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Abstract

The leaf inclination angle distributions of wheat (7. aestivum cv. Norin 61) canopy were estimated at
different growth stages (tillering, stem elongation, flowering, and ripening stages) by using a high-reso-
lution portable scanning lidar. The canopy was scanned three-dimensionally by optimally inclined laser
beams emitted from several measuring points surrounding the canopy and 3-D point cloud images in
each growth stage were obtained. After co-registration of lidar images between different measurement
positions, leaves were extracted from the images and each leaf was divided into small pieces along
the leaf-length direction. Each of the pieces was approximated as a plane, to which normals were then
estimated. The distribution of the leaf inclination angles was derived from the angles of these normals
with respect to the zenith. Consequently, distinctive features of the leaf inclination angle distributions at
each growth stage clearly emerged. The mean leaf inclination angles on 6 April, 26 April, 16 May, and
5 June were 53.9° 45.3° 44.3° and 56.1° respectively and the standard deviations were 19.6° 22.2° 21.7°
and 19.5° respectively. Moreover, laboratory measurements confirmed that the mean and standard devia-
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tions of the absolute error of lidar-derived leaf inclination angles were 4.3° and 2.0°, respectively.
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dimensional imaging.

1. Introduction

The Leaf inclination angle (LIA) distribution is
one of the 3-D structural properties related to light
distribution within the canopy and affecting the
photosynthetic productivity of the whole plant (Leihner
and Ortiz, 1978; Sassenrath-Cole, 1995). Due to its
importance, LIA distributions have been measured in
previous studies by using devices such as a protractor
with a compass (Norman and Campbell, 1989), a
clinometer (Gratani and Ghia, 2002) and 3-D digitiz-
ers (Sinoquet et al., 1998; Shibayama, 2004). These
methods, however, are very laborious, meaning the
measurable leaf number is limited. In particular, for
crop canopies, it is important to repeatedly measure
the LIA distribution over time with the growth but the
laborious nature of the above conventional methods is
unfavorable for repeated measurements.

Recently, a portable scanning lidar (light detection
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and ranging) has been utilized to obtain the 3-D
structural properties of plants (Omasa et al., 2002,
2007; Lovell et al., 2003; Hosoi et al., 2005; Hosoi
and Omasa, 2006, 2007, 2009; Takeda et al., 2005,
2008). This instrument can record many 3-D point
cloud data of a target quickly and automatically and
thus seems usable for repeated measurements of the
LIA distribution of the crop canopy. However, the
instrument has not yet been used to measure the
LIA distribution of the crop canopy because the
range accuracy and resolution of most commercially
available portable lidars, which were typically one to
several cm, were insufficient to capture the inclination
of each leaf. Recently, we demonstrated that the LIA
distribution of broad leaved canopies can be measured
using a high-resolution portable scanning lidar with
range resolution of about 1 mm at a measurement
range of about 5 m (Hosoi and Omasa, 2007). Such
a high-resolution portable scanning lidar would be also
useable for the LIA distribution measurement of a crop
canopy in terms of its resolution.
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In this study, measurement of the LIA distributions
of the wheat (7. aestivum cv. Norin 61) canopy were
attempted at different growth stages by using a high-
resolution portable scanning lidar.

2. Materials and Methods

The experiment was conducted at an experimental
farm in Ibaraki Prefecture, Japan. Winter wheat
(T. aestivum cv. Norin 61) seeds were sown on 2
November, 2005 using 90 kg seed grain/ha and 50-cm
row spacing. Four plots (1 mx1 m, see Fig. 1) were
established on different four locations in the farm.
Each plot was assigned to the individual measurement
of different four growth stages.

A portable high-resolution scanning lidar that
calculates distances based on trigonometry (a modified
TDS-130L 3-D laser scanner; Pulstec Industrial Co.,
Ltd., Japan) was used to obtain 3-D information of the
wheat canopy (Hosoi and Omasa, 2009). The lidar's
measurable range is 3.5 to 10 m. The range and scan
resolutions are about lmm and 2 mm, respectively, at
a measurement range of about 5 m. A rotating mount
with a stepper motor and a galvano mirror within
the lidar head automated the horizontal and vertical
scanning. Fig. 1A illustrates an aerial view of the
wheat canopy measurement by the portable scanning
lidar with four measurement positions surrounding
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Fig. 1.

