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Abstract : The objectives of our study were: (1) To investigate the feasibility of using the digital KFA 1000
imagery analysis as a means of accurately describing and quantifying soil properties of Andosols, and (2) to
reveal the relationship between the soil properties and the extent of clubroot disease incidence in cabbage. The
film (Sojuzkarta #25253, scale 1:250,000), acquired on June 7, 1988, was used to examine the approach in the
entire area of Tsumakoi-mura of Gunma Prefecture. The film is sensitive in the red (570-680 nm) and near
infrared (680-810 nm) regions. The scanner data were converted from analog to digital from by a drum scanner
with a 25-m sampling pitch. This method provided data with a pixel size of approximately 6 m X6 m. The near
infrared reflectance was a better indicator for delineating five soil series than the red reflectance, indicating the
differences of soil color, organic matter content, and water regime among the five soil series. The large variations
in the red reflectance within a single soil series may be influenced by different soil moisture conditions ; five soil
series and three drainage classes were identified. The effect of soil series on the retardation of the disease incidence
was much greater in Light-colored Andosols than in other types. The disease was more severe in the poorly
drained class. A season of abundant rainfall was shown to increase the incidence of the disease. Sojuzkarta KFA
1000 imagery provides good information on soil properties of Andosols for the assessment of the incidence of
clubroot disease.

Key words : Andosols, Cabbage, Clubroot, Plasmodiophora brassicae Worn., Soil drainage, Soil properties, Soil
series, Sojuzkarta KFA 1000.
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Plasmodiophora brassicac Worn.

The clubroot disease that occurs in species

# Present address: Tohoku National Agricultural . ;
of the Cruciferae is caused by the fungus

Experiment Station, Morioka, Iwate 020-01, Japan.

* An outline of this paper was presented at the 191st Plasmodiophora brassicae Worn. The life history
meeting of the Crop Science Society of Japan (April, of the pathogen consists of two phases, the
1991).
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primary phase, which is confined to the root
hairs of the infected plants, and the secondary
phase that occurs in the cortex and stele of the
hypocotyl and roots leading to abnormal
development!®. Lateral roots as well as the
main root become swollen. The capacity of
infected plants to take up water and nutrients
is seriously impaired. The fungus survives in
the soil as resistant and highly durable resting
spores that are released from infected decay-
ing root tissue. They can persist in the soil for
7 years or more. Therefore, the disease is
difficult to control once the pathogen becomes
established in the soil.

The clubroot on cabbage is one of the most
serious diseases in the study area, Tsumakoi
-mura, Gunma Prefecture. The disease is
widespread and tends to be worst in the area
where cabbage is intensively cultivated. The
area is characterized by complex rolling hills
formed from volcanic ash deposits. The soils
distributed are classified into Andosols, con-
ventionally called Kurobokudo in Japan. An-
dosols have a thick black A horizon with a
high content of organic matter and a brown to
yellowish brown clay-enriched B horizon.
Further classification of Andosols was based
upon thickness of the A horizon, mixing of the
B horizon material in the A horizon, and color
of the A horizon?®. The disease is usually most
severe in organic matter rich topsoils and rare
in the position with exposure of clay-enriched
subsoils??. It is usually most severe in the
lower areas or depressions in a field. Differ-
ences in the prevalence and severity of clu-
broot have frequently been attributed to varia-
tions in climatic conditions. The disease was
more severe after wet season.

Control measures commonly recommended
include the addition of lime to create an
alkaline soil, long rotations with noncrucifer-
ous crops, and the addition of fungicides to
the soil. The effectiveness of lime under field
conditions is known to be extremely variable.
Pentachloronitrobenzen (PCNB) was shown
to be effective in controlling the disease in
transplanted cabbages under varied field con-
ditions in the area. However, the effectiveness
of lime and PCNB applications depends upon
soil conditions. Therefore, the areal assessment
of soil properties is necessary to more accurate-
ly forecast and monitor the incidence and
severity of the disease for purposes of quaran-

tine, control, and eradication.

