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Monitoring the vertical distribution of leaf area index (LAl) is an effective method for evaluating canopy
photosynthesis and biomass productivity. In this study, we proposed a novel method to characterize
LAl vertical distribution non-destructively by utilizing LAI-2200 plant canopy analyzer, followed by the
application of statistical moment equations. Field experiments were conducted with 5 rice cultivars
under 2 fertilizer treatments in 2013 and with 3 rice cultivars under 3 plant density treatments in 2014.
LAl readings obtained by a plant canopy analyzer for non-destructive stratified measurements were

. relatively consistent with LAl estimations using the stratified clipping method for every cultivar and

. treatment. The parameters calculated using the statistical moment equations numerically showed the

. changesin LAl vertical distribution with plant growth up to the heading stage. The differences in the
parameters also quantified the effect of cultivar, fertilizer, and plant density treatments. These results

: suggest that the non-destructive stratified measurements and the statistical moments evaluated in

. this study provide quantitative, reliable information on the dynamics of LAl vertical distribution. The
method is expected to be utilized by researchers in various research fields sharing common interests.

Crop canopy structure depends on genotypic characteristics and crop physiological and biochemical processes
. as well as its planting pattern and growth status'. Canopy structure directly influences light distribution and
. leaf physiological characteristics in crop canopies®®. Leaves and other photosynthetic organs in crop canopies
- serve as both solar energy collectors and exchangers in the plant community*. Evaluation of plant type is impor-
: tant in plant breeding, and analysis of growth dynamics has been recommended for further crop improvement®.
© Specifically, leaf area index (LAI) [m*> m~2] is one of the most important parameters in climatic, ecological and
: agronomical studies®. Because LAI vertical distribution varies among crop species and cultivars, continuous
. monitoring is an effective method for analyzing differences within crop canopy photosynthesis and biomass
: productivity.
: Since Monsi and Saeki’ first applied the Beer-Lambert law describing random distribution of light to predict
© light transmission in a plant canopy, several studies have investigated the vertical distribution of the leaves of
. crops such as rice (Oryza sativa L.)%, maize (Zea mays L.)° and soybean (Glycine max (L.) Merr.)'’. Particularly
in rice, cultivars varying in leaf angle have been developed after the Green Revolution. In China, erect panicle
rice cultivars have been developed, which have become predominant in the Liaoning province'!. Monitoring and
quantifying the dynamics of LAI vertical distribution are considered a key approach to analyze the difference in
rice crop growth dynamics and light energy use!?. However, huge efforts and time-consuming work involving
destructive samplings are commonly necessary to conduct measurements of LAI vertical distribution (stratified
clipping method); thus, limiting dynamic measurements.
Non-destructive measurement methods using a plant canopy analyzer can be utilized to overcome these dis-
advantages. Researchers have reported non-destructive measurements of LAI obtained with a plant canopy ana-
. lyzer in common bean (Phaseolus vulgaris L.), cotton (Gossypium hirsutum L.), maize (Zea mays L.), rice (Oryza
© sativa L.) and soybean (Glycine max (L.) Merr.)*~7. In fact, in rice, Stroppiana et al.® and Sone et al.'” reported
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Figure 1. The difference in LAI between LAIpc, and LAIcy, for (a) Shennong 265 and (b) Nipponbare. LAIpc,:
LAI readings of a plant canopy analyzer at the measuring height. LAIcy: sum of LAT above the measuring
height measured using the stratified clipping method. The measuring height is the height from the ground.

that even among different cultivars and fertilizer levels a plant canopy analyzer can be used to estimate LAIL
Hirooka et al.'® measured LAI frequently with a plant canopy analyzer and then parameterized the characteris-
tics of LAI dynamics using mathematical functions. Continuous monitoring of LAI vertical distribution is also
expected to become even more simplified and is non-destructive, when done by a plant canopy analyzer.

In this study, we used an LAI-2200 plant canopy analyzer (LI-COR Inc., Lincoln, Nebraska), which is a
non-destructive and non-labor-intensive piece of equipment, to conduct non-destructive stratified LAI measure-
ments. Following this, statistical moment equations were applied to evaluate LAI vertical distribution. For this
purpose, field experiments were conducted with 5 rice cultivars under 2 fertilizer treatments in 2013 and with 3
cultivars under 3 plant density treatments in 2014. In particular, LAI-2200 shows improvement over the earlier
model, LAI-2000". In this study, we proposed a novel method to characterize LAI vertical distribution of rice
utilizing a plant canopy analyzer, LAI-2200. This method is expected to be utilized by researchers of various fields
in which growth dynamic study is important.