the canopy. Arrows in Fig. 1A show the directions
corresponding to the central angle of the azimuth laser
beam scan from each of the measurement positions.
The central zenith angle of the laser beam scan was
set to 57.5° by placing the lidar head at a height of
2.5 m (Fig. 1B). The central zenith angle was chosen
based on the results of our previous works (Hosoi and
Omasa, 2006, 2007). Based on the lidar setting, the
lidar measurements were conducted under windless
conditions to avoid disturbance of the canopy by wind.
The measurement dates were 6 April, 26 April, 16
May, and 5 June 2006 (155, 175, 195, and 215 days
after sowing [DAS], respectively), which corresponded
to the tillering, stem elongation, flowering, and ripening
stages, respectively.

The lidar data set for each date was composed of four
point-cloud data obtained from the four measurement
positions. The individual coordinate systems for these
data were registered into a single point-cloud data
set with a common 3-D coordinate system for each
measurement date using the iterative closest-point
algorithm (Besl and McKay, 1992). Subsequently,
data corresponding to the individual wheat plants was
extracted from the registered images at each growth
stage. At the extracted data, each type of organ, i.c.
leaves, stems, ears, was distinguishable due to the fine
resolution of the lidar, whereupon only leaves were
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Schematic views of the wheat canopy measurement by the high-resolution portable scanning lidar. (A)

Aerial view. Arrows show the directions corresponding to the central angles of the azimuth laser beam scan
from each of the measurement positions. (B) Side view. 0. show the central zenith angle of the laser beams

(modified from Hosoi and Omasa, 2009).
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visually selected and extracted from the data. Each
leaf was divided into small pieces at 15mm intervals
along leaf-length directions and LIA was estimated
for each of the pieces. Points within each of the
pieces were fitted by a plane based on the least square
method and normals to the planes were estimated.
The LIA distribution was derived from the angles of
these normals with respect to the zenith. Based on
the procedure, LIA distribution was estimated in each
of the different growth stages. To accurately estimate
LIA, the interval of the pieces must be determined
appropriately. LIA changes along the leaf length direc-
tion, hence the shorter interval is desirable to capture
the change faithfully. However, when the interval is
too short, there is insufficient lidar data to calculate
LIA in each of the pieces. With these two matters in
mind, the interval was determined as 15mm.

To evaluate the accuracy of the lidar-derived LIA,
actual LIA values obtained by direct methods, e.g.
the use of a protractor or clinometer, were required.
However, it is very difficult to conduct direct measure-
ments accurately in the field because the measurement
takes considerable time, meaning it is difficult to
maintain a stable measurement condition without
wind impacting the measurement. Subsequently, an
individual wheat plant was uprooted from the field at
the ripening stage, placed in a pot and taken into a
laboratory. 60 leaf pieces of length 15mm and width
equivalent to the leaf width were randomly selected
from the plant and marked to distinguish each of the
leaf pieces. Lidar measurements were conducted on the
plant in a setting similar to the above described field
measurements, i.e. four measurement positions around
the plant with the central zenith angle of the laser
beams of 57.5°. Subsequently, LIA values correspond-
ing to the 60 pieces were estimated using a method
similar to that described above. Actual LIA values for
the 60 pieces were measured by a clinometer (A-150;
Shinwa Measuring Tools Corp. Japan). The error of
the lidar-derived LIA was estimated by comparing
lidar-derived values with actual ones.

3. Results and Discussion

Fig. 2 is a co-registered 3-D point cloud image of
a wheat canopy taken on 16 May. In this image, each
type of organ was distinguishable by observing the
image from various perspectives.

Fig. 3 represents the LIA distributions of the wheat
canopy in different growth stages, in which each

Fig. 2.
measured by a high-resolution portable scanning
lidar.

A 3-D image of wheat canopy on 16 May

angle class consists of a 5° interval. On 6 April, the
distribution concentrated on the angles between 50
to 80° classes (Fig. 3A). On 26 April, a peak was
observed at a 70° class, while the proportion of the
lower angle classes increased (Fig. 3B). On 16 May,
more even distribution was observed without clear
peaks (Fig. 3C). On 5 June, the distribution shifted to
higher angle classes and a peak appeared at the 65°
class (Fig. 3D). The mean angles of LIA on 6 April,
26 April, 16 May, and 5 June were, respectively, 53.9°,
45.3° 44.3° and 56.1° and the standard deviations were,
respectively, 19.6° 22.2°, 21.7° and 19.5°

Through the laboratory measurements, it was
confirmed that the absolute error of lidar-derived LIA
ranged from 0.0° to 6.8° and the mean and standard
deviation of the absolute error were 4.3° and 2.0°,
respectively. Those results showed that LIA can be
estimated accurately using a high-resolution portable
scanning lidar.

