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Among the many aspects regarding to the effective use of natural resources in inter-
cropping, the light condition in the canopy might be an important factor due to its complicated
distribution of the foliage. For the clarifying the difference of the canopy structure, which could
be related to radiative characteristics, the canopy geometry of mungbean component was
estimated by the stereo-image analysis method (SIAM). The investigation was conducted in
three cropping systems, i.e. one row mungbean intercropping between maize rows, two rows
mungbean intercropping and a mungbean monoculture. First, the coordinates of four points on
a leaflet, which determine the long- and short-axes of it, were measured by the analysis of
stereo images taken by two digital cameras. Then the coordinates were used to calculate an
area of a leaflet and to estimate the azimuth angle and zenith angle of it. Eventually the char-
acteristic of foliage geometry in intercropping system was described by illustrating the spatial
distributions of the leaf area, the azimuth angle and the zenith angle. The leaf area and its
vertical distribution obtained by the SIAM were so fitted with those measured by the clipping
method. These results showed that the SIAM might be applicable to investigate the canopy
structure.

INTRODUCTION

Suitable agricultural land is fixed or rather diminishing all over the world. Recent
demographic pressure has forced farmers and agricultural scientists to produce much
more food from the limited cultivated land especially in developing countries. The inter-
cropping is considered as one way of raising productivity because of maximum utilization
of land and the effective use of natural and artificial resources (Midmore, 1993).

Among the many aspects regarding to the effective use of natural resources in inter-
cropping, the light condition in the canopy might be an important factor due to its
complicated distribution of the foliage. Considering the high correlation between crop
growth and intercepted solar energy, the contribution of the micro-meteorological con-
dition into crop growth would depend mainly on solar radiative environment.

The solar radiative environment in canopy is formed complicatedly by interception,
reflection and penetration in foliage, and the canopy structure affects these processes.
The parameters such as leaf area index (LAI), fractional interception and attenuation
coefficient, which indicate the whole canopy characteristics, have been used for inves-
tigating the canopy structure in an intercropping system (e.g. Harris et al., 1987, Corlett
et al., 1992, Watiki et al., 1993, Ramakrishna and Ong, 1994). While Hirota et al. (1995)
discussed the canopy structure spatially using the vertical distribution of leaf area density
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and the relation between cumulative LAI and relative light intensity at foliage depth.

By setting the parameters related to leaf geometry, the solar radiative environment in
an intercropping system could be simulated (e.g. Keating and Carberry, 1993,
Ozier-Lafontaine et al., 1997). For the investigation of the detail radiative environment,
the distribution of the accurate geometrical characteristics in foliage should be given.
Some types of equipment such as TV cameras and 3D digitizer have been adopted to
estimate the geometry of canopy (e.g. Shibayama et al., 1989, Sinoquet et al., 1991), but
they are quite expensive. The purposes of this study are to introduce the system for the
measuring the canopy geometry, which is composed of relative low cost components, and
to evaluate its accuracy.

Although the geometry of maize component should be estimated for evaluation of the
light condition in the canopy structure in the maize-mungbean intercropping, the only
mungbean component is discussed in this paper as a preliminary trial.

MATERIALS AND METHODS

Two field experiments were conducted at the farm of Bangabandhu Sherik Mujibur
Rahman Agricultural University, Salna, Gazipur, Bangladesh, during April 2000 to July
2000 (summer experiment) and October 2000 to January 2001 (autumn experiment).
The farm is located at latitude 22°48 * N and longitude 90° 18 ~ E. Mungbean (Kanti) was
planted in three patterns, which were 1-row intercropping with maize (Barnali), 2-rows
intercropping with maize and a monocrop. Each treatment consisted of three repli-
cations, and their plots were laid out at random. The unit plot size was 5.25mX4.8m.
Seeding space was 0.3mX0.1m in a monocrop, and that of maize in intercroppings was
0.76mX0.3m (Fig. 1). In intercropping plots, mungbean were sown as 1-row and
2-rows systems with 0.1 m intervals of plant to plant. A mungbean row was placed in the
middle of two maize rows for 1-row system, and two mungbean rows were placed in
0.25m of inter-row distance between maize rows for 2-row system. Sowing date were
April 12 and October 9 in the summer experiment and autumn experiment, respectively.