Results

Validation of the stratified LAl readings of the plant canopy analyzer. Figure 1 shows the differ-
ence between LAI readings from a plant canopy analyzer (LAI,c,) at each measuring height and the sum of the
LAI above the measuring height according to the stratified clipping method (LAIcy,). The results show that the
LAIpc, measured at x cm height (LAIpc,.,) corresponded well with the LAIgqy; above the height of (x+10) cm
(LAILscan (v + 10)- Figure 2 shows the relationship between LAIpc,  and LAIgcy (1 10) at the heading and panicle
initiation (PI) stages in 2013 and 2014 ((a) Heading, 2013; (b) P, 2013; (c) Heading, 2014; and (d) PI, 2014). The
dates of PI and heading stage are shown in the supplemental file (Supplemental 1). The stratified LAIpc,., was
relatively consistent with the LAI oy (1 10) at both stages and in both years (R? > 0.85) (Fig. 2). The measurement
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Figure 2. The relationship between the LAIpc,  and the LAIgcy 4 10y () at heading in 2013, (b) at panicle
initiation (PI) in 2013, (c) at heading in 2014 and (d) at PI in 2014. Low and High represent the fertilizer levels
in (a) and (b). Low, Normal and High represent the plant density levels in (c) and (d). The solid line is the
regression line.

error differed slightly among cultivars, treatments, and growth stages. The root mean square error (RMSE) and
relative root mean square error (rRMSE) between the LAIpc, , and the LAIgcyy (x 4 10) Of all plots were 0.614 and
0.216, respectively (Table 1).

Parameter estimation for leaf area distribution. Figure 3 shows the results of the periodical change in
every 10 cm of stratified LAIpc, with plant growth for cultivars Shennong 265, Nipponbare, and Takanari under
high fertilizer (HF) levels in 2013. During the growth period, the LAI vertical distribution of the erect panicle
type of rice (Shennong 265) was observed to be relatively uniform, with this tendency becoming remarkable
around heading; however, the LAI of the Nipponbare cultivar showed a non-uniform distribution: higher strata
had larger LAI (Fig. 4).

In this study, four parameters (a; —a,) related to LAI vertical distribution were calculated using the statistical
moment equations (Eqs (1-5)) based on the LAIpc,. These results are provided in the accompanying supplemen-
tal file (Supplemental 2). The first parameter, a,, the mean LAI vertical distribution, ranged from 0.295 (Shennong
265 under low fertilizer (LF) levels at 2 weeks before heading (2WBH)) to 0.559 (Takanari under HF levels at
heading); second, a,, the variance of the LAI vertical distribution, ranged from 0.023 (Nipponbare under HF lev-
els at heading) to 0.100 (Shennong 265 under HF levels at 2WBH). Next, a;, the skewness of the LAI vertical dis-
tribution, ranged from —0.072 (Shennong 265 under LF levels at 2WBH) to 0.016 (Shennong 265 under normal
plant density (ND) levels at 1 week before heading (1WBH)). Finally, a,, the kurtosis of the LAI vertical distri-
bution, ranged from 1.55 (Nipponbare under LF levels at IWBH) to 4.28 (Takanari under ND levels at heading).
Parameters a, and a, showed high correlations with a; and a,, respectively (Table 2). Further, a, also showed a sig-
nificant correlation with both a, and a;, although the corresponding correlation coefficients were lower (Table 2).

