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Spectral Classification of Tomato 
Disease Severity Levels 
It is demonstrated that the reflectance within the spectral regions 380 to 
510 nm and 600 to 690 nm is significantly correlated with selected 
severity levels of tomato early blight disease. 

ciently green gramineous biomass using radio- 

T 
metric measurements. Since defoliating diseases 

HE ASSESSMENT of plant disease is of major con- 
cern to plant pathologists and agronomists. are evidenced by a reduction in green biomass, a 

similar type of hand-held instrument would be of The responsibilities of these professionals may in- value in the assessment of defoliating plant dis- clude (1) evaluating the effectiveness of disease 
eases during surveys of small areas. Regional and control measures, (2) monitoring disease epidem- 
national surveys could be more eficiently con- ics, (3) determining yield-loss relationships from ducted through the use of airborne sensors, which experimental field plot studies, and (4) estimating 

the annual regional and national crop yield-loss have been shown to be effective in disease inci- 
dence surveys (Colwell, 1970; Wallen et al., 1973). values for various economically important diseases. The objectives of this study were to Present methods for auantitativelv assessine ~ l a n t  - -  

disease are laborious, and surveys requiring a 
large sample size or involving large areas are very 

Determine from in situ measurements which 
spectral reflectance wavelengths are significantly 

ABSTRACT: Spectral reflectance measurements were made of randomly sampled 
plants in a 0.4 ha block of determinant-growth tomatoes (Lycopersicon esculen- 
tum) having various leuels of defoliation caused by the disease early blight. 
Spectral measurements were made over the 380 to 800-nm region in 10-nm 
bandwidths. Ordinary least-squares regression was utilized to determine the 
relative significance among the 43 10-nm bands and the severity leuels of defo- 
liation. Two spectral regions of strong statistical significance (380 to 510 and 
600 to 690 nm) were identified and subsequently integrated to simulate two 
broad wavebands. The utility of these wavebands was demonstrated through 
the use of several computationally simple discriminant functions. 

time consuming. These surveys might be done 
more efficiently if remote sensing techniques 
were developed to determine efficiently and accu- 
rately the levels of disease severity. 

The traditional approach to assessing disease 
severity by remote sensing is the "approach of 
assumption," which is to assume that the broad 
near-infrared waveband is associated with disease 
severity (Colwell, 1970; Wallen et al., 1973). A 
preferrable approach would be to characterize the 
spectral signatures associated with the disease 
severity for a specific host-pathogen system. 

Pearson et al. (1976) developed a hand-held 
instrument to estimate non-destructively and effi- 

correlated with selected severity levels of tomato 
early blight disease, and 
Investigate the usefulness of these reflectance 
measurements in the classification of disease 
severity through the use of computationally sim- 
ple discriminant functions. 

Tomato, Lycopersicon esculentum, the crop 
chosen for this study, is one of the leading vege- 
table crops in the United States today. Every year 
approximately 8 million tonnes or $750 million 
worth are produced commercially (USDA, 1975). 

In the northeast, the disease early blight, caused 
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by the fungus Altemaria solani, is the principal 
defoliating disease of tomato. The disease charac- 
teristically starts on the lower leaves with the ap- 
pearance of dark, target shaped lesions. Defolia- 
tion becomes pronounced as the number of leaves 
affected, number of lesions, and lesion size in- 
crease. 

Recent results (Figure 1) indicated that foliar 
lesions and subsequent defoliation caused by early 
blight during tomato "fruit-set to fruit full-size 
prior to fruit ripening" (a particular tomato growth 
stage) is associated with a reduction in yield (Mad- 
den, 1978). 

Tomato seedlings (ca. 18 cm) of the cultivar 
"Merit," a determinant-growth cultivar, i.e., axial 
growth does not occur indefinitely, were trans- 
planted into a 0.4-ha block. The plants were set in 
5.5-m rows; the rows were spaced 1.8-m apart. 
Within the rows, the plants were spaced 23 cm 
apart. These plants were infected with naturally 
occurring inoculum of A. solani. 

