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ABSTRACT

Kobayashi, T., Kanda, E., Kitada, K., Ishiguro, K., and Torigoe, Y. 2001.
Detection of rice panicle blast with multispectral radiometer and the
potential of using airborne multispectral scanners. Phytopathology
91:316-323.

Rice reflectance was measured to determine the spectral regions most
sensitive to panicle blast infection. Reflectance increased in the 430- to
530-, 580- to 680-, and 1,480- to 2,000-nm regions at the dough stage
both in the laboratory and the field as the percentage of diseased
spikelets increased. The wavebands of the greatest sensitivity were in the
visible region, located near 485 and 675 nm. After the yellow-ripe
growth stage, near-infrared rather than visible reflectance responded to
panicle blast infections. Ratios of rice reflectance were evaluated as

indicators of panicle blast. R470/R570 (reflectance at 470 nm divided by
reflectance at 570 nm), R520/R675, and R570/R675 decreased signifi-
cantly as the incidence of panicle blast increased at the dough stage. At
the yellow-ripe stage, R550/R970 and R725/R900 were used to estimate
panicle blast severity as measured in terms of the percentage of diseased
spikelets. According to the simulation that uses ground-based sensor
data, airborne multispectral scanners may be effective in detecting the
occurrence of panicle blast using a band combination of 530- to 570- and
650- to 700-nm regions at the dough stage.

Additional keywords: Magnaporthe grisea, measurement condition, remote
sensing.

Rice blast disease, caused by Magnaporthe grisea Barr
(anamorph Pyricularia grisea Cavara), occurs in rice production
areas all over the world and is the most important disease in
Japan. Rice blast causes severe damage under cool summer con-
ditions, particularly in northern Japan. The blast pathosystem has
two major subsystems, the leaf blast and the panicle blast. During
the early growth stages of the host, lesions are mainly formed on
leaves, whereas after heading, the pathogen infects the panicles.
Panicle blast causes direct yield losses, because grain filling is
retarded. The inoculum leading to panicle blast results from the
spores formed on the leaf blast lesions. Fungicide application is
the most effective method to control rice blast disease. However,
it is desirable to minimize the use of agricultural chemicals be-
cause of growing environmental concerns as well as cost to the
growers. Assessment of disease distribution and severity in near-
real-time before dough stage could provide useful information for
making decisions regarding the necessity and appropriate timing
of fungicide applications. Currently, disease severity, often rated
by field observation, is based on a disease rating standard. The
judgment of blast rating may vary with the experience of the indi-
viduals (24). The formal investigation by the public pest manage-
ment staff also has limits related to labor, and it is impossible to
accurately estimate the diseased areas and severity over a wide
range. Remote sensing techniques may provide an easily available
permanent record of disease intensity for large areas without being
subjected to raters (24,29).

Aerial photography, ground-based sensor data, and satellite-
borne and airborne sensor data have been used to measure disease
incidence in many agricultural crops. Bawden (1) first used aerial
photography for detecting plant virus diseases of potatoes and

tobacco. Thereafter, disease surveys have been conducted on a
number of crop species by aerial photography. Examples include
cereal rusts (13), potato late blight (4), bacterial blight of beans
(18), cotton root rot (41), spot blotch of barley, and powdery mil-
dew of wheat (12). Since the American Landsat 1 was launched
on 23 July 1972, several satellites have collected extensive and
valuable remote sensing data from agriculture and forestry areas,
including data on plant stresses (22,25,42). Sojuzkarta KFA 1000
photographic imagery was used by Torigoe et al. (43) to investi-
gate its feasibility as a means of accurately describing and quanti-
fying soil properties of Andosols and to reveal the relationship
between soil properties and the extent of clubroot disease inci-
dence in cabbage. Airborne multispectral scanning is widely
studied for surveillance of plant disease, pests, and environmental
stresses in agriculture (19,25). The potential of satellite sensor
data to detect and monitor plant diseases has led several investi-
gators to examine the spectral responses of crop canopies of dis-
eased plant with ground-based radiometry (25,30,35).