The results of ANOVA and the means of the representative parameters are shown in Tables 3 and 4. All param-
eters, a,, a,, a; and a,, significantly changed with plant growth stage. Both, in 2013 and 2014, a,, a; and a, became
higher with plant growth, whereas a, became lower. Mean LAI vertical distribution, a, was significantly higher
under HF levels than under LF levels and that of Shennong 265 was significantly lower than that of Nipponbare
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RMSE rRMSE

All 0.614 0.216
Year

2013 0.518 0.219

2014 0.637 0.202
Cultivars

Shennong 265 0.473 0.220

Nipponbare 0.702 0.196

Takanari 0.694 0.230

Kasalath? 0.441 0.161

Kamenoo" 0.515 0.299
Fertilizer

High 0.629 0.166

Low 0.645 0.381
Plant density

High 0.656 0.220

Middle 0.594 0.216

Low 0.656 0.227
Stages

PP 0.552 0.228

Heading 0.676 0.206

Table 1. Differences in root mean square error (RMSE) and relative root mean square error (rRMSE) between
LAI calculated using a plant canopy analyzer (LAIpc,.,) and LAI calculated using the stratified clipping method
(LALscp.(x 1 10) among years, stages, cultivars, fertilizer treatments and plant density treatments. VOnly under
low fertilizer levels in 2013. 2PI represents panicle initiation.

both in 2013 and 2014. The a, of Shennong 265 was significantly higher than that of Nipponbare and Takanari
both, in 2013 and 2014. The a; of Shennong 265 was significantly lower than that of Nipponbare and Takanari, in
2013. The a, of Shennong 265 was significantly lower than that of Nipponbare and Takanari, and that under HF
levels was significantly higher than under LF levels.

The a, values showed a significant interaction between growth stage and cultivar both, in 2013 and in 2014.
The a, of Shennong 265 was more stable with plant growth than that of Nipponbare and Takanari. Similarly,
a, and a, also showed a significant interaction between stage and cultivar, although only in 2014. The a, and
a, of Shennong 265 were more variable with plant growth than the corresponding values of Nipponbare and
Takanari. Parameter a; showed a significant interaction between cultivar and fertilizer in 2013. Furthermore,
a; of Shennong 265 and Takanari was higher under HF levels than under LF levels; whereas a; of Nipponbare
under HF levels was almost the same as that under LF levels. These results are shown in the supplemental file
(Supplemental 2).

Discussion
In this study, we performed non-destructive stratified measurements using LAI readings from an LAI-2200 plant
canopy analyzer (LI-COR Inc., Lincoln, Nebraska). Figures 1 and 2 show that the LAI,¢, closely corresponded
to the LAIgcy for every treatment and cultivar, suggesting that the LAI vertical distribution can be evaluated by
using the stratified LAI readings of a plant canopy analyzer. The measurement error (rRMSE) between LAIpc,
and LAIscyy (x4 10 Of all plots was 21.6%, which is similar to values obtained in previous measurements in rice
canopies®'*!8, The measurement error differed slightly among years, growth stages, cultivars, fertilizer levels and
plant density levels (Table 1). Although the measurement error could not be ignored, parameterization using
statistical moment equations for every 10 cm of stratified measurements of a plant canopy analyzer is supposed
to reduce the effect of measurement error. Thus, the consecutive monitoring of LAI vertical distribution followed
by parameterization using statistical moment equations are supposed to decrease error variance. In this study,
LAIpc, was relatively consistent with LAIgey, when a 10-cm difference was considered. As the viewing angle was
148°, and the thickness of the lens was 3 cm, LAI-2200 could not evaluate just above the measurement point.
Hirooka et al.'® used a logistic equation to quantify LAI dynamics. In this study, on the other hand, statistical
moment equations were used to analyze differences in LAI vertical distribution. The moment equations represent
the mean densities and spatial covariance? and may be able to predict spatial characteristics of different culti-
vars and under different treatments using stratified LAI measurements. The parameters calculated by moment
equations in this study did not show significant interaction effects except for the interaction between cultivar and
growth stage (only a; showed the interaction effect between cultivar and fertilizer) (Tables 3 and 4). HF treatment
in 2013 and ND treatment in 2014 were similar and the pattern of LAI vertical distribution was almost the same.
Cultivar Shennong 265 showed uniform distribution, compared to Nipponbare and Takanari both, under HF and
ND treatments. These results show that the parameters calculated from the statistical moment equations were
more stable for evaluating the cultivar characteristics or the effect of the treatments.
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Figure 3. The changes in LAI vertical distribution with plant growth up to heading on the basis of LAIp,
(smooth line of scatter plots generated using Microsoft Excel 2010). (a) Shennong 265, (b) Nipponbare and (c)
Takanari under high fertilizer treatment in 2013.
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Figure 4. The LAI vertical distribution of Shennong 265 and Nipponbare at heading under high fertilizer
treatment in 2013. The height and LAI are shown as relative values: relative height = height of the center of the
layer/canopy height; relative LAI = LAI in the layer/total LAL