Aerial photographs have been used as a soil
survey tool since the 1930’s. Since July 1972,
imageries from the Earth Resources Technol-
ogy Satellite (now called Landsat) have been
available. Satellite remote sensing applications
rely on the existence of characteristic spectral
differences among components of the soil
scene. A variety of soil components individu-
ally and in association with one another con-
tribute to the spectral reflectance of soils.
These are known to include the physico-
chemical properties of organic matter, mois-
ture, texture, and iron oxide content as well as
other variables less well defined as contribu-
tors to reflectance®*3%. Remotely sensed satel-
lite data have great potential for providing
areal estimations of soil classification?*37:3®),
soil color*?, soil moisture content”!6192D  and
organic matter content'®!%%%_ These investiga-
tions have demonstrated the utility of Landsat
and SPOT imageries for assessing soil prop-
erties. However, little research has been direct-
ed toward the use of Sojuzkarta KFA 1000
photographic imagery to quantify the spatial
heterogeneity of soils.

The objectives of our study were (1) to
investigate the feasibility of using the digital
analysis of KFA 1000 imagery as a means of
accurately describing and quantifying soil
properties of Andosols, and (2) to reveal the
relationship between the soil properties and
the extent of the disease incidence in cabbage.

Materials and Methods

1. Study area

Tsumakoi-mura is located in the northwest
part of Gunma Prefecture and covers 33,600
ha, of which 11 percent is arable land and 27
percent forests and natural vegetation. At
present, approximately 2,500 ha of cabbage
are grown in the area of the Andosols. The
elevation of cabbage fields ranges from 1,000
to 1,500 m. Cabbage is planted from May to
July and harvested from July to October. The
main cropping season is from June to Septem-
ber. The test site at Kitayama (400 ha) is
located in the region consisting of rolling hills
with exposed subsoil or shallow topsoil on
ridges, and thicker topsoil with high organic
matter content on lower slopes and bottom
lands.
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2. Satellite photography by KFA 1000
and data processing

The film (Sojuzkarta #25253, scale 1 :250,
000), acquired on June 7, 1988, was pur-
chased through the Japan Society of Photo-
grammetry and Remote Sensing. This scene
was selected because the data were (i) of high
quality, (ii) acquired when most arable land
was in a bare soil state, and (iii) free of inter-
fering atmospheric and surface conditions (i.
e., clouds, haze, and standing water). The
spectral-zonal film is sensitive in the 570-680
nm and 680-810 nm regions. The 3 channel
R, G, B scanner data were converted from
analog to digital form by a drum scanner with
a 25 ym sampling pitch. This provided data
with a pixel size of approximately 6 m X6 m.
The channels 2 and 3 correspond to the near
infrared and the red regions, respectively.
Channel 1 corresponding to the blue region is
the photography-dependent factor. Channel 2
corresponds approximately to the near infra-
red part of the band 6 (700-800 nm), and
channel 3 to the red part of the band 5 (600
-700 nm) of Landsat MSS. The various image
characteristics recorded on the image were
mainly due to the variation in soil color mixed
with the colors of topsoil and subsoil. Soil
moisture condition is affected by amount of
previous rainfall, as well as time and weather
since the last rainfall. Meteorological data
before the image acquisition are shown in
Table 1. These data show that the image
should be favorable for detecting the spatial
variability of drainage conditions.

Twenty-four spectral classes were defined,
representing 13 soil and 9 vegetation (includ-
ing early planted cabbage) classes, man-made
materials, and lake water classes. Overall cor-
rect percentage among the 13 spectral soil
classes yielded 98.8 percent in the training
data set with the linear discriminant analysis.
The results of grouping the 13 spectral soil
classes representing 5 soil series are given in
Table 2, with soil color and organic matter
content. Surface soil samples taken from
within each of the mapped spectral soil classes
showed a progression in organic matter con-
tent ranging from 1.49 to 19.69,. Munsell soil
colors correlated well with organic matter
content among the 5 soil series. Image analyses
were carried out using the NINES Agricul-
tural Remote Sensing Analyzing System

(CPU : Facom-M310, Image processor : Gra-
phica I-5088). We adopted the maximum
likelihood method with a supervised classifica-
tion approach for image classification.