During a two-day period, in situ spectroradio- 
metric measurements were made on 30 randomly 
identified tomato canopies in the growth stage 
"fruit-set to 25 percent of fruit full-size prior to 
fruit ripening," a growth stage when individual 
plants could no longer be detected and before the 
canopy crown opened. All spectral measurements 
were made on days with 0 percent cloud cover and 
minimal Mie scattering (Heller, 1970), during the 
time period when the solar zenith angle varied 
from 18 to 26 degrees. 

The spectroradiometric measurements were 
made with an EG&G Model 5801585 High Sensi- 
tivity Spectroradiometer and fiber optic probe 
(EG&G Inc., Electro-Optics Division, Salem, 

PERCENT DISEASE SEVERITY 

FIG. 1. Relationship between early blight disease 
severity during the tomato plant growth stage "fruit 
full-size prior to fruit ripening" and yield (kilograms of 
fruit harvested per plant) (Madden, 1978) 

Massachusetts, 01970). The field-of-view of the 
sensor is equal to 

where 

Y = angular deviation from normal axis. 

This instrument configuration measured the spec- 
tral radiant flux density in absolute units of watts 
per square centimetre-nm. 

Spectral measurements were made in 10-nm 
bandwidths over the 380 to 800-nm waveband of 
the electromagnetic spectrum. The fiber optic 
probe was placed directly over the tomato canopy 
at the required height to provide a 0.25 square 
metre area-of-view at the Earth's surface. The 
canopy spectral exitance, M (W/cm2 - nm), was 
measured by orienting the probe perpendicular to 
and facing the Earth's surface. The tomato canopy 
was the only surface within the 0.25 square metre 
area-of-view, i.e., the fields-of-view did not include 
exposed areas between plant rows. Direct spectral 
irradiance, Ed (W/cm2 - nm), incident on the 
canopy was measured at hourly intervals by turning 
the probe 180 degrees from the position whence 
the canopy was spectroradiometrically measured. 
Reflectance was estimated by the ratio, MIEd, at 
each of the 43 10-nm bands. Reflectance relation- 
ships among the spectral wavebands relative to to- 
mato early blight disease severity were investi- 
gated in this study. 

Following each series of spectral radiant flux 
density measurements, the canopy's early blight 
disease severity was assessed by the Horsfall- 
Barratt (H-B) rating system (Horsfall and Cowling, 
1978). The H-B rating system is based upon the 
"Weber-Fechner" law, which states that the human 
eye distinguishes according to the logarithm of light 
stimulus. This law indicates that a visual disease 
rating system should be based on equal ability to 
distinguish, not on equal percent disease severity 
intervals. In essence, the eye tends to see the 
amount of diseased tissue (lesions) and defoliation 
when the percent severity is less than 50 percent. 
When the percent disease severity is greater than 
50 percent, the eye tends to see the disease free 
tissue. The H-B rating system uses 50 percent as a 
midpoint, with the severity levels differing by a 
factor of two in either direction of 50 percent (Table 
1). The visual ability to distinguish 0-3 percent 
disease severity therefore equals the ability to 
distinguish 25-50 percent disease. 

Ordinary least-squares regression (OLSR) was 
used to determine the significant relationships 
among the reflectance measurements in the 43 
10-nm bands and disease severity. The reflectance 
measurements over the 380 to 800-nm spectral 
region were not asymptotic with a decrease in dis- 
ease severity. Therefore, simple linear regression 
was utilized for the growth stages used in this 
study, i.e., 
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TABLE 1. HORSEALL-BARRATI. RATING SCALE (HORSEALL AND COWLING, 1978) 

Category 
Categories Categories in Percent Interval Interval Mean 

REFL = REFOL + (SL x DS) 

where 

REFL = canopy reflectance at wave- 
length L, 

REFOL = regression derived estimate of 
the REFGintercept at wave- 
length L, 

SL = regression derived estimate of 
the slope at wavelength L, 
and 

DS = disease severity level in per- 
cent. 