The skewness (a;) and kurtosis (a,) of the LAI vertical distribution were closely associated with the mean (a,)
and variance (a,) of the LAI vertical distribution, respectively. In this study, the mean and skewness parameters
were defined as the center of the LAI vertical distribution and the variance and kurtosis parameters were defined
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a; 1

a, —0.383%x 1

a, 0.789%* —0.386%* 1

ay 0.234 —0.833%* 0.167 1

Table 2. Correlation coefficient between parameters calculated using statistical moment equations (Eqs (1-5))
(n=68). a,, a,, a; and a, represent the mean, variance, skewness and kurtosis of LAI vertical distribution,
respectively. At 1% significance level.

Stage

PI 0.351a 0.046a —0.043 2.6la
2WBH 0.388b 0.050a —0.028 2.63a
1WBH 0.429b 0.040ab —0.017 2.57a
Heading 0.441c 0.030b —0.007 3.53b
Cultivar

Shennong 265 0.358a 0.050a —0.03% 2.70
Nipponbare 0.421b | 0.036b —0.016b 2.87
Takanari 0.427b 0.039b —0.015b 2.94
Fertilizer

Low 0.378 0.043 —0.033 2.64
High 0.426 0.041 —0.014 3.03
Stage ok * sk ok
Cultivar ok * ok ns
Fertilizer o ns ok *
SxC o ns ns ns
SxF ns ns ns ns
CxF ns ns * ns
SxCxF ns ns ns ns

Table 3. The results of analysis of variance (ANOVA) of the four parameters of LAI vertical distribution
calculated using statistical moment equations in 2013. The values are average, which followed by the same
letters indicate no significant difference at 5% significance level. *At 5% significance level. **At 1% significance
level. ns, no significant level.

as the uniformity of the LAI vertical distribution. All parameters (a,, a,, a; and a,) varied with each growth stage;
thus, they showed numerically the changes in LAI vertical distribution with plant growth up to heading stage.
Previous studies also reported that rice canopy structure parameters, such as LAI vertical distribution and extinc-
tion coeflicient do change with plant growth?"?2. Both in 2013 and 2014, the center of the LAI vertical distribution
became higher with plant growth, whereas the uniformity of LAI vertical distribution became lower. The change
in characteristics of LAI vertical distribution with plant growth is considered important for analyzing the pro-
cesses of dry matter production.

In order to evaluate the genotypic effect, fast and numerical phenotypic analysis is required in terms of bio-
informatics?. This study focused on the erect panicle type of rice as an example. The erect panicle type of rice
generally provides a genetic repository for increasing biomass and harvest index, offering a sustainable yield
improvement option for future breeding programs?®. In this study, cultivar Shennong 265 showed markedly dif-
ferent characteristics of LAI vertical distribution compared with cultivars Nipponbare and Takanari. According
to previous studies, erect panicle types of rice have high leaf photosynthetic capacity? and achieve very high yield
under high nitrogen conditions**?°. Especially, Shennong 265, an erect panicle rice cultivar, showed higher yield
potential, such as high nitrogen uptake ability and radiation use efficiency?”. This might result in the characteristic
LAI vertical distribution of an erect panicle rice cultivar. However, little is known about the leaf canopy structure
of the erect panicle type of rice despite the importance of canopy structure in determining rice productivity. In
Shennong 265, the center of the LAI vertical distribution is lower, whereas the uniformity of LAI vertical distri-
bution is higher. Quantification of these characteristics might help us understand the factors governing the high
yield potential, nitrogen uptake ability and radiation use efficiency of erect panicle type of rice cultivar.