3. Ground truth data

1) Color aerial photography

Color aerial photography, taken on May 9,
1986, was used to interpret the surface soil
color. Closer examination of the photograph
revealed dark and light patterns in the soil and
an intermediate tones between the dark and
light soils. Color aerial photography, taken on
August 12, 1987, was additionally used to
interpret the land cover classes.

2) Soil survey and analysis

Computer printout maps showing the areal
distribution of the spectral soil classes were
compared with field conditions. Surface
descriptive characteristics of the observation
sites, mainly the landscape position and slope
form, were recorded. Surface soil color was
recorded as hue, value, and chroma, using the
revised Munsell soil color chart?®. Soil samples
were gathered and profile descriptions written
at the sites. Detailed profile descriptions col-
lected from soil borings were recorded for
horizon, depth, color and the appearance
depth of hard pan, stagnant water and brea-
ching layer. A total of 176 surface soil samples
were gathered from 0-10 cm depth. The sam-
ples were air-dried and passed through a 2
-mm sieve. Organic carbon was determined
by the dry combustion procedure using a CN
-corder (Yanagimoto Model MT-1600) with
copper oxidation accelerator. The organic
matter content was determined by multiplying
the organic carbon concentration by 1.724
(Nelson and Sommers, 1982).

To reveal the relationship between land-
scape position and the spectral soil classes, the
computer printout map was superimposed
upon the topographic maps (scale 1:2,500)
at a total of 1218 sites selected randomly. At
each site sampled the landscape position was
described according to Ruhe’s classification
scheme?®. The landscape positions identified
were knoll, shoulder, backslope, footslope and
toe. The knoll position is a ridge or crest. The
shoulder position is the transitional convex
area between the knoll and backslope. The
backslope position is in a topographic position
both to receive runon from the knoll and
shoulder, as well as contribute to runoff to
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Table 1.

Meteorological conditions before photography acquisition. Data were obtained at the

Experimental Station of Gunma Agricutural Research Center located in the study area.

Mean air Relative wind speed Precipitation Solar radiation
Date temperature humidity

°C % ms™! mm M] m=2 day™!

June 1 12.2 85.6 1.1 2 8.7

2 11.4 91.7 1.4 37 2.9

3 14.3 91.0 0.9 69 3.7

4 17.7 68.2 3.6 2 27.7

5 13.2 53.9 3.6 0 28.8

6 13.8 67.0 1.5 0 28.4

7* 16.6 53.2 2.1 0 28.9

% : The photography was taken on June 7, 1988,

Table 2.

Munsell soil color and organic matter content in five soil series. Significant differences

on value, chroma, and organic matter content were not observed among the subunits of

each soil series,

Soil series*

Munsell soil color**

Organic matter content (%)

(subunits) Hue Value  Chroma Mean S.D. Max. Min.
A Light-colored

Andosols (Al, A2) 7.5YR 4~5 4~6 2.7 0.80 3.7 1.4
B : Humic Andosols

(B1, B2, B3) 7.5YR 3~4 3~4 6.4 1.38 9.1 4.3
C: Thick Humic

Andosols (C1, C2, C3) 7.5YR 1~3 11.2  2.00 15.2 7.1
D: Thick High-humic

Andosols (D1, D2) 7.5YR 2~3 1~2 13.2 1.51 15.8 10.5
E : Thick High-humic Wet

Andorsols (E1, E2, E3) 7.5YR 1~2 15,6 2.01 19.6 12.1

% Soil series classification was based on profile observation.

% % Soil color was observed under field conditions.

lower areas. The footslope position is at the
base and receives runon from higher areas.
The toe position is a bottom of hill slopes.
Slope gradient was not considered in this
analysis.