Ground-based sensor data was used to measure the spectral re-
flectance of corn leaves infected with southern corn leaf blight
fungus (34). Corn leaves have greater reflectance after inoculation
with Helminthosporium maydis, especially in the 500- to 700- and
1,450- to 1,950-nm-wavelength ranges, than do healthy leaves in
the laboratory. Visible leaf reflectance was most sensitive to eight
stress agents including pathogens in the 535- to 640- and 685- to
700-nm-wavelength ranges in the laboratory (7). There have also
been reports of field experiments using ground-based radiometers
to assess the severity of early blight of tomato (21), watermelon
disease (2), dollar spot of bentgrass (29), and various leaf and root
disease (23). Reflectance at 800 nm can detect and assess the dis-
ease intensity of peanut late leaf spots in the field (28). Nilsson
and Johnsson (27) and Nilsson et al. (26) reported significant cor-
relations between near-infrared reflectance (NIR) data (700 to
1,300 nm) and infection of anther smut disease in Silene dioica
and barley stripe disease. Recently, Raikes and Burpee (32) re-
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ported a significant reduction in reflectance at 760 and 810 nm as
disease severity of Rhizoctonia blight in creeping bentgrass in-
creased.

Though it may be sufficient to analyze only the relative change
in reflectance, better information can be obtained by combining
data from various spectral ranges. Many formula and vegetation
indices, such as spectral ratios, normalized difference indices, and
perpendicular vegetative indice, have been developed to reduce
multispectral data to a single number for the assessment of
physiological characteristics such as leaf area, biomass, nitrogen
status, water content, and stress (8,31,36,37,39). In the laboratory,
ratios of leaf reflectances that most strongly indicated plant stresses
were reflectance at 695 nm divided by reflectance at 420 or
760 nm (8). Sharp et al. (35) monitored cereal rust development
with a spectral radiometer in the field. The difference of the
vegetation index between inoculated and control plants became
progressively greater as the rust infection developed. There are no
reports related to the use of a ground-based radiometer for the
detection and measurement of panicle blast disease.

The objectives of this research were to (i) identify the spectral
regions in which rice reflectance was affected by panicle blast
infection in the field and in the laboratory at each growth stage of
grain development; (ii) select wavebands for ratio computation
and determine if the selected ratios could significantly detect and
quantify the severities of the disease; and (iii) assess the potential
of airborne sensors to detect the occurrence of the disease and to
assess differences in disease severity.

MATERIALS AND METHODS

Spectral reflectance was measured from August to September
over a 3-year period, from 1996 to 1998. Several experiments
were conducted over this period in field and laboratory conditions.
Details are provided in Table 1.

Measurement of rice reflectance at different stages of grain
development. Three kilograms of air-dried Andosols was filled
into 0.02-m2 pots. Two rice seedlings (cv. Akitakomachi), raised
in the nursery for 30 days, were transplanted into each pot on
23 May 1996, and the pot was placed in the field to grow. At the
yellow-ripe stage, plant height was 108 cm, and the number of
tillering was 25 per pot. For reflectance measurements, the potted
rice plants were moved to the laboratory. Rice reflectance was
measured at the flowering, milky, dough, yellow-ripe, and matur-
ity stage (Fig. 1). After reflectance measurements of whole plants,
panicle parts were cut from the neck of the panicle. Spectral re-
flectances were measured for the whole plant without panicles
(vegetative organs) and panicle parts. When measuring the ob-

jects, whole plants and panicle parts were placed in front of an
optically black background and on a black platform, respectively.

Response of rice reflectance to panicle blast infection. The
potted plants (cv. Akitakomachi) were inoculated by spraying
20 ml of spore suspension of rice blast isolate Naga 69-150, pre-
pared at 5  × 105 spores per ml. Inoculations were made to plants
at the full heading stage on 5 to 7 August 1997. Plants were im-
mediately held in the inoculation box for 10 h for successful

TABLE 1. Summary of treatments for experiments, results reported in
corresponding figures

Fig. Ricea Plant partb Stagec Plantingd Locatione Cv.f

1 H WP,P,VO Fl,Mi,Do,Ye,Ma Pot Lab Ak
2 H,D P Do,Ma Pot Lab Ak
3 H,D WP Do Pot Field, Lab Sa
4 H,D WP Ye Field, Pot Field, Lab Ko, Ak

a Rice plants were inoculated with Magnaporthe grisea after heading. Healthy
plants were used as control (Figs. 2 through 4). H = healthy plants, D =
diseased plants.