Leaf canopy structure is altered by cultivation management®*?. Cultivation management, including fertilizer
and planting density treatments, also affected LAI vertical distribution in this study. Improvement of cultivation
management is required, which will be attained by analyzing the effect of the interaction between cultivar and
management®. Three parameters (a,, a; and a,) showed significant differences between fertilizer levels, and one
parameter (a,) showed a significant difference among plant density levels. The parameter shows that high ferti-
lizer and plant density leads a non-uniform LAIT distribution: higher strata had larger LAI. These results strongly

SCIENTIFICREPORTS | (2018) 8:6387 | DOI:10.1038/s41598-018-24369-0 6



www.nature.com/scientificreports/

R S S
Stage

PI 0.416a 0.036a —0.018a 3.07
2WBH 0.427ab 0.033ab —0.012ab 3.13
1WBH 0.445bc 0.033ab —0.002bc 3.10
Heading 0.499cd 0.031b —0.004b 3.34
Cultivar

Shennong 265 0.431a 0.039a —0.006 2.74a
Nipponbare 0.450b 0.030b —0.007 3.35b
Takanari 0.422a 0.031b —0.012 3.40b
Density

Low 0.426 0.036a —0.010 3.05
Normal 0.432 0.032b —0.010 3.25
High 0.444 0.033ab —0.005 3.18
Stage o * * ns
Cultivar ok ok ns o
Density ns * ns ns
SxC ok * ns *
SxD ns ns ns ns
CxD ns ns ns ns
SxCxD ns ns ns ns

Table 4. The results of analysis of variance (ANOVA) of the four parameters of LAI vertical distribution
calculated using statistical moment equations in 2014. The values are average, which followed by the same
letters indicate no significant difference at 5% significance level. *At 5% significance level. **At 1% significance
level. ns, no significant level.

agree with previous studies, in which, high nitrogen fertilizer application increased leaf biomass of the uppermost
canopy layers, and low plant density leads to uniform LAI vertical distribution®. Further studies are necessary
to evaluate the effects of other cultivation management techniques, such as planting method (transplanting/direct
seeding) and water environment, on LAI vertical distribution.

Conclusion

In this study, we proposed a novel method to characterize canopy structure of crops by utilizing an LAI-2200
plant canopy analyzer (LI-COR). The non-destructive stratified measurements and parameterization using sta-
tistical moment equations revealed that the characteristics of LAI vertical distribution vary with growth stage,
cultivar and cultivation management. This method also showed an interaction between rice cultivar and growth
stage. These results suggest that the non-destructive stratified measurements and the statistical moments eval-
uated in this method provide quantitative information on LAI vertical distribution. This evaluation method of
LAI vertical distribution is also considered to be applicable to many cultivars under various conditions, as the
method facilitates non-destructive stratified measurements in many plots. Therefore, this method is expected to
be utilized by researchers in various fields. Information regarding LAI vertical distribution might help us analyze
the effect of canopy structure on photosynthetic ability and dry matter productivity.

Methods

Study site and experimental design. Field experiments were conducted in paddy fields at the experi-
mental farm of the Graduate School of Agriculture, Kyoto University (35°02N, 135°47'E, 65 m altitude) in 2013
and 2014.

In 2013, five cultivars were selected for the experiment to cover various characteristics of canopy structure:
Shennong 265 is an erect panicle type of japonica rice cultivar®*; Nipponbare and Kasalath are standard cultivars
of japonica and indica rice, respectively®*; Takanari is a high-yielding indica cultivar; and Kamenoo is a tradi-
tional japonica cultivar. Twenty-nine-day-old seedlings were transplanted on 6 June. Each plot was 12.15m?
(4.5m x 2.7m), and the planting density was 22.2 plants per m? (0.3 m x 0.15m); there was one plant per hill. For
the low fertilizer treatment (LF), Eco-long (JCAM AGRI), a slow release fertilizer, was applied at rates of 3.00,
2.36,and 2.79 gm‘2 for N, P,0Os, and K,O, respectively. The same fertilizer was applied at rates of 12.00, 9.43,
and 11.14gm™2 for N, P,0;, and K,O, respectively, for the high fertilizer-nitrogen treatment (HF). Additionally,
5gm~2 of LP cote (JCAM AGRI), a coated nitrogen fertilizer, was applied to the HF level as a basal fertilizer. The
tall cultivars Kamenoo and Kasalath were grown only under LF levels to avoid lodging.