3) Assessment of clubroot disease incidence

We have been monitoring the extent of
clubroot disease in the test site from 1985 to
1990, under the combined aerial surveillance
and ground inspection program. Using the 6
-year disease records, we composed the map
showing the land area afflicted with clubroot.
The past disease incidence map was super-
imposed onto the resulting computer printout
map of the spectral soil classes to assess the

relationship between the soil properties and
the clubroot incidence. The number of pixels
overlying healthy areas and the number of
pixels overlying areas diseased with clubroot
were counted in each of the spectral soil clas-
ses. The disease incidence percentage was
obtained for each spectral soil class by divid-
ing the number of diseased pixels by the total
number of pixels.

It is known that differences in the preva-
lence and severity of the disease have fre-
quently attributed to variations in climatic
conditions. We have chosen the disease
records of 1988 and 1989, to compare the
relationship between rainfall conditions and
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clubroot incidence under the same spectral soil
classes. The season of abundant rainfall
(1988) and a season of normal rainfall (1989)
were based on the total amount of precipita-
tion in June, the main periods of transplant-
ing, because the amount of precipitation in the
first 2-3 weeks was one of the variables most
highly correlated with disease development?®®).
The disease incidence percentage was
obtained by the same procedure mentioned
above.

Results and Discussion

1. Soil properties delineation

The channel 3 (red) versus channel 2 (near
infrared) scatter plot of the 13 spectral soil
classes is shown in Figure 1. The soil data are
presented as a wide line that we will refer to as
the *‘soil line”. Lake water is well defined, and
the spectral soil classes contrast sharply with
the vegetation classes. Nine vegetation classes
were identified above the soil and vegetation
borderline. These 13 spectral soil classes could
be separated into 5 distinct soil series on the
basis of surface color and profile descriptive
characteristics. Accordingly, 5 soil series were
delineated by the near infrared reflectance,
and denoted soil series A, B, C, D, and E. Each
soil series was subdivided again into subunits
with the red reflectance, and these were denot-
ed Al, A2, Bl, B2, B3, C1, C2, C3, D1,D2, El,
E2 and E3, respectively. In this way, 13 spec-
tral soil classes were recognized in the whole
study area. Soil series A (Al and A2) at the
high end of the soil line represented Light
~colored Andosols and soil series E (El, E2
and E3) at the low end, Thick High-humic
Wet Andosols. Soil series B, Humic Andosols,
had lower reflectance than soil series A. Soil
series D, Thick High-humic Andosols, had
higher reflectance than soil series E. Soil series
D, Thick Humic Andosols, was located on the
intermediate position.

Soil properties reported as being highly
correlated with spectral measurements at vari-
ous wavelengths were organic matter content,
moisture content, color, sand, silt, clay con-
tent, and iron oxide content. The red and the
near infrared regions are the most favorable
for a qualitative and quantitative description
of soils, as shown in the studies using Landsat
TM'®, Landsat MSS*!121:30 SPOT?, and
aircraft MSSY data and field® and

laboratory®1524:31:3435) measurements. A strong
relationship exists between a soil’s visible color
and its organic matter content (Table 2). As
either value or chroma increased, the re-
flectance increased in the red and near infra-
red regions, as shown in Figure 1. It is a well
-known fact that the red and near infrared
reflectances are a good indicator of soil mois-
ture and organic matter contents. The near
infrared reflectance was a better indicator for
delineating the 5 soil series than the red re-
flectance. This indicated the differences in soil
color, organic matter content and water
regime among the 5 soil series.

A plot of the near infrared and the red
bands of Landsat MSS for bare soils would fall
on a straight line!!2139 However, as observed
in Figure 1, the line has a slight curvature and
width that should be accounted for in this
study. This nonlinearity was also observed by
Jackson et al. (1980) and Thompson et al.
(1983). The large variations in the red within
a single soil series may depend upon the
difference in soil moisture condition, because
soil organic matter content, soil color, texture,
and iron oxide content were considered to be
similar in each of the 5 soil series. Soil moisture
conditions are strongly affected by amount of
previous rainfall, and time and weather since
the last rainfall. The meteorological conditions
shown in Table 1 produce a favorable condi-
tion for measuring the soil moisture. The
subunits near the soil and vegetation border-
line were considered to be more wet and the
subunits away from the line more dry. This
variation may indicate soil surface and subsur-
tace drainage characteristics. The information
obtained from borings allowed the 13 spectral
classes of soil to be correlated with the 3 soil
drainage classes. The subunits (Al, Bl, CI,
and E1) with the lowest relative red reflectan-
ce corresponded to the poorly drained class.
The subunits (A2, B3, C3, D2, and E3) with
the highest relative red reflectance correspond-
ed to the well-drained class. The remaining
subunits (B2, C2, DI, and E2) were represent-
ed by the intermediate-drained class. In soil
series D, the poorly drained class was not
observed in the study area.