b After measurement of whole plants (WP), panicle parts were cut from the
neck of the panicle and measured for spectral reflectance (P). Similar
procedure was applied to vegetative organs (VO, plants without panicles).

c Growth stage during grain development when measurements were taken. Fl =
flowering, Mi = milky, Do = dough, Ye = yellow-ripe, and Ma = maturity.

d Rice plants in the pot or in fields.
e Reflectance measurement was taken in a laboratory using halogen lamps or

in the field under sun light.
f Three japonica rice cultivars were used. General reflectance responses were

similar between Akitakomachi (Ak), Sasanishiki (Sa), and Koshihikari (Ko).

Fig. 1. Reflectance spectra of rice (Oryza sativa L.) plants (cv. Akita-
komachi) and plant parts. A, Panicle; B, vegetative organs (whole plants
without panicle); and C, whole plants from flowering to maturity growth stages.
Measurements were taken under laboratory conditions.
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infection of rice plants by the blast fungus. After inoculating, pots
were placed in the field to grow. The potted rice plants were taken
to the laboratory for reflectance measurements to identify the
spectral region in which rice reflectance was affected by panicle
blast infection at each growth stage and in each part of the rice
(Fig. 2). Disease incidence was taken manually by assessing the
percentage of diseased spikelets.

Seedlings (cv. Sasanishiki) were transplanted to a 3,000-m2

field of the Andosols located at the Tohoku National Agricultural
Experiment Station on 14 May 1998. Planting density was 20 seed-
lings per square meter. Basal application of fertilizer was
performed at the rate of 40-30-30 kg/ha (N-P2O5-K2O) with an
additional application at the rate of 10-10 kg/ha (N-K2O) on
12 July. Panicle blast occurred naturally in the field. Rice plants at
the dough stage were uprooted to 0.02-m2 pots on 4 September,
and reflectance of potted rice plants was measured on the next day
both in the field and laboratory (Fig. 3). At the dough stage, plant
height was 105 cm, and the number of tillering was 28 per pot.

Rice (cv. Koshihikari) reflectance at the yellow-ripe stage with-
out uprooting was measured in a 3,000-m2 field at Yamatsuri,
Fukushima Prefecture on 10 September to compare the response
in the pot with that in the field (Fig. 4A). Cultural conditions were
similar to the field at Tohoku National Agricultural Experiment
Station. At the yellow-ripe stage, plant height was 103 cm, and the
number of tillering was 24 per plant. Disease incidence was
determined by estimating the percentage of diseased spikelets
through observation.

Simulation of airborne multispectral sensors for detecting
panicle blast damage based on ground-based sensor data. Ta-
ble 2 shows the airborne sensors and their bands simulated in this
research. The response of these bands to panicle blast infection
was simulated with ground-based reflectance. In order to construct
the desired airborne bandwidths for analysis, ground-based re-
flectance measured by spectroradiometer at intervals of 5 nm were
averaged within the bandwidth to form the overall broadband cov-
erages equivalent to the sensor bands (11). For example, band 1
(400 to 460 nm) was simulated as averaged reflectance from
400 to 460 nm at intervals of 5 nm. The reflectance spectrum of un-
infected and infected whole plants in the laboratory and field at
the dough and yellow-ripe stages was applied for verification.
Simulated band ratio was evaluated the potential of detecting blast
infection and assessing the disease severity.

Spectroradiometric data. Reflectance was measured with a
multispectroradiometer (MSR-7000; Opto Research Corp., Tokyo)
that required 3 to 4 min per scan. Spectral reflectances were
measured throughout the 400- to 2,000-nm range because re-
flected radiances were unsteady and there was a low level of reli-
ability beyond 2,000 nm. The bandwidths of the spectroradiometer
channels were 5 nm. The distance between the spectroradiometer
and the object was approximately 3 m, allowing radiance meas-
urements of 0.15-m diameter of the object. The spectrometer was
mounted on a tripod and held 2 m above the ground. Reflectances
were measured for three pots, each containing a single rice plant.
Three to five scans were made for each sample, changing the field