The investigation of canopy structure was conducted at May 15 and 30, which were
33 and 48 days after sowing (DAS), respectively, for the summer experiment, and done at
November 6 and 19, which were 28 and 41 DAS, respectively, for the autumn experiment.
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a) Mungbean monocrop b) One row mungbean intercropping ¢) Two rows mungbean intercropping

Fig. 1. Diagram of planting patterns for maize-mungbean intercroppings and a mungbean

monocrop.
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The measurement of foliage geometry was done for a target area, which was 0.75m X
1.0m for intercroppings and was 1.0m X 1.0m for monocrop, after maize was cut off
within the area. First, the stereo-image photography of mungbean foliage using two digi-
tal cameras was conducted in accordance with the technique shown in Haraguchi et al.
(2001). The leaves, on which signs were marked with paint, in a layer of canopy were
photographed. Then they were cut off, and those in next layer were done. The series of
the procedure was repeated from top to bottom of canopy. The repetition varied from
three to nine times depending on experimental season and treatment. Second, the spatial
coordinates of four points on a leaflet, i.e. two points on both edges, base and tip, were
calculated by the stereo-image analysis method (hereafter as SIAM) described by
Haraguchi et al. (2001). Finally, the area of a leaflet and the zenith and azimuth angle of
leaf normal were estimated.

For the accuracy test of the SIAM, the leaf area was measured by the sampling
method at 27 and 39 DAS in the autumn experiment and compared with the SIAM data.
The leaf area by sampling method was measured using an automatic area meter (AAM-7,
Hayashi Denkou Co. Ltd. Tokyo, Japan).

The area of a leaflet and the zenith and azimuth angle of leaf normal were calculated
as follow procedures. The short— and long— axes of a leaflet are determined by four
points on a leaflet, [, 7, b and ¢, 7.e. left and right side and base and tip of it, respectively,
as shown in Fig. 2. As far as a leaflet is flat, the leaflet area could be calculated from the
lengths of the short— and long-axes of it with the technique described by Hirota and
Nakano (2000). But it was difficult to determine an actual leaflet area directly by the
SIAM, because almost leaflets were not flat in field condition. Hence the dummy leaflet
area was used for the estimation of the leaf area distribution. The dummy leaflet area was
calculated as follows. Let the points on the segment I and b¢ at which the distance
between these segments would be minimum be point F and F,, respectively. Then let the
midpoint of the segment EF be point P. The detail operations for the coordinates of

Fig. 2. Points determining the short- and long-
axes of a leaflet. The marks of [, , b
and ¢ denote the points of left and right
side and base and tip of a leaflet,
respectively.
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S

Fig. 3. Zenith angle (7,) and azimuth angle (a,) of a
leaf normal vector (n).

points E, F and P is shown in Appendix A. A dummy leaf area was calculated as an area
of an ellipse, of which the length of axes of symmetry were P+ Pr and ﬁ%ﬁi;»

Because a leaflet was rarely flat in natural condition, the four points on leaflet would
not exist on a same plane. Hence the normal vector of a leaflet might change at every
point on it. Then the representative normal vector of a leaflet was estimated as follows.
The four triangles were considered on a leaflet. The triangles 1, 2, 3 and 4 were made up
with points [, ¢ and b, points #, b and ¢, points b, I and  and points ¢, 7 and [, respectively.
Let the normal vectors of them be ny,, nrg, ns and n,, respectively. The representative
normal vector, n, (2., ¥, 2.), Was calculated as

n= nu+nw:nw+nu/’ nu+nw:nw+nu ) e))

The zenith and azimuth angle of a normal of a leaflet, 7., and a ., were calculated as

7= arccos(z,) @
and
.| arccos./sin7.) (.2 0) ®)

"| 2m-arccos(y./sin7,) (@< 0)

The azimuth angle was defined to be zero when a leaflet faces to north, and to be 7/2
when it faces to east (Fig. 3).

These calculations were done for all leaflets in a target area. And the spatial distri-
butions of the leaf area density, the zenith and azimuth angle were estimated. The
structural characteristics of mungbean component were clarified by the comparisons of
the spatial distributions of them.
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RESULTS AND DISCUSSION

Leaf area

On the assumption that LAI by the sampling method at 27 and 39 DAS correspond to
LAI by the SIAM at 28 and 41 DAS, respectively, the comparison of these LAI was shown
in Fig. 4. This figure shows that there was the linear relation between LAI by SIAM and
that by the sampling method. From this result it might be judged that the coordinates of
the four points on a leaflet were estimated accurately.

