in this table the conifer- 
ous stands lightly and heavily defoliated were grouped 
because of the low number of polygons examined in either 
class. The best classification accuracy was obtained for conif- 
erous stands with partial mortality and/or defoliation (95 
percent) and the worst for mixed stands either healthy or 
damaged (69 percent and 77 percent, respectively). Finally, 
stands with heavy mortality were detected with 64 percent 
accuracy. But, if one considers that in 29 percent of the cases 
the polygons were classed as defoliated stands, this indicates 
a good ability to detect, in general, damaged stands. In fact, 
by grouping all the polygons representing damaged stands 
(mixed, coniferous, and those with heavy mortality), the 
damage-detection accuracy is on the order of 85 percent. 
With the optimization of the TM4 filter, a better overall per- 
formance of the key could be expected. Another possibility 
for an optimization of the key, in the case of mixed stands, is 

TABLE 3. FEATURES (DECISION RULES) USED IN THE NUMERIC KEY 

TM4 Band 
1. Relative frequencies in the range of reflectances: 26-30%; 
2. Relative frequencies in the range of reflectances: 35-38%; 
3. Mean; 

TM5 Band 
4. Relative frequencies in the range of reflectances: 11-13%; 
5. Relative frequencies in the range of reflectances: 13-15%; 
6. Relative frequencies in the range of reflectances: 15-18%; 
7. Relative frequencies in the range of reflectances: 16,5-18%; 
8. Relative frequencies in the range of reflectances: 19,5-21% 
9. Cumulative frequencies of reflectance value: 18%; 

10.  Mean. 

the distinction between mixed with coniferous dominance 
and mixed with deciduous dominance. As is shown in Fig- 
ure 2,  mixed stands present different behavior according to 
the dominant species. 

Discussion and Future Developments 
The obtained results show that the proposed method behaves 
well in a very complex forestry context, and the accuracy at- 
tained is adequate for a fast and efficient change detection 
of damaged forest stands using TM imagery. The use of the 
method, however, in a forestry map updating context is prob- 
lematic. Even in  the case of coniferous stands where the best 
change-detection accuracy was obtained, a question remains 
open: how to make the distinction between mortality and de- 
foliation as requested by the forest inventory guidelines. For 

Coniferous stands Mixed stands 

+ 
Yesf 1- 

Class 1 

Class 6 

Figure 4. Decision algorithm for the detection of forest stands damaged by the 
spruce budworm. 

Class I = Healthy mixed stand 
Class 2 =Defoliated mixed stand 
Class 3 =Healthy wniferous stand 
Class 4 =Low defoliation in coniferous stand 
Class 5 =High defoliation in coniferous stand 
Class 6 =Heavy mortality in coniferous stand 

FEA = Feature 
* Reflectances 
** Frequencies in percent 
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TABLE 4a. PERFORMANCE OF THE TM4 BAND FILTER 

Coniferous 
Mixed Stands Stands Polygon Counts 

Mixed Stands 92 % 8% 71 
Coniferous Stands 25% 75% 36 

Mean accuracy = 84% 

TABU 4b. DETECTION AND ~DENTIFICATION ACCURACY OF DAMAGED AND 

UNDAMAGED STANDS 

Stands with 
Healthy Defoliated Heavy Polygon 
Stands Stands Mortality Counts 

Healthy Mixed Stands 69% 28% 3 % 3 6 
Defoliated Mixed Stands 23% 77% 0% 3 5 
Healthy Coniferous Stands - - - 3* 
Defoliated Coniferous Stands 5% 95% 0 % 19 
Stands with Heavy Mortality 7% 29% 64% 14 

*not enough data to compile Mean accuracy = 76% 

comparison with our method, a supervised classification was 
performed using forest polygons as training sites in the man- 
ner proposed by Goodenough (1988) with various grouping 
schemes to construct forest classes. The mean classification 
accuracy was much lower (not better than 50 percent) from 
that  obtained in t h e  present study. 

To optimize the use of the proposed key, either as a fast 
change-detection technique or as a tool for forestry map up- 
dating purposes, the following aspects have to be examined 
in the future: 

the behavior of the key in other forested territories with dif- 
ferent species distribution and spatial patterns of the epi- 
demic; 
the behavior of the key in the case where various types of 
disturbance are simultaneously present, for example, defolia- 
tion, forest cuttings, and wind throws; 
the eventual use of other TM bands or derived images such 
as the NDVI (vegetation index; Chalifoux et a]., 1993); and 
the possibility of taking into account the presence of an un- 
derstory which influences the results in the case of low den- 
sity canopies or those which have been severely damaged. 
The use of the forestry polygon label indicating the antici- 
pated density of the forest stand could constitute the basic el- 
ement of an eventual solution to this problem. 

1 Conclusions 
The change detection method proposed in this paper has two 
major advantages compared to methods employing statistical 
classification on a pixel-by-pixel basis: 

In the first place, an entire stand is characterized as damaged 
or undamaged; this is much closer to the forest inventory ap- 
proach than is classification of individual pixels which char- 
acterize the class of a particular pixel but not that of a forest 
stand. 
In the second place, forest polygons could be further classi- 
fied according to the damage severity. 

I 

Concerning this latter aspect, the results presented here are 
admittedly qualitative in nature as used in forestry inventory 
techniques. A more quantitative characterization is possible 
using techniques such as those suggested by Ekstrand (1994). 
The fact that the analysis could be made at a local level 
within the limits of a particular stand should certainly facili- 
tate the application of such techniques. A further refinement 
of our method could be the inclusion of the forest-stand den- 
sity as indicated on the existing map. In the present case, 

this variable has not been taken into account in grouping our 
polygons into defoliation and/or mortality classes. 
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