In 2014, three cultivars, Shennong 265, Nippobare and Takanari, were grown, and eco-long was applied at
rates of 20.00, 16.67, and 19.00 gm ™2 for N, P,O;, and K,O, respectively. Three plant density treatments, a high
plant density (HD) level (44.4 plants m~2), a normal plant density (ND) level (22.2 plants m~2) and a low plant
density (LD) level (16.7 plants m~2), were tested. Twenty-eight-day-old seedlings were transplanted on 5 June.
Each plot was 10m? (2.4 X 4.2m).
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In 2013 and 2014, a randomized block design was established, with 3 replications; water, weeds, insects and
disease were controlled as required to prevent yield loss. In order to eliminate the effect of fertilizer treatment in
2013, barley was cultivated in the field between 2013 and 2014.

Measurements. The LAI,, was measured one or two times a week beginning two weeks after transplanting
through heading, using an LAI-2200 plant canopy analyzer (LI-COR Inc., Lincoln, Nebraska), every 10 cm of ver-
tical height in the canopy at each plot. The measurements were conducted under scattered light conditions, such
as after sunrise, before sunset or during overcast days, in single-sensor mode in a sequence of two measurements
above followed by four measurements in the canopy of each plot. To reduce the influence of the adjacent plots and
of the operator, a 90° view-cap was applied to the optical sensor. Theoretically, the plot size in this study may be
enough for LAI-2200 measurements.

Stratified clipping was conducted for two hills at panicle initiation and at heading in one replication, in order
to validate the stratified measurements with the plant canopy analyzer. The depth of each stratum was fixed at
10 cm. Plant samples were harvested from an area where it was expected that harvesting would not affect the
measurements of the plant canopy analyzer. The samples were chosen to represent the rice canopy based on the
number of tillers among 12 plants in the area of measurements of the plant canopy analyzer. The rice plant sam-
ples from each stratum were separated into green leaf blades and stems (culms, panicles and dead tissues). Leaf
area (LA) was destructively measured for green leaf blades using an area meter (LI3000, LI-COR). The leaf area
index (LAIgqy,) was calculated by dividing the destructively measured LA by the planting area.

Data analysis. LAI vertical distribution was analyzed for the LAI,c, by calculating 4 parameters in this
study. The four parameters (a,, a,, a3, a,) describing the LAI vertical distribution were obtained using the follow-
ing five statistical moment equations:

k
a,= > h; LAIL
' ;1 (1)

where a, represents the mean of the LAI vertical distribution, i represents each stratum, h; represents the relative
height (0: the bottom; 1: the top of canopy) of center of the i-th stratum and LAI, represents relative LAI (1: total
LAI) of the i-th stratum;

k
m, =Y (h; — a,) LAL,
i=1

(2
where m, represents the r-th moment;
a, = m, (3
where a, represents the variance of LAI vertical distribution;
ay = my/(m,)"? (4)
where a; represents the skewness of LAI vertical distribution; and
a, = my/my’ )

where a, represents the kurtosis of LAI vertical distribution.

The experimental plots were arranged in a randomized complete block design with 3 replications. The main
treatments included fertilizer level in 2013 and plant density level in 2014, whereas the sub-treatments included
cultivars. Three-way analysis of variance (ANOVA) was applied to the parameters to test the main effects and
their interactions (Eq. (6); 2013, Eq. (7); 2014):

Parameters = Stage (S) + Cultivar (C) + Fertilizer (F) + S x C+ CxF+FxS+Sx CxF (6)

Parameters = S + C + Density (D) + Sx C+CxD+D xS+SxCxD (7)

References
1. Guo, Y. et al. Exploring the Vertical Distribution of Structural Parameters and Light Radiation in Rice Canopies by the Coupling
Model and Remote Sensing. Remote Sens. 7, 5203-5221 (2015).
2. Yu, Q, Wang, T, Liu, J. & Sun, S. A mathematical study on crop architecture and canopy photosynthesis. I. Model. Acta Agron.
Sinica. 24, 7-15 (1997).
. Stewart, D. W. et al. Canopy structure, light interception, and photosynthesis in maize. Agron. J. 95, 1465-1474 (2003).
4. Campbell, G. S. & Norman, J. M. The description and measurement of plant canopy structure. Cambridge: Cambridge University
Press. 31, 1-19 (1989).
5. Peng, S., Khush, G. S., Virk, P, Tang, Q. & Zou, Y. Progress in ideotype breeding to increase rice yield potential. Field Crop. Res. 108,
32-38 (2008).
6. Stroppiana, D., Boschetti, M., Confalonieri, R., Bocchi, S. & Brivio, P. A. Evaluation of LAI-2000 for leaf area index monitoring in
paddy rice. Field Crop. Res. 99, 167-170 (2006).
7. Monsi, M. & Saeki, T. The light factor in plant communities and its significance for dry matter production. Jpn. J. Bot. 14, 22-52
(1953).
8. Shiratsuchi, H., Yamagishi, T. & Ishii, R. Leaf nitrogen distribution to maximize the canopy photosynthesis in rice. Field Crop. Res.
95, 291-304 (2006).