2. Relationship between spectral soil
classes and landscape position

The specific question addressed is how are
the spectral soil classes related to the land-
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show digitized density.

scape positions, since probably the most
important effect of slop is its influence on the
moisture condition of the profile. When the
spectral soil classes were plotted as a function
of position on the landscape, various trends
became evident (Figure 2).

The knoll, shoulder and backslope positions
occupied about 98 percent in soil series A. The
difference between the drainage classes, Al
and A2, was shown on the knoll position. The
foot and toeslope positions in the poorly
drained class in soil series B, C, and E oc-
cupied about 30 percent, 51 percent, and 48
percent, respectively of those soil series. The
well-drained class in soil series B, C, D, and E
were predominately located on the backslopes.
The intermediate-drained class in soil series B,
C, and E showed a transitional pattern
between the poorly drained class and the well
-drained class. In soil series D, the interme-
diate-drained class was similar in the poorly
drained class of soil series E. The results sug-
gested that there was no systematic relation-
ship between the 5 soil series and the land-
scape positions.

The amount of water retained by a soil,

Red and near infrared scatter plot of 13 spectral soil classes. Figures on X and Y axes

therefore, is greatly determined by landscape
position. The reason for this may be move-
ment of water by runoff and internal drainage
from upslope to lower positions. These differ-
ences of histograms between the drainage
classes, shown in Figure 2, were probably due
to differences in runoft among landscape
positions and to the effects of internal drain-
age from the upper to the lower positions. Soil
moisture conditions are affected by position of
the soils on the landscape and relationship
with their neighbors!?27:3240) The close rela-
tionship between landscape position and
drainage characteristics shown in soil series B,
C, and E suggested the presence of a spatial
dependency for the spectral soil classes.

3. Relationship between soil properties
and clubroot disease incidence

An important element in the study of a soil
~-borne disease is the investigation of its distri-
bution, both within a field or other unit of
cultivation, and on a larger scale?. Distribu-
tion patterns may help to determine the natu-
ral sources of a disease, which may also indi-
cate methods of avoiding and controlling it by
revealing correlations with environmental tac-
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tors. The results of the past disease incidence
percentage in each of the spectral soil classes
are shown in Table 3. The figures show the
percentage of diseased pixels.

The grand mean of incidence percentage
showed that about 60 percent of the study
area has been diseased in the past 6 years. The
means of incidence percentages in each soil
series were quite different between soil series A
and other the 4 soil series (B, G, D and E).
The incidence percentage was the lowest in
soil series A at 11.3 percent. In other soil series,
the means varied from 55.2 percent in soil
series D to 67.8 percent in soil series C. This
result showed that the effect of soil series on
disease incidence was much greater in soil
series A than in others. Table 3 also showed
that the disease has been more severe in the
poorly drained class. The percentage was the
highest in the poorly drained class at 81.2
percent, followed by the intermediate-drained
class at 54.2 percent and the well-drained
class at 34.6 percent.

The difference in disease incidence between
a season of abundant rainfall in 1988 and a
season of normal rainfall in 1989 are shown in
Table 4. Data for soil series A were not avail-
able in this analysis. Total disease incidence in
1988 increased about 21 percent. The increase
was the highest in soil series D at 46.7 percent,
followed by soil series C at 21.7 percent, soil
series E at 14.1 percent and soil series B at —
10.6 percent. Among the drainage classes, the
increase was the highest in the well-drained
class at 123 percent, followed by the intermedi-
ate class at 23.9 percent and the poorly
drained class at 7.5 percent. The results sug-
gest that a season of abundant rainfall was
more favorable for the incidence of the dis-
ease. The relationship was more pronounced
in the well-drained class.