Fig. 2. A and B, Panicle reflectance and C and D, spectral sensitivity of rice plants (cv. Akitakomachi) infected with the blast fungus (Magnaporthe grisea) at
the A and C, dough stage and B and D, maturity stage. Sensitivities were computed by dividing the reflectance differences by reflectances of the uninfected
panicles (zero sensitivity). PDS = percentage of diseased spikelets. Measurements were taken under laboratory conditions.
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of view every scan. Reflectance standard (BaSO4, Labsphere Inc.,
North Sutton, NH) measurements were made immediately before
and after the spectral measurement of rice plants at the same
position in both the field and laboratory experiments. During
measurement in the laboratory, the object and the white reference
were illuminated by three 500-W halogen lamps. During the field

experiments, reflectance was measured only under cloudless con-
ditions from 10 to 12 a.m., when the solar zenith angle was high,
resulting in similar irradiance during each experiment.

Data analysis. The radiance reflected from the object was
multiplied by 100 and divided by the radiance reflected from
the white reference to yield the reflectance percentage. Reflec-

Fig. 3. A and B, Spectral reflectance of whole rice plants (cv. Sasanishiki) infected with blast fungus (Magnaporthe grisea) at the dough stage, C and D,
spectral sensitivity to panicle blast infection, and E and F, the first derivative of the reflectance spectra. A, C, and E, Reflectance measurements were per-
formed in the laboratory and B, D, and F, in the field using the same rice plants. The spectral sensitivity was computed dividing the reflectance difference by
the reflectance of healthy plants. Naturally infected rice plants in the field were transplanted to pots for reflectance measurement. Note that the red edge occurs
between wavelengths of 680 to 750 nm and is highlighted in the first derivative curve as a peak. PDS = percentage of diseased spikelets.
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tance data were smoothed with a five point moving average to
suppress instrumental and environmental noise in the data. The
reflectance difference was computed by subtracting the mean
reflectance of the uninfected rice from that of the infected rice
at each spectroradiometer channel to represent more clearly the
reflectance response to the change of disease incidence. The
reflectance sensitivity to fungal infection was computed by di-
viding the appropriate reflectance difference by the mean reflec-
tance of uninfected rice to identify the wavelengths at which
reflectance was most strongly affected by fungal infection (6).
First, derivative spectra were computed with the first order dif-
ference, which is an approximation of the differential in each
spectral channel (5,14).

Reflectance difference and sensitivity maxima and minima de-
termined the wavelengths from which numerator and denominator
reflectances should be selected for ratio computation (8). The
wavelength, based on past research on plant stress and the peaks
and bottoms of spectral reflectance, and first derivative curve in-
fected with blast fungus were also used for ratio analysis.

Ratios derived by combining values of percent reflectance in
discrete wavelength were calculated to assess their usefulness as
indicators of disease severity. Various ratios were tested because
different ratios correlate highly with stress as well as other mor-
phological characteristics of vegetative canopies. By combining
data from two spectral bands, multispectral radiometric data could
be reduced to a single number.

Regression analyses were conducted with data of different dis-
ease severities in each experiment to determine the extent that
ratios were affected by blast fungus infection (32). One regression
model was produced for each ratio. Analyses were performed
using the Statistical Analysis Software (SAS Institute Inc., Cary,
NC) procedure.

RESULTS

Reflectance spectrum of the rice plant after the flowering
stage in the laboratory. As ripening proceeded from the yellow-
ripe growth stage, panicle reflectance tended to increase in the
blue (400 to 510 nm) and red (615 to 700 nm) regions, where
chlorophyll and carotenoid absorb strongly, and decreased in the
green (500 to 570 nm), NIR and mid-infrared reflectance (MIR:
1,300 to 2,000 nm) ranges (Fig. 1A). Reflectance at 670 nm, the
absorption peak of chlorophyll a, was approximately 7% from
flowering to dough stage, whereas it was 13 and 22% at the yel-
low-ripe and maturity stage, respectively. Reflectance of vegeta-
tive organs and whole plants also changed in a similar manner
from the yellow-ripe stage in the NIR region (Fig. 1B and C).
However, in the 400- to 700-nm spectrum the differences of spec-
tral reflectance during the flowering to the maturity stages for
vegetative organs were smaller than that occurring on panicle and
whole plants. Whole plant reflectance at 670 nm at the yellow-
ripe stage was 10%, which is almost an average value between the
reflectance of the panicle and the vegetative organs. Because the
greatest change in spectral reflectance occurred after the yellow-
ripe stage, analyses of reflectance responses were divided into two
periods, from the flowering to the dough stage and from the
yellow-ripe to the maturity stage. The reflectance responses of
rice cvs. Akitakomachi, Sasanishiki, and Koshihikari were similar
at all ripening stages.