The 10-nm bands included in the spectral re- 
gions of strong statistical significance were inte- 
grated to simulate broad bands by the following 
approximation (Tucker and Maxwell, 1976): 

n 

REFD = [DL x (REF(i))2]112 
i=l  

where 

REFD = reflectance in band from L(l) to L(n), 
REF(i) = reflectance at L(i), and 

DL = 10 nm. 

Discriminant functions were used to determine 
the usefulness of the simulated broad band reflec- 
tance measurements in the classification of dis- 
ease severity. The nearest neighbor, the k-nearest 
neighbor, and the generalized squared distance 
discriminant functions were selected on the basis 
of their computational simplicity (Tou and 
Gonzales, 1974; Barr et al., 1976). 

(1) Nearest neighbor (NN): 

where 

it is the Euclidean distance when S 
is an identity matrix; 

X = the observation that yields the small- 
est DIS2 (X,Y); 

Y = the observation vector to be classi- 
fied; and 

Si = the covariance matrix for category i 
or the identity matrix when the 
Euclidean distance is desired. 

(2) K-nearest neighbor (K-NN): 

The K-NN classification rule uses a posterior 
probability function based upon the NN function. 
The posterior probability function 

where 

Pi = posterior probability of membership in 
category i; 

Ni = the number of neighbors that correspond to 
category i; and 

K = chosen by operator, its value (an integer) 
determines the number of smallest DIS2 
(X,Y) from NN to be considered. 

(3) The generalized squared distance (GSD): 
The GSD classification rule utilizes a posterior 

probability function based upon the results from 
the GSD function 

G2(Xi,Y) = (Y - Xi)T Sr-' (Y -Xi) + Ln ISi I 
where 

G2(Xi,Y) = the generalized distance between 
category mean vector X of category 
i and Y; 

Xi = mean vector of category i; and 
ISiI = t h e  determinant of the covariance . . 

matrix 
DIS2 (X,Y) = the Mahalanobis distance between when Y and its nearest neighbor, X, when 

S is the category covariance matrix or S = the pooled covariance matrix, 
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then 

GYXi,Y) = (Y - Xi)T S-' (Y -Xi). 

The posterior probability function 
N 

Pi = Exp[-0.5(G2(Xi,Y))]/ 1 Exp[-0.5(G2(Xi,Y))] 
i = l  

where 

N = total number of disease categories, N = 4 in 
our study. 

The vectors, X and Y, contain the simulated 
broad band reflectance measurements. The X vec- 
tor has been classified into a disease severity in- 
terval by visual assessment. The Y vector is the 
observation to be classified to a disease severity 
interval based upon its association to a vector, X, 
as dictated by the discriminant function. The NN 
rule classifies Y into the category corresponding to 
the observation, X, which yields the smallest 
DIS2(X,Y). The K-NN rule classifies Y into the 
category having the largest posterior probability, 
P. The GSD rule also uses P and classifies Y into 
the class in which P is largest. An observation is 
not classified in the event two P values from either 
the K-NN or the GSD function are tied for the 
largest. All classification rules assume normality 
and equal probability of an observation belonging 
to any of the categories. 

In order to make efficient use of the data sam- 
ples, a method was used to obtain unbiased con- 
fidence intervals (Lachenbrock, 1967) for the prob- 
ability of correct classification for the computa- 
tionally simple discriminant functions previously 
described. This method classifies each observa- 
tion by removing that observation from the total 
number of observations, N, and then from the N - 
1 observation the statistics are calculated for use 
by the discriminant functions. After the removed 
observation has been classified, it is replaced and 
then the procedure repeats itself until all obser- 
vations have been classified. The unbiased confi- 
dence intervals for the true probability of correct 
classification, P*, is then obtained from the roots 
of the equation: 

N(P - P*)21P*(1 - P*) = Za12 

where 

N = Total number of observations; 

N 

P = 1 Y(I)/N where Y(i) = 1 if the ith obser- 
'=I vation is classified correctly and 0 if it 

is not; 

Z,,, = is the 100 x a12 percentile of the normal 
distribution; and 

a = significance level. 