To enable accurate estimation, in the present study,
measurements using the high-resolution portable
lidar were conducted from four measurement points
surrounding the canopy with optimally inclined laser
beams of the central zenith angle of 57.5° For the
purpose of these measurements, the whole canopy
could be illuminated, including internally, by full laser
beams, resulting in obtaining an accurate and precise
3-D point cloud images of the whole canopy. Thanks
to these high quality 3-D images, distinctive features of
the leaf inclination angle distributions in each growth
stage clearly emerged. During the tillering stage on 6
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Fig. 3. Leaf inclination angle distributions in each growth stage estimated from 3-D lidar images. (A) 6 April,
155 DAS, tillering stage (n=206) (B) 26 April, 175 DAS, stem elongation stage (n=356) (C) 16 May, 195 DAS,
flowering stage (n=261) (D) 5 June, 215 DAS, ripening stage (n=327). DAS, days after sowing. S.D., standard
deviation.

ZHE 26 April 175 DAS April, the majority of leaves were growing upwards
: (see Fig. 4A), which explains the concentration of the
distribution of LIA on relatively higher angle classes
(Fig. 3A). At the stem elongation stage on 26 April,
although some of leaves still grew upwards, most bent
downwards from the middle of the leaf (see Fig. 4B).
The part around the leaf bending point less inclined
(see the part within a dotted circle in Fig. 4B), so
that the proportion of lower angle classes increased
(Fig. 3B). At the flowering stage on 16 May, almost
all leaves bent downwards (see Fig. 4C), so that the
higher angle class decreased and the distribution was
equalized (Fig. 3C). At the ripening stage on 5 June,
leaves drooped down due to senescence, particularly at
the lower part of the canopy (see Fig. 4D), explaining
the increase in the higher angle classes at this stage
(Fig. 3D).

This study demonstrated that LIA distribution of
wheat canopy at different growth stages can be esti-
Fig. 4. Photographs of side views of wheat canopy mated distinctively and accurately by a high-resolution

in each measurement date. (A) 6 April, 155 DAS, portable scanning lidar. To enhance the applicability

tillering stage (B) 26 April, 175 DAS, stem elonga- of the method, additional studies applying the present
tion stage (C) 16 May, 195 DAS, flowering stage (D) method to different growing conditions in other fields

5 June, 215 DAS, ripening stage. DAS, days after and different kinds of crops are needed. In addition,

sowing. A white dotted circle in (B) is an example the inclination of other types of organs, such as stems

of a part around a bending point. and ears, affects the light environment of the canopy.
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Although this study focused on the estimation of
LIA using a high-resolution portable lidar, it would
also be significant to apply the present method for
estimating the inclination angle distribution of other
types of organs.

References

Besl, P. J., and McKay, N. D., 1992: A method for
registration of 3-D shapes. /EEE Trans. Pattern Anal.
Mach. Intell., 14, 239-256.

Gratani, L., and Ghia, E., 2002: Changes in morpho-
logical and physiological traits during leaf expansion
of Arbutus unedo. Environ. Exp. Bot., 48, 51-60.

Hosoi, F., and Omasa, K., 2006: Voxel-based 3-D
modeling of individual trees for estimating leaf area
density using high-resolution portable scanning lidar.
IEEE Trans. Geosci. Remote Sens., 44, 3610-3618.

Hosoi, F., and Omasa, K., 2007: Factors contributing
to accuracy in the estimation of the woody canopy
leaf-area-density profile using 3D portable lidar im-
aging. J. Exp. Bot., 58, 3463-3473.

Hosoi, F.,, and Omasa, K., 2009: Estimating vertical
plant area density profile and growth parameters
of a wheat canopy at different growth stages using
three-dimensional portable lidar imaging. ISRPS J.
Photogramm. Remote Sens., 64, 151-158 .

Hosoi, F., Yoshimi, K., Shimizu, Y., and Omasa, K.,
2005: 3-D measurement of trees using a portable
scanning lidar. Phyton, 45, 497-500.