In this study, the disease incidence on soil
series A, Light-colored Andosols, was quite
different from the other 4 soil series (B, C, D
and E). This is supported by the experimental
result??. They suggested that Light-colored
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Table 3. Disease incidence percentages in 13 spectral soil classes.
Drainage classes The number of
Soil series Mean )
Poorly Intermediate Well pixels tested
A *Al 18.0 - A2 6.9 11.3 793
B Bl 83.0 D2 : 57.6 B3 19.0 65.1 1732
G Cl1 81.1 C2 46.0 C3 25.0 67.8 4607
D - D1 55.1 D2 : 57.0 55.2 4795
E El 80.0 E2 57.1 E3 33.0 59.4 4624
Mean 81.2 54.2 34.6 60.1 —
The number of
pixels tested 4658 8914 1774 - —

* Subunit’s notation of 13 spectral soil classes is common in Figure 1.

Table 4. Ditference of disease incidence between
a season of abundant rainfall(1988) and a

season of normal rainfall (1989) .

apply pesticides that will have obvious eco-
nomical and environmental benefits, as
mentioned by Engman (1991).

Sojuzkarta KFA 1000 imagery holds, per-

SOII‘SCHCS 1988 . 1989 Per.cen[age haps, the greatest medium-term potential for
Drainage classes  No. of pixels  of mc(ffase the remote sensing analysis of large-scale
(A) (B) (%) regions with it’s claimed 5 m resolution'?.
Soil series There will be considerable potential for using
B 278 311 ~10.6 KFA 1000 data to map within-field soil varia-
C 1219 1002 21 7 tions. This study in.dicates that' KFA _IOOO
D 241 505 46.7 data} couh\i bc? used elt}}er to provu_ie the 1ni."or-
. R mation of soil properties for use in assessing
E 673 590 14,1 . .
the clubroot disease incidence and for plan-
Drainage classes ning detailed field sampling programs to
Poorly 1335 1242 7.5 reveal correlations with environmental factors.
Intermediate 1280 1033 23.9 Acknowledgments
Well 296 133 123.0
We thank : Dr. Tsuyoshi Akiyama and Dr.
Total 2911 2408 20.9

Percentage of increase= (A—B)/B*100.

Data were taken in the common 80 fields.

Andosols might be a suppressive soil for the
disease. The influence of soil moisture upon
clubroot development has been given more
attention by previous workers®®17, Both root
hair and cortical infections decreased with
decreasing availability of water®. Therefore,
the drainage characteristic was found to be an
important factor. There was thus a fairly close
agreement between the results obtained and
the previous studies. Clubroot is soil-moisture-
dependent in hatching and spreading. The
detailed knowledge of soil properties identified
in this study will allow farmers to selectively

Yoji Amano, National Institute of Agro-Envi-
ronmental Sciences for critical review of this
manuscript ; Mr. Takeshi Kimura, National
Agriculture Research Center, for soil analysis ;
and the staff of the Gunma Agricultural
Research Center and Horticultural Experi-
ment Station for their support in the field
survey.

References

1. Al-Abbas, A.H., P.H. Swain, and M.F. Baumgar-
dner 1972. Relating organic matter and clay
content to the multispectral radiance of soils. Soil
Sci. 114 :477—485.

2. Brenchley, G.H. 1968. Aerial photography for the
study of plant disease. Ann. Rev. Phytopathol. 6 :
1-—--23.

3. Bowers, S.A. and R.J. Hanks 1965. Reflection of

NII-Electronic Library Service



ToRIGOE et al. ——Clubroot Incidence Assessment Using Sojuzkarta Imagery 593

10.

11.

12.

13.

14.

15.

16.

17.

radiant energy from soils. Soil Sci. 100 : 130—138.

. Cipra, J.E., D.P. Franzmeier, M.E. Bauer, and R.

K. Boyd 1980. Comparison of multispectral mea-
surements from some nonvegetated soils using
Landsat digital data and a spectroradiometer. Soil
Sci. Soc. Am. J. 44 : 80—84.