The 30 visual disease severity assessments uti- 
lized in this study ranged from 1.5 to 98.5 percent. 
The mean and standard deviation of these assigned 
values were 42.2 percent and 33.4 percent, respec- 
tively, 

Reflectance variation associated with changes 
in solar zenith angle and changes in canopy 
morphology due to transpiration could not be 
avoided in this study. An attempt was made to 
minimize the variation associated with these 
variables by making measurements during a short 
time period and through randomization. The re- 
flectance variation associated with these variables 
serves only to decrease the degree of association 
among the 43-10 nm reflectance wavebands and 
disease severity. 

The "F" values from the analysis of variance 
resulting from regressing reflectance at 43 10-nm 
wavebands on disease severity are graphically 
shown in Figure 2. The large "F" values indicate 
wavelengths with the most reflectance variability 
among the disease severity levels. The plot of "F" 
values is bimodal with the larger "F" values oc- 
curring in the spectral regions 380 to 510 and 600 
to 690 nm. Within these two regions the 600 to 
690-nm band has the larger "F" values. The re- 
flectance values within these two spectral regions, 
which are associated with chlorophyll pigment ab- 
sorption (Rabideau, e t  al., 1946) were integrated 
to simulate broad bands which can be recorded 
by the conventional optical camera systems most 
commonly used for remote sensing purposes. 

The infrared (700 to 800 nm) reflectance, which 
is traditionally used to assess plant vigor (Colwell, 
1970; Wallen et al., 1973), did not vary with the 
level of disease. This lack of association was attrib- 
uted to the ability of infrared radiation to pene- 

380 485  590 695 800 

WAVELENGTH (NANOMETERS) 

FIG. 2. "F" values for the 43-10 nm wavebands cor- 
related with early blight disease severity. (---) "F" sta- 
tistic at the 5 percent significance level. 
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TABLE 2. REFLECTANCE DESCRIPTIONS FOR THE FOUR TOMATO DISEASE SEVERITY CATEGORIES 
UTILIZED IN THIS CLASSIFICATION STUDY 

Category 

Reflectance Means 
Per Waveband 

Observations 380-510 600-690 nm 
Per Category A B 

Covariance 
Matrix 

A 

trate the tomato canopy and interact with the can- 
opy background. Radiation in the visible (400 to 
700 nm) region interacts more with the canopy 
and the degree of variation is influenced by prop- 
erties such as canopy morphology, leaf area, and 
chlorophyll concentration. 

In another portion of this study (Lathrop, 1979), 
early blight disease severity and corresponding 
reflectance measurements were made on 31 ran- 
domly identified tomato canopies of the cultivar 
"Merit" during the growth stage "25 percent 
fruit full-size to 50 percent of fruit ripe." The "F" 
values from the analysis of variance resulting from 
regressing reflectance at 43-10 nm wavebands on 
disease severity were not significant at the 5 
percent significance level. Several 10 nm wave- 
bands were significant at the 10 percent signifi- 
cance level in the 380-510 and 600-690 nm spectral 
regions. This lack of significance is attributed to 
the low canopy density and to the variable canopy 
crown morphologies associated with this tomato 
growth stage. The canopy morphology of field 
grown processing type tomato cultivars becomes 

quite variable after the growth stage "fruit-set to 
25 percent of fruit full-size." The canopy crowns 
after this growth stage varies from closed, where 
soil, stems, and fruit under the canopy can not be 
viewed from a vertical position over the canopy, 
to an open crown, where the soil, stems, and fruit 
can be viewed from the vertical position over 
the canopy. 

