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In Japan, rice production technology must be developed to meet stable yield and quality targets. This
objective is important because of the demand for high quality rice by consumers, the necessity of enhancing
Japan’s international competitive power, and a declining trend in the production of first grade rice. To
achieve stable yield and quality, it is important to control panicle number appropriately since it is a primary
factor to determine rice yield and quality. In this study, a multiple linear regression model was built to pre-
dict panicle number, which can support the decision—-making process of farmers in agricultural practice.
Surveys of 33 paddy fields were conducted in the Fukuoka Prefecture in 2010-2011. Data regarding influ-
ential factors on panicle number, such as solar radiation, water temperature, and exchangeable ammo-nium
(eNH,) content in the soil, were collected and used for building the model as candidates of the explanatory
variable. As the results, eNH, content in the soil at the beginning of tillering stage and accumulated amount
of daily solar radiation during the tillering stage were selected as explanatory variables. The adjusted coeffi-
cient of determination was 0.448 and RMSECV was 2.49. In the prediction model, eNH, content in the soil
at the beginning of the tillering stage was selected as an explanatory variable to represent inorganic nitrogen
supply. In comparison, this variable does not reflect the inorganic nitrogen supplied throughout the tillering
stage. This difference resulted in a large error in the field with organic fertilizer application, as the manner
of inorganic nitrogen release is different to that of typical fields in the survey area that are subject—ed to

chemical fertilizer application.
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INTRODUCTION

In Japan, it is required to develop rice production
technology that can achieve stable targets of yield and
quality, given the high demands of consumers about rice
quality, the necessity of enhancing our international
competitive power, and a declining trend in the produc-
tion of first grade rice (Ministry of Agricultaure, Forestry
and Fisheries, 2011). Rice yield is determined by yield
components such as panicle number, spikelet number,
percentage of ripened grains, and grain weight
(Kokubun, 2010). Among these components, panicle
number is the most important because it significantly
affects other yield components as well as rice quality.
Panicle number is largely determined by tiller number,
which is affected by various factors such as air tempera-
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ture (Kobayashi et al., 1985), solar radiation (Shimizu et
al., 1962; Kitagawa et al., 1988), water temperature
(Honjo et al., 1968; Ueki, 1968), and soil nitrogen con-
tent (i.e., quantity of ammo-nium in the soil solution and
exchangeable ammonium in the soil (Ando et al., 1988).
Yet, the interaction of these factors is complicated; thus,
tiller number has mainly been controlled on the basis of
trial and error experiences of farmers. However, unsta-
ble rice yield and quality in recent years indicate limita-
tion of agricultural practice when based on farmer expe-
rience. Hence, the development of a prediction model
that expresses the relationship between tiller or panicle
number and various influential factors is required to sup-
port the decision—making process of farmers in agricul-
tural practice.

There has been a limited number of studies regard-
ing prediction models on tiller or panicle number, with
such studies being focused on factorial analysis. Tanifuji
and Thokairin (1985) developed the successive predic-
tion model for tiller and panicle numbers that focused on
short—-term forecasts. In this model, tiller and panicle
numbers were predicted 10 to 20 days in advance by
using plant length and tiller number at the time of pre-
diction and daily mean temperature of ordinary year.
This model may provide useful information to support
decision—-making for top—dressing; however, the model
does not provide information about required basal ferti-
lizer application, which is the most important practice to
control tiller number. In addition, the explanatory varia-
bles included in the model were not sufficient to express
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the variation in panicle number, which occurs under dif-
ferent farm management styles or production environ-
ments in each field.

In this study, a multiple linear regression model was
built to predict panicle number by using solar radiation,
water temperature, and exchangeable ammonium (eNH,)
content in the soil as candidates of the explanatory vari-
able. Furthermore, the prediction accuracy of the model
was evaluated and ways to improve the model were exam-
ined.

MATERIALS AND METHODS

Surveyed fields

Field surveys were conducted in 2010-2011 in the
Fukuoka Prefecture, Japan: at the experimental farm of
Kyushu University in the Kasuya District (33° 36'N, 130°
27°E) during 2010; in the city of Fukuoka (33° 29°N,
130° 21°E) during 2010; and in the city of Itoshima (33°
30"N-33° 34N, 130° 08'E-130° 15"E) during 2010-2011.
Table 1 presents an outline of the paddy fields that were
surveyed. In total, 33 fields were surveyed. The paddy
fields in the Kasuya District (experimental farm of
Kyushu University) were used as test plots for fertilizer
and organic matter applications, with the area of each
plot being 0.001 ha. The test was conducted under 7 dif-
ferent treatments with 3 replications. The 3 replications
were averaged for each treatment. Thus, we assumed
that three 0.001 ha fields were representative of 1 sur-
veyed field of 0.003 ha subjected to the same treatment.
Field size was approximately 0.1-0.2 ha in Fukuoka and
between 0.1 and 0.4 ha in Itoshima. All the paddy fields
were located in an area of plains, except for 2 fields in
Itoshima. The transplanting seasons were early July,
mid-June to late June, and mid-June to early July for
Kasuya, Fukuoka, and Itoshima, respectively. The
‘Hinohikari’ cultivar was grown in all the surveyed fields.