w

SCIENTIFICREPORTS | (2018) 8:6387 | DOI:10.1038/s41598-018-24369-0 8



www.nature.com/scientificreports/

9. Sinoquet, H., Moulia, B. & Bonhomme, R. Estimating the three-dimensional geometry of a maize crop as an input of radiation
models: comparison between three-dimensional digitizing and plant profiles. Agr. Forest Meteorol. 55,233-249 (1991).

10. Blad, B. L. & Baker, D. G. Orientation and distribution of leaves within soybean canopies. Agron. J. 64, 26-29 (1972).

11. Xu, Z.]. et al. Genetical and physiological basis of plant type model of erect and large panicle japonica super rice in Northern China.
Agr. Sci. China. 9, 457-462 (2010).

12. Hirose, T. & Werger, M. J. A. Maximizing daily canopy photosynthesis with respect to the leaf nitrogen allocation pattern in the
canopy. Oecologia. 72, 520-526 (1987).

13. Hicks, S. K. & Lascano, R. J. Estimation of Leaf Area Index for cotton canopies using the LI-COR LAI-2000 Plant Canopy Analyzer.
Agron. J. 87, 458-464 (1995).

14. Dingkuhn, M., Johnson, A., Sow, A. & Audebert, A. Y. Relationships between upland rice canopy characteristics and weed
competitiveness. Field Crop. Res. 61,79-95 (1999).

15. Wilhelm, W. W,, Ruwe, K. & Schlemmer, M. R. Comparison of three leaf area index meters in a corn canopy. Crop Sci. 40, 1179-1183
(2000).

16. de Jesus, W. C., do Vale, F. X. R., Coelho, R. R. & Costa, L. C. Comparison of two methods for estimating leaf area index on common
bean. Agron. J. 93, 989-991 (2001).

17. Sone, C., Saito, K. & Futakuchi, K. Comparison of three methods for estimating leaf area index of upland rice cultivars. Crop Sci. 49,
1438-1443 (2009).

18. Hirooka, Y., Homma, K., Shiraiwa, T. & Kuwada, M. Parameterization of leaf growth in rice (Oryza sativa L.) utilizing a plant canopy
analyzer. Field Crop. Res. 187, 116-123 (2016).

19. Fang, H.,, Li, W, Wei, S. & Jiang, C. Seasonal variation of leaf area index (LAI) over paddy rice fields in NE China: Intercomparison
of destructive sampling, LAI-2200, digital hemispherical photography (DHP), and AccuPAR methods. Agr. Forest Meteorol. 198,
126-141 (2014).

20. Bolker, B. M. & Pacala, S. W. Spatial moment equations for plant competition: understanding spatial strategies and the advantages
of short dispersal. The American Naturalist 153, 575-602 (1999).

21. Saitoh, K., Shimoda, H. & Ishihara, K. Characteristics of dry matter production process in high yielding rice varieties. I. Canopy
structure and light intercepting characteristics. Jpn. J. Crop Sci. 59, 130-139 (1990).

22. Ando, H., Kakuda, K. I, Fujii, H., Suzuki, K. & Ajiki, T. Growth and canopy structure of rice plants grown under field conditions as
affected by Si application. Soil Sci. Plant Nutr. 48, 429-432 (2002).

23. Collard, B. C. et al. Revisiting rice breeding methods-evaluating the use of rapid generation advance (RGA) for routine rice
breeding. Plant Prod. Sci. 20, 337-352 (2017).

24. Tang, L. et al. Erect panicle super rice varieties enhance yield by harvest index advantages in high nitrogen and density conditions.
J. Integrative Agriculture. 16, 1467-1473 (2017).