. Coleman, T.L., and O.L. Montgomery 1987. Soil

moisture, organic matter and iron content effect
on the spectral characteristics of selected Vertisols
and Alfisols in Alabama. Photogramm. Eng.
Remote Sens. 53 : 1659—1663.

. Colhoun, J. 1953. A study of the epidemiology of

clubroot disease of Brassicae. Ann. Appl. Biol. 40 :
262—283.

. Engman, E'T. 1991. Applications of microwave

remote sensing of soil moisture for water resources
and agriculture. Remote Sens. Environ. 35: 213
—226.

. Dobson, R.L., R.L. Gabrielson, and A.S. Baker

1982. Soil water matric potential requirements for
root-hair and cortical infection of Chinese cab-
bage by Plasmodiophora brassicae. Phytopathology
72 : 1598—1600.

. Escadafal, R., and M. Pouget 1989. Remote sens-

ing of arid soil surface color with Landsat
Thematic Mapper. Adv. Space Res. 9: 159—163.
Frazier, B.E., and Y. Cheng 1989. Remote sensing
of soils in the eastern Polouse region with Landsat
Thematic Mapper. Remote Sens. Environ. 28:
317—325.

Fukuhara, M., S. Hayashi, Y. Yasuda, L
Asanuma, and J. lisaka 1978. Extraction of soil
information from vegetated areas. In Cooked, ].J.
ed., Proc. 12th Int. Symp. on Remote Sensing of
the Environ. Environ. Res. Inst. Michigan, Ann
Arbor. 1707—1716.

Hanna, A.Y., P.W. Harlan, and D.T. Lewis 1982.
Soil available water as influenced by landscape
position and aspect. Agron. J. 74 : 999—1004.
Hatanaka, T., H. Shiozaki, M. Fukuhara, N.
Miyaji, and G. Saito 1989. Estimation of organic
matter contents of upland soils with Landsat TM
data. Jpn. J. Soil Sci. Plant Nutr. 60 : 426 —431.
Hartley, W.S. 1991. Topographic mapping and
satellite remote sensing : is there an economic link?
Int. J. Remote Sens. 12: 1799—1810.
Henderson, T.L., A. Szilagyi, M.F. Baumgardner,
C.T. Chen, and D.A. Landgrebe 1989. Spectral
band selection for classification of soil organic
matter content. Soil Sci. Soc. Am. J. 53:1778
—1784.

Huete, A.R., and A.W. Warrick 1990. Assessment
of vegetation and soil water regimes in partial
canopies with optical remotely sensed data.
Remote Sens. Environ. 32 : 155—167.

Horiuchi, S., and M. Hori 1980. A simple green-
house technique for obtaining high levels of clu-

18.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

broot incidence. Bull. Chugoku Natl. Agric. Exp.
Stn. E17 : 33—55.

Ingram, D.S., and L.C. Tommerup 1972. The life
history of Plasmodiophora brassicae Woron. Proc.
Royal Soc. B 180: 103—112.

. Jackson, R.D., ]J. Cihlar, J.E. Estes, J.L. Heilman,

A. Kahle, E.T. Kanemasu, J. Millard, J.C. Price,
and C.L. Wiegand 1978. Soil moisture estimation
using reflected solar and emitted thermal infrared
radiation. Soil Moisture Workshop, NASA Con-
ference Publication. 2073.

Jackson, R.D., P.]J. Pinter, R.]. Reginato, and S.B.
Idso 1980. Handheld radiometry—a set of notes
developed for use at the workshop on handheld
radiometry. USDA-ARS Agric. Reviews and
Manuals. Western Series 19 : 31.

Kirschner, F.R., S.A. Kaminsky, R.A. Weismiller,
H.R. Sinclair, and E.J. Hinzel 1978. Map unit
composition assesment using drainage classes
defined by Landsat data. Soil Sci. Soc. Am. J. 42 :
768—771.