Reflectance spectrum of the diseased plants at the dough
stage. As the percentage of diseased spikelets increased, panicle
reflectance also increased in the visible and MIR regions beyond
1,300 nm at the dough stage (Fig. 2A). In the NIR region, reflec-
tance differences between uninfected and infected panicles were
small with the exception of 100% of diseased spikelets (Fig. 2A).

The sensitivity of panicle reflectance to the uninfected spikelets
was high at the visible wavelengths, with the maxima centered at
480 and 675 nm (Fig. 2C). The wavebands of greatest sensitivity
were in the MIR region, located at 1,435 and 1,935 nm. Sensitiv-
ity magnitudes varied with the percentage of diseased spikelets
and were greatest at the highest level of disease incidence. Re-
flectance sensitivity in the NIR region was near zero, regardless of
disease incidence.

Reflectance of whole potted plants measured in the laboratory
was generally higher than the reflectance measured in the field
(Fig. 3A and B). As the percentage of diseased spikelets
increased, the reflectance increased in the 430- to 530-nm range,

Fig. 4. Spectral reflectance of whole rice plants infected with blast fungus
(Magnaporthe grisea) at the yellow-ripe stage. A, Rice plants (cv. Koshi-
hikari) planted in the field. B, Potted rice plants (cv. Sasanishiki) measured in
the laboratory. PDS = percentage of diseased spikelets.

TABLE 2. Bands and spectral ranges of a simulated airborne sensor

Sensora Bandsb Spectral range (nm)c

J-SCAN-AT-5M/II 1 400–460
2 490–530
2’ 530–570
3 650–700
4 950–1,100

a Airborne Multispectral Scanner (Nakanihon Air Service Co. Ltd., Aichi,
Japan). Sensor parameters are IFOV (instantaneous field-of-view) =
2.5 mrad, ground resolution = 0.94 m at an attitude of 300 m, swath width =
480 m at an attitude of 300 m, total scan angle = 80 degree, and digitiza-
tion = 16 bits (2-bits dummy).

b Either band 2 or 2’ is available for measurement.
c To simulate an airborne multispectral sensor for detecting panicle blast

damage with ground-based reflectance, spectroradiometeric data at 5-nm
intervals were averaged within a spectral range.
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580- to 680-nm range, and the MIR regions beyond 1,480 nm at
the dough stage, both in the laboratory and field. Reflectance in
the NIR region decreased as the percentage of diseased spikelets
increased in the laboratory, whereas the reflectance of whole pot-
ted plants was not consistent in the field due to strong winds dur-
ing measurement. The reflectance of diseased rice was similar to
the reflectance of diseased panicles at the dough stage in the visi-
ble and MIR ranges (Figs. 2A and 3B).

The wavebands of greatest sensitivity to disease incidence were
in the visible region, near 485 and 675 nm, both in the laboratory
and in the field (Fig. 3C and D). These wavelengths also showed
the greatest sensitivity based on panicle reflectance (Fig. 2C).
Sensitivity magnitudes varied with the percentage of diseased
spikelets and were greatest at the disease incidence rate of 79%.
Reflectance sensitivity to disease incidence in the NIR region was
near zero among different disease incidences. The maximum sen-
sitivity of reflectance to disease incidence occurred in the vapor
absorption bands near the 1,430- and 1,910- to 1,935-nm regions
in the laboratory (Fig. 3D).