Leihner, D, E., and Ortiz, G., 1978: Improvement of
durum wheat-plant type, yield potential, and adapta-
tion. Euphytica, 27, 785-799.

Lovell, J. L., Jupp, D. L. B., Culvenor, D. S., and Coops,
N. C., 2003: Using airborne and ground-based rang-
ing lidar to measure canopy structure in Australian
forests. Can. J. Remote Sens, 29, 607—622.

— 301

Norman, J. M., and Campbell, G. S., 1989: Canopy
structure. In Plant Physiological Ecology: Field
Methods and Instrumentation (ed. by Pearcy, R. W.,
Ehleringer, J., Mooney, H. A., and Rundel, P. W.).
Chapman and Hall, London, pp. 301-326.

Omasa, K., Hosoi, F., and Konishi, A., 2007: 3D li-
dar imaging for detecting and understanding plant
responses and canopy structure. J. Exp. Bot., 58,
881-898.

Omasa, K., Urano, Y., Oguma, H., and Fujinuma, Y.,
2002: Mapping of tree position of Larix leptolepis
woods and estimation of diameter at breast height
(DBH) and biomass of the trees using range data
measured by a portable scanning lidar. J. Remote
Sens. Soc. Jpn., 22, 550-557.

Sassenrath-Cole, G. F., 1995: Dependence of canopy
light distribution on leaf and canopy structure for
two cotton (Gossypium) species. Agric. For. Meteo-
rol., 77, 55-72.

Sinoquet, H., Thanisawanyangkura, S., Mabrouk, H.,
and Kasemsap, P., 1998: Characterization of the light
environment in canopies using 3D digitising and
image processing. Ann. Bot., 82, 203-212.

Shibayama, M., 2004: Seasonal profiles of polarized
reflectance and leaf inclination distribution of wheat
canopies. Plant Prod. Sci., T, 397-405.

Takeda, T., Oguma, H., Sano, T., Yone, Y., Yamagata,
Y., and Y. Fyjinuma, Y., 2008: Estimating the plant
area density of a Japanese larch (Larix kaempferi
Sarg.) plantation using a ground-based laser scanner.
Agric. For. Meteorol., 148, 428—438.

Takeda, T., Oguma, H., Yone, Y., Yamagata, Y., and
Fujinuma, Y., 2005: Comparison of leaf area density
measured by laser range finder and stratified clipping
method. Phyton, 45, 505-510.



J. Agric. Meteorol. (FE¥EX5) 65 (3), 2009

ARSI ATy =2 7T A =7 N T/ N2 D TERRH A T At

Mg« PR - REGHX
GBI ERRBIER )

=

ARWZE Tl ZE M) fRREAT IR A v =2 7' 5 2 —
ZHW, N (EM 61 5 ) OMER iz 755
HAT—V TR 25 E2ERL, Willlz, £97]
LS A X — 72 /N DF v/ E— 2 HLO PR TS M 5T D it £
ICRRIEL, 3 OTRBT — 2203 Uiz, Z0OkE, L—
P—E—LAMADORELRELL, Fv/ E—2fh
ZONIHETHRZIL—Y —E—LICRFEN D K51
Bl Liz, SHuS IS EhieT —2Z2 LY AR —
gy Uitk 30T —RICEFNLRIHY T 5T —
2L, #LOEOT—2EEFAAICHHIL, #E
DMK 92T — 22 FLTce TOZED/NTICH
M9 BT —2% 3 IO FHEEEIL, £ Oz N

l\\]

WKL, ZOKRIAMA KO IEMR A 21T, Z DR
R, EERA D MOBRHEAT — I mOENZ L
S5ABTENTE, 4H6H, 4H26H, 5H16H,
6 15 HOFHANCEWT,  JEERNG A1 O T fE L A5HE
WAEEZTNZNS53.9 £ 19.6°, 453 £22.2°, 443 &
21.7°, 56.1 £19.5° WS fliERLic, EHICHEEEN
TOERBICEOARSTEDBRERGALZTTo /e T, Hixt
TERAAZ D TFIHEAEAERZEE 4.3 = 2.0° LWV SFERDG
bz,

F—T—F " AR AT =T TA5—, (£, 3 KoiA

A=V, EEAT —, TR

— 302 —