Table 1. Outline of the paddy fields surveyed

Year Region N. F. Area(ha) Transplanting
date
Kasuya 7 0.003 2 July
2010 Fukuoka 2 0.1-0.2 19, 23 June
Itoshima 9 0.1-0.4 13-25 June
2011 Itoshima 15 0.1-0.4 15 June—July 1

N. F. represents number of fields.

Manure and fertilizer application

Table 2 outlines the application of manure and basal
fertilizer to the surveyed fields. Information regarding
fertilizer applications was collected by interviewing each
farmer by telephone. The manner of application was
divided into 8 categories: Winter manure—No basal ferti-
lizer (W-N), Winter manure-Liquid fertilizer (W-L),
Summer manure-No basal fertilizer (S-N), Summer
manure—Chemical fertilizer (S-C), No manure-Liquid
fertilizer (N-L), No manure—Chemical fertilizer (N-C),

No manure—Compound fertilizer (N-Co) and No manure
—Organic fertilizer (N-0O). At some test plots in Kasuya,
liquid fertilizer or lime nitrogen was applied in winter to
accelerate the maturity of rice straw, with a similar effect
to manure being expected. Thus, we categorized liquid
fertilizer and lime nitrogen applied in winter as manure.
Manure was primary applied after harvesting (winter),
or from 10 days to 1 month before basal fertilization
(summer). Basal fertilizer was applied from 1 to 16 days

Table 2. Outline of the application of manure and basal fertilizer

Applicaiion NP Manurefi fei?hszir”
Type (kg N ha™) (kg N ha™)
W-N 3 61.5Y 0
W-L 1 61.5 50

S-N 3 407 0
S-C 3 40 12-32
N-L 2 0 50
N-C 16 0 36-60
N-Co 3 0 40-42
N-O 2 0 72-77

Y W-N, W-L, S-N, S-C, N-L, N-C, N-Co and N-O represent
Winter manure-No basal fertilizer, Winter manure-Liquid
fertilizer, Summer manure—No basal fertilizer, Summer
manure—Chemical fertilizer, No manure-Liquid fertilizer, No
manure-Chemical fertilizer, No manure-Compound fertilizer
and No manure-Organic fertilizer, respectively. * N. F.
represents number of fields. ® The amount of application is
shown in total nitrogen (kg N ha™). ® The amount in one field
was not obtained. » The amounts in two fields were not
obtained.

before transplanting.

Meteorological conditions and water temperature

Air temperature and solar radiation were measured
at representative points in each surveyed region by using
a meteorology monitoring apparatus (HOBO Weather
Stations, Onset Computer Cooperation, Bourne, MA,
USA). Water temperature was measured at approxi-
mately the center of each paddy field by using a thermo
recorder (RTR-52, T&D Corporation, Nagano, Japan) and
a wireless data collector (RTR-57U, T&D Corporation,
Nagano, Japan). Each data was logged at 10-min inter-
vals during the period of rice growth.

Survey of rice growth

In 2010, growth indicators, such as plant length and
tiller number, were monitored in 2 plots for 5 continuous
hills in the direction of a planting row at 1- to 2-week
intervals during the rice growth period (i.e., 10 hills in
total). The plots were located in a diagonal direction
across the field and were not close to a water inlet or
levee. In 2011, plant length and tiller number were mon-
itored in 2 plots (diagonal plots across the field) for 2 and
10 continuous hills in the direction of a planting row (i.e.,
4 and 20 hills in total, respectively). The number and
location of the hills that were monitored were deter-
mined on the basis of the reports by Kusuda (1990a,
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1990b, 1992) as well as the required labor effort in the
fields during the surveys. The growth indicators in each
field were calculated as the average values of all the moni-
tored hills.

Measurements of exchangeable ammonium in the
soil

The rice rhizosphere soil in each flooded field was
sampled (depth, 0 to 15cm) at 3 locations where plant
length and tiller number were close to the average val-
ues calculated in the growth survey. The soil was sam-
pled using a cylindrical tube of 3 cm in diameter and
30 cm in length. Sampling was conducted at