Preliminary analysis revealed adjacent Horsfall- 
Barratt rating categories (Lathrop, 1979) could be 
combined into four categories having percent 
disease intervals 0-12, 12-25, 25-75, and 75-100 
percent. The range of disease severity included in 
each of the four categories is based upon Mad- 
den's preliminary yield-loss studies (Madden, 
1978). The results of his initial investigation indi- 
cated that reduction in yield was associated with 
0-12, 12-25, and 75-100 percent disease severity 
levels (Figure 1). The early blight severity assess- 
ments used in his study were made during the 
growth stage "fruit full-size prior to fruit ripen- 
ing." The statistics for each of the four categories 
and the two simulated broad regions are presented 

TABLE 3. A SUMMARY OF PERCENT CORRECT CLASSIEICATION (LACHENBRUCK, 1967) WITH CORRESPONDING 95 PERCENT 
CONFIDENCE INTERVALS (CI) FOR EACH DISCRIMINANT FUNCTION UTILIZED IN THIS STUDY. 

95% CI 
Discriminant Percent Correct Lower Upper 

Function Classification Bound Bound 

Nearest Neighbor 
Euclidean Distance 77 59 88 
Nearest Neighbor 
Mahalanobis Distance 73 54 86 
K-Nearest Neighbor 
Euclidean Distance 70 52 84 
K-Nearest Neighbor 
Mahalanobis Distance 73 54 86 
Generalized Square Distance 
Within Covariance Matrix 70 52 84 
Generalized Square Distance 
Pooled Covariance Matrix 70 52 84 
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in Table 2. There is a direct correlation between 
reflectance in the visible region and disease se- 
verity. This association is the result of the de- 
creased chlorophyll concentration caused by the 
early blight disease (Lathrop, 1979). 

The three discriminant rules were compared 
using the four categories described in Table 2. 
The summary of percent correct classification 
(Table 3) is based upon the results of classifying 
the observations according to the Lachenbruck 
method (Lachenbruck, 1967). These data are 
thought significant for the following reasons: the 
individual tomato canopy locations were them- 
selves randomly identified prior to any measure- 
ments, physical or visual; the tomato canopy mor- 
phology during the growth stage "fruit-set to 25 
percent of fruit full-size" was found consistent in 
all locations within the 0.4-ha block used in this 
study; and errors in the visual classification were 
minimized by using the H-B rating system and 
by combining several adjacent H-B categories to 
produce broader disease severity levels. 

All three discriminant functions utilizing the 
selected wavebands (380 to 510 and 600 to 690 nm) 
in all of their configurations, correctly classified 
70-77 percent of the observations, with 95 percent 
confidence intervals (CI) ranging from a lower 
bound of 52 percent to an upper bound of 88 per- 
cent (Table 3). As indicated by the overlapping 
CI, none of the discriminant functions were able 
to utilize the selected wavebands more effectively 
than the others. The CI's, which were calculated 
according to the Lachenbruch method (Lachen- 
bruch, 1967), provides conservative estimates of 
the lower and upper bounds for the probability 
of correct classification. 

This study demonstrates that: the reflectance 
within the spectral regions 380 to 510 and 600 to 
690 nm is significantly correlated with selected 
severity levels of tomato early blight disease; and 
the reflectance from these spectral regions can be 
used to classify early blight disease severity into 
the appropriate severity category. Also, the ap- 
proach used in this study to determine the spec- 
tral signatures associated with severity levels of 
early blight disease of tomato, is more pragmatic 
than the "approach of assumption," which is based 
upon studies dealing with phenomena other than 
those in question. The "approach of assumption," 
i.e., near-infrared reflectance is associated with 
disease severity, has limited the successful use of 
remote sensing in the area of plant disease severi- 
ty assessment. 
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