Kobayashi, K., Y. Kimura, S. Watanabe, K.
Yamazaki, and N. Machida 1985. Influence of
soil types and spore density on development of
cabbage clubroot. Gunma J. Agric. Res. DI : 35
—40.

3. Lewis, D.T., P.M. Seevers, and J.V. Drew 1975.

Use of satellite imagery to delineate soil associa-
tions in the sand hills region of Nebraska. Soil Sci.
Soc. Am. Proc. 39 :330—335.

Mathews, H.L., R.L. Cunningham, and W.G.
Peterson 1973. Spectral reflectance of selected
Pennsylvania soils. Soil Sci. Soc. Am. Proc. 37 :
421 —424.

Miller, M.P., M.]. Singer, and D.R. Nielsen 1988.
Spatial variability of wheat yield and soil prop-
erties on complex hills. Soil Sc. Soc. Am. J. 52:
1133--1141.

Nelson, D.W., and L.E. Sommers 1982. Total
carbon, organic carbon, and organic matter. In
Page, A.L. et al. eds., Methods of Soil Analysis.
Part 2. American Society of Agronomy, Inc.,
Madison, 539—579.

O’Loughlin, E-M. 1981. Saturation regions in
catchments and their relation to soil and topo-
graphic properties. J. Hydrol. 53 : 229—246.
Otowa, M. 1986. Morphology and classification.
Wada, K. ed. Ando Soils in Japan. Kyushu
University Press. 3—20.

Research Council for Agriculture, Forestry and
Fisheries 1967. Revised Standard Soil Color
Charts. Research Council for Agriculture, For-
estry and Fisheries.

Richardson, A.J., and C.L. Wiegand 1977. Distin-
guishing vegetation from soil background infor-
mation. Photogramm. Eng. Remote Sens. 43:
1541--1552.

NII-Electronic Library Service



594

Japanese Journal of Crop Science Vol. 62, 1993

31

32.

33.

34.

35.

Shields, J.A., E.A. Paul, R.J. St. Arnaud, and W.
K. Head 1968. Spectrophotometric measurement
of soil color, and its relationship to moisture and
organic matter. Can. J. Soil Sci. 48 : 271—280.
Sinai, G., D. Zaslavsky, and P. Golany 1981. The
effect of soil surface curvature on moisture and
yield-Beer Sheba observations. Soil Sci. 132 : 367
—375.

Stoner, E.R.; and M.F. Baumgardner 1981. Char-
acteristics’ variations in reflectance of surface
soils. Soil Sci. Soc. Am. J. 45:1161—1165.
Stoner, E.R.;, M.F. Baumgardner, R.A. Weismil-
ler, L.L. Biehl, and B.F. Robinson 1980. Extension
of laboratory measured soil spectra to field condi-
tions. Soil Sci. Soc. Am. J. 44 :572—574.
Thompson, D.R., D.E. Pitts, and K.E. Henderson
1983. Simulation of Landsat multispectral scanner
response of soils using laboratory reflectance
measurements. Soil Sci. Soc. Am. J. 47 : 542—546.

36 Thuma, B.A., R.C. Rowe, and L.V. Madden

37.

38.

39.

40.

1983. Relationships of soil temperature and mois-
ture to clubroot (Plasmodiophora brassicae) severity
on radish in organic soil. Plant Disease 67 : 758
—762.

Weismiller, R.A., and O.L.
Montogomery 1977. Soil inventory from digital

I.D. Persinger,

analysis of satellite scanner and topographic data.
Soil Sci. Soc. Am. J. 41:1166—1170.

Westin, F.C., and C.]. Frazee 1976. Landsat data,
its use in a soil survey program. Soil Sci. Soc. Am.
J. 40:81—89.

Wright, G.G., and R.V. Birnie 1986. Detection of
surface soil variation using high-resolution satel-
lite data : Results from the UK SPOT-simulation
investigation. Int. J. Remote Sens. 7 : 757—766.
Wright, R. J., D.B. Boyer, W.M. Winant, and H.
D. Perry 1990. The influence of soil factors on
yield differences among landscape positions in an
Appalachian cornfield. Soil Sci. 149 : 375—382.

NII-Electronic Library Service