The red edge that occurred between wavelengths of 680 to
750 nm is the point of the maximum slope in vegetation reflec-
tance spectra and is highlighted in the reflectance derivative curve
(38). The wavelengths at the peak and the bottom locations in the
first derivative curve corresponded, not only regardless of whether
they were from the laboratory or the field, but also regardless of
disease incidence in the 400- to 680- and 750- to 2,000-nm re-
gions (data not shown). The wavelength of the red edge peak in
the laboratory was approximately 705 nm, regardless of panicle
blast incidence (Fig. 3F). On the other hand, there were two red
edge peaks at approximately 705 and 720 nm in the field, except
in uninfected rice, which was only approximately 725 nm (Fig. 3E).
Single red edge peak of healthy plants in the field showed a shift
to wavelengths longer than those in the laboratory.

Reflectance spectrum of diseased plants at the yellow-ripe
and the maturity stage. As the percentage of diseased spikelets
increased, panicle reflectance tended to increase in the visible and
1,300- to 2,000-nm regions at the maturity stage. (Fig. 2B). How-
ever, reflectance differences between uninfected and infected
panicles were smaller than the differences observed at the dough
stage in the visible region. In the NIR region, there were no
apparent reflectance differences between uninfected and infected
spikelets at the maturity stage. The maximum sensitivities oc-
curred at 470 and 675 nm in the visual region (Fig. 2D). The
spectral locations of sensitivity maxima were similar not only
regardless of the ripening stages, but also regardless of the per-
centage of diseased spikelets within the 400- to 2,000-nm spec-
trum. The reflectance of diseased spikelets at the yellow-ripe stage
was intermediate between the dough and ripe stage (data not
shown).

As disease incidence increased both in the field and in the labo-
ratory at the yellow-ripe stage, the reflectance tended to decrease
in the 530 to 655 nm and NIR regions and increased in the MIR
region (Fig. 4A and B). No such difference occurred in the 530- to
655-nm region at the dough stage. These general responses of
whole plants were roughly similar between rice planted in the
field and potted rice.

Ratios of rice reflectances as indicators of panicle blast and
simulation of airborne sensors. The wavelengths selected for
ratio computation were based on the above-mentioned results and
past research. Regression analysis indicated that the ratios of
R570/R675, R470/R570, and R520/R675 at the dough stage and
R550/R970 and R725/R900 at the yellow-ripe stage decreased
significantly (P < 0.05) as the incidence of panicle blast increased
(Fig. 5A and B). These ratios were based on the wavelengths of
sensitivity maxima and minima (Fig. 3C and D).

To verify the effectiveness of these ratios for airborne sensors,
reflectances measured with the multispectral radiometer were
averaged in the bandwidth of the sensor (Table 2). Regression

analysis indicated that the band ratio of Band 2’/Band 3 at the
dough stage decreased significantly (P < 0.05) as the incidence of
panicle blast increased (Fig. 6). At the yellow-ripe stage, the ratio
of Band 2/Band 4 differed significantly (P < 0.05) in disease
severity.

DISCUSSION

At the dough stage, increased reflectance of diseased panicle in
the blue and red regions, consistently in proportion to the percent-
age of diseased spikelets, may be attributed to decreased chloro-
phyll and carotenoid contents in response to the blast infection
(Fig. 2A) (20,33). It is thought that the spectral reflectance was
strongly influenced by changes in panicle reflectance regardless of
measurement conditions after flowering (Figs. 2A and 3A). When
the data are presented as reflectance versus wavelength (Fig. 2A),
the effects on stress on reflectance are often difficult to evaluate
quantitatively (7,33). This is particularly true where the slope of
the reflectance curve is large (e.g., the red-infrared transition re-
gion). Thus, to represent more clearly the reflectance response to
panicle blast damage, reflectance difference and sensitivity were
used to identify specific wavelengths in which reflectance was
most strongly affected by panicle blast infection (7,33). With plant
stress, including exposure to pathogens, reflectance differences
are reported to occur in the green and red wavelengths, and major
sensitivity peaks are found in the orange (590 to 610 nm) and red
spectra (610 to 670 nm) (7). In panicle blast infection at the dough
stage, however, major reflectance differences and sensitivity
peaks occurred in the blue and red regions. It may be that these
peaks were estimated based on panicle reflectance rather than leaf
reflectance.