Because a dummy leaf area was not actual area, a ratio of the total dummy leaf area in
a foliage layer, which was 0.1 m thick, to that in whole foliage was used for the illustrating
the vertical leaf area distribution. Figs. 5 show the vertical distributions of the ratio in
treatments (a—k) and the distribution of a ratio of the total actual leaf area in a foliage
layer to that in whole foliage measured by the stratified clip method at 39 DAS in the
autumn experiment (I-m). For the 1-row intercropping at 33DAS in the summer experi-
ment the stereo image photography was failure. The distribution changed for experimen-
tal season and growing stage as shown in Figs. 5 a—k.

Though the target area was different for 39DAS and 41DAS in the autumn experi-
ment, the crop height and the shape of the distribution were similar (Figs. 51, j, k, , m
and n). These results might also intend that the coordinates of the points on leaves were
measured accurately by the SIAM.

Zenith angle of leaf normal
Figs. 6 show the frequency distributions of the zenith angle of leaf normal in whole
foliage. The apparent difference of distribution shape could not be seen in experimental
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Fig. 4. Relationship between leaf area index (LAI) estimated
by the stereo-image analysis method (SIAM) and that
measured by the sampling method.
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Fig. 5. Vertical distributions of the ratio of leaf area in a layer to that in whole foliage. The leaf area in
figures a-k is dummy leaf area, and that in figures l-n is actual leaf area. MKI, MK2 and SK
denote 1-row intercropping, 2-row intercropping and monoculture, respectively.
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season, growing stage and treatment except for intercropping systems at 28DAS in the
autumn experiment. The average zenith angles for Figs. 6 a—k were 40.6, 35.6, 36.4, 34.5,
35.8, 45.9, 47.9, 41.5, 40.1, 38.7 and 41.5 degrees, respectively. The average zenith angle
tended to decrease as the growing stage progress for intercropping.
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Fig. 6. Frequency distributions of zenith angle of leaf normal. MK1, MK2 and SK denote l-row
intercropping, 2-row intercropping and monoculture, respectively.
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Azimuth angle of leaf normal

Figs. 7 show the frequency distributions of the azimuth angle of leaf normal in whole
foliage. The average azimuth angle was different in analysis date and treatment, but was
ranged from 160 to 210 degrees, i.e. leaves were likely to face south.

The canopy geometry estimated by the SIAM was discussed only for mungbean
component in maize-mungbean intercroppings in this paper. For the evaluation of the
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Fig. 7. Frequency distributions of azimuth angle of leaf normal.
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radiative environment in maize-mungbean intercropping systems the geometry of maize
component should be estimated in a manner described in articles such as by Sinoquet et
al. (1991) and by Ivanov et al. (1995). Then the whole canopy structure obtained by
combining the estimated canopy structures of each component could be adopted to
evaluate the solar radiation environment in the intercropping system.
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Appendix A . - -
When the segment EF is minimum, the vector EF is perpendicular both vectors i and bt. Hence the
following equations hold,
(@rxe) (@—x)+Weye) Uy + (22 (2-2)=0 (A« 1)
and
(@re) (@m2)+ (YrYe) Wry) +(2r2e) (2 2:)=0 , (A2)

where x, y and z are the coordinates and the subscripts {, 7, b, t, £ and F' denote the corresponding points.
Let x—z, be x,, then these equations become as



266 T HARAGUCHI et al.

(@rZe) Tt YrYe)Unt (2e2£)2n=0 (A3)
and

@r=2e) %o+ WrYe) Yot (2r2e)20=0. (Ad)

The coordinates of points £ and F' are expressed as (Zx, ¥e, 2:)=(Xt02x, Y+ vy 2002, and (@», yr,
20)=(2, T WX, Yt Wyt , 2.+ w2,), respectively, where v and w are parameters. Substituting these
coordinates into equations (A.3) and (A.4) and solving these simultaneous equations, parameters v and w
are obtained as,

biCa—byey “5)
v=— .
b2~y
and
a,C:
we 1Co ey } A8
ab:-a:b,

where  a,=x%+y%+23, G=b=2uTn+Yulfut 2020, bo=x%+ Y5+ 25, =Xkt Yothn+ 2u2n aNA C2=ToXn+
Yolfo t260.