25. Urairi, C. et al. Response of the leaf photosynthetic rate to available nitrogen in erect panicle type cultivar, Shennong 265 in rice
(Oryza sativa L.). Plant Prod. Sci. 19, 420-426 (2016).

26. Zhang, W., Xu, Z. & Chen, W. The research progress on erect panicle type of rice. J. Shenyang Agricultural Univ. 33, 471-475 (2002).
(in Chinese).

27. Hirooka, Y. et al. Yield and growth characteristics of erect panicle type rice (Oryza sativa L.) cultivar, Shennong 265 under various
crop management practices in Western Japan. Plant Prod. Sci. 21, 1-7 (2018).

28. Girardin, P. H. & Tollenaar, M. Effects of intraspecific interference on maize leaf azimuth. Crop Sci. 34, 151-155 (1994).

29. Laidlaw, A. S. & Withers, ]. A. Changes in contribution of white clover to canopy structure in perennial ryegrass/white clover swards
in response to N fertilizer. Grass Forage Sci. 53, 287-291 (1998).

30. Kikuta, M., Makihara, D., Arita, N., Miyazaki, A. & Yamamoto, Y. Growth and yield responses of upland NERICAs to variable water
management under field conditions. Plant Prod. Sci. 20, 36-46 (2017).

31. Stobbs, T. H. The effect of plant structure on the intake of tropical pasture. III. *Influence of fertilizer nitrogen on the size of bite
harvested by Jersey cows grazing Setaria anceps cv. Kazungula swards. Crop Pasture Sci. 26, 997-1007 (1975).

32. Hirose, T., Werger, M. J. A,, Pons, T. L. & Van Rheenen, J. W. A. Canopy structure and leaf nitrogen distribution in a stand of
Lysimachia vulgaris L. as influenced by stand density. Oecologia. 77, 145-150 (1988).

33. Huang, X. et al. Natural variation at the DEP1 locus enhances grain yield in rice. Nat. Genet. 41, 494-497 (2009).

34. Kojima, Y., Ebana, K., Fukuoka, S., Nagamine, T. & Kawase, M. Development of an RFLP-based Rice Diversity Research Set of
Germplasm. Breeding Sci. 55, 431-440 (2005).

Acknowledgements
This study was supported by JSPS KAKENHI Grant Number 17H03755.

Author Contributions
The study was conceived by K.H., conducted by Y.H. and supervised by T.S.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24369-0.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:6387 | DOI:10.1038/s41598-018-24369-0 9


http://dx.doi.org/10.1038/s41598-018-24369-0
http://creativecommons.org/licenses/by/4.0/

	Parameterization of the vertical distribution of leaf area index (LAI) in rice (Oryza sativa L.) using a plant canopy analy ...
	Results

	Validation of the stratified LAI readings of the plant canopy analyzer. 
	Parameter estimation for leaf area distribution. 

	Discussion

	Conclusion

	Methods

	Study site and experimental design. 
	Measurements. 
	Data analysis. 

	Acknowledgements

	﻿Figure 1 The difference in LAI between LAIPCA and LAISCM for (a) Shennong 265 and (b) Nipponbare.
	Figure 2 The relationship between the LAIPCA-x and the LAISCM-(x + 10) (a) at heading in 2013, (b) at panicle initiation (PI) in 2013, (c) at heading in 2014 and (d) at PI in 2014.
	Figure 3 The changes in LAI vertical distribution with plant growth up to heading on the basis of LAIPCA (smooth line of scatter plots generated using Microsoft Excel 2010).
	Figure 4 The LAI vertical distribution of Shennong 265 and Nipponbare at heading under high fertilizer treatment in 2013.
	Table 1 Differences in root mean square error (RMSE) and relative root mean square error (rRMSE) between LAI calculated using a plant canopy analyzer (LAIPCA-x) and LAI calculated using the stratified clipping method (LAISCM-(x + 10)) among years, stages,
	Table 2 Correlation coefficient between parameters calculated using statistical moment equations (Eqs (1–5)) (n = 68).
	Table 3 The results of analysis of variance (ANOVA) of the four parameters of LAI vertical distribution calculated using statistical moment equations in 2013.
	Table 4 The results of analysis of variance (ANOVA) of the four parameters of LAI vertical distribution calculated using statistical moment equations in 2014.