Fig. 5. Relationship between reflectance ratios and percentage of diseased
spikelets (PDS) of rice plants infected by Magnaporthe grisea measured at
A, the dough stage and B, the yellow-ripe stage. R570/R675 and R550/R970
were calculated from the reflectance data of Figures 3 and 4B, respectively.
Band ratio of each PDS represents means of three to five replicates. A, Field:
y = 2.62 – 0.221x, r2 = 0.904; laboratory: y = 2.77 – 0.0228x, r2 = 0.894, and
B, laboratory: y = 0.397 – 0.0243(ln)x, r2 = 0.971.



322  PHYTOPATHOLOGY

At the yellow-ripe stage, the differences between infected and
uninfected plants in the blue and red regions were smaller than
those occurring in plants at the dough stage. This suggests that the
absorption of photosynthetic pigments decreases and the internal
structure of the panicle changes during senescence. As disease
incidence increases in the MIR region, rice reflectances also rise
at all ripening periods. The prominent sensitivity maxima in the
water absorption bands centered at 1,435 and 1,935 nm in the
laboratory might indicate the decrease of water content in infected
panicles as a result of dehydration. As ripening occurred, it was
difficult to distinguish the uninfected and infected spikelets by
observation. In the red spectrum, the reflectance difference be-
tween infected and uninfected spikelets at the maturity stage was
smaller than that at the dough stage, suggesting that chlorophyll
content may decrease during ripening. As ripening advanced, the
measurement of panicle blast incidence was difficult to detect in
the visible spectrum. However, NIR rather than visible reflectance
was a more reliable indicator of panicle infection at the maturity
stage.

When remote sensing is used for the detection of panicle blast,
the sensor data will be applied to the rice reflectance in the field.
The reflectance of whole potted plants in the laboratory was com-
pared with that in the field. The wavelengths of the sensitivity
maxima were similar regardless of measurement conditions in the
visible spectra. Water vapor in the atmosphere strongly absorbs
solar radiation in the field. In the visible spectrum, the absorptiv-
ity of water vapor is much weaker than in the infrared. There are
six major absorption regions within the 700- to 2,000-nm spec-
trum, roughly in the 700- to 740-, 790- to 840-, 925- to 980-,
1,095- to 1,165-, 1,320- to 1,500-, and 1,760- to 1,980-nm regions.
Because absorption regions in the MIR spectrum are especially
strong, it was difficult to compare rice reflectance in the labora-
tory with that in the field. At the dough stage, reflectance response
in whole plants uprooted from the field to the pot in the laboratory
was similar with that in the field especially in the range of 400 to
1,300 nm. This suggests that data taken in the laboratory can be
applicable to field observations. The relationship between rice re-
flectance planted in the field and reflectance of whole potted plants
was examined. The fact that the reflectance within the 400- to
2,000-nm range was similar at the yellow-ripe stage suggests that
the results of reflectance in the pot are applicable to rice plants in
the field.

The red edge position is the best indicator of plant chlorophyll
content (15,16,40). Horler et al. (16) and Boochs et al. (3) defined
two components responsible for the position and shape of the red
edge peak: chlorophyll content, which causes changes at approxi-

mately 700 nm, and scattering properties, which affect the spec-
trum at longer wavelengths. These differences in the red edge
peak might be explained by the difference of scattering properties
between conditions under solar radiation and a halogen lamp or
under the absorptivity of water vapor in the 700- to 740-nm region
in atmosphere. Furthermore, potted rice reflectance was influ-
enced by the wind speed in the field, especially in the infrared
region. This might be explained by differences in the number of
tillering between three potted rice plants and rice plants in the field.

Dividing leaf reflectance measured within a stress-sensitive
waveband by reflectance measured within a relatively stress-in-
sensitive waveband may largely correct variations in irradiance,
leaf orientation, irradiance angles, and shading (8). Reflectance
near 695 to 700 nm divided by reflectance near 670 to 675 nm
indicated precisely the chlorophyll a content of soybean leaves
(9). The ratios reported to indicate plant stress are reflectance at
695 nm divided by reflectance at 420 or 760 nm (8). In this study,
these ratios were not affected by panicle blast infection. It may be
that these ratios were evaluated as indicators of plant stress based
on leaf reflectance instead of the whole plant reflectance (8). Rice
reflectance without the panicle had a small change from the
flowering to the maturity stage in the 400- to 2,000-nm wave-
length range, and panicle blast symptoms appeared only on the
panicle part of rice. R470/R570 and R570/R675, which were
based on sensitivity maxima and minima, were also effective in
assessing disease severity. Thus, disease incidence may be quanti-
fied by measuring the reflectance percentages of these bands. An
assessment of diseased areas and disease severities between the
flowering and dough stage could be useful for deciding whether or
when to apply fungicide for panicle blast control. The maximum
sensitivity of reflectance to the infection occurred at 470 and
675 nm at the dough stage, where carotenoid and chlorophyll a
absorb strongly. These sensitivity maxima may be explained by
decreases in carotenoid and chlorophyll a contents.

At the yellow-ripe stage, two ratios differed significantly in dis-
ease severity (R550/R970 and R725/R900). Absorptivity of pho-
tosynthesis pigments was relatively low at approximately 550 nm
at all growth periods. There are several reports regarding the de-
tection of plant water content using NIR reflectance, including
wavelengths 970 and 1,195 nm (17) and the linear relationship of
total dry mass to the simple difference between the reflectance at
1,100 and 1,200 nm (36). A similar reduction in NIR reflectance
caused by a pathogen infection has been reported in other patho-
systems (26–29,32). In this study, it might be difficult to detect
panicle blast by the decrease of chlorophyll a and other pigment
contents after the yellow-ripe stage, because these contents in the
panicle decrease as the plant ripens simultaneously with infection.
This suggests that these ratios can be used to quantify disease
incidence by changes in panicle water content and biomass. The
detection and measurement of disease incidence at the yellow-ripe
stage could lead to more reliable estimates of disease loss over
large areas. Carter (8) reported that NIR reflectance could be
measured in broader bandwidths than is necessary in the visible
spectrum to yield a stress-sensitive ratio. In this research, reflec-
tance in any waveband throughout the 900- to 935-nm range could
also be divided into reflectance at 725 nm to produce an infection-
sensitive ratio as well as R550/R970 to R1265 at the yellow-ripe
stage.

Indices of vegetation studies are computed from digital images
with the relatively broad spectral bands of airborne and space-
borne sensors (42,43). However, these bands are generally mis-
placed spectrally or are too broad to measure vegetation reflec-
tance exclusively within the above stress-sensitive wavebands (8).
The combination of stress-insensitive bands with stress-sensitive
bands into single broad bands could only decrease the capability
of a sensor to detect plant stress (10). To determine if panicle blast
disease is actually detectable and assessable by spectral bands of
airborne multispectral scanner, we selected the bands for ratio com-

Fig. 6. Relationship between band ratios of an airborne sensor and per-
centage of diseased spikelets (PDS) of rice plants infected by Magnaporthe
grisea measured at the dough stage. Spectral range of bands shown in Table
2. Band ratio of each PDS represents means of three to five replicates. Field:
y = 1.81 – 0.012x, r2 = 0.926; laboratory: y = 1.83 – 0.0113x, r2 = 0.925.
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putation based on the waveband ratios determined by ground-based
measurement. The band ratios that were significantly affected by
panicle blast infection and offered the greatest potential in remote
sensing were determined. This suggests that panicle blast disease
is detectable and assessable using the band ratios of airborne
sensors. Simple simulation of satellite sensor based on ground-
based sensor data was also examined. A few band ratios of satel-
lites distinguished significant differences in disease severity. How-
ever, satellites have field of view very different from spectral
radiometer. Bidirectional reflectance distribution function models
such as SAIL (scattering by arbitrary inclined leaves) that describe
light interaction in vegetation canopies may assist in predicting
the spectral reflectance of canopy (11,44). In speculating about the
extension of techniques described in this paper to an airborne
system to monitor panicle blast incidence, it must be taken into
consideration that the sensor data acquired from airplanes can be
severely affected by atmospheric conditions. Photography or digital
imaging within spectrally narrow ranges may provide an improved
capability to detect panicle blast. There is an apparent feasibility
in the use of remotely collected radiometric reflectance data to esti-
mate disease incidence over large production areas, and this infor-
mation could also be used to decide the necessity of fungicide
application or to estimate potential yield losses due to the disease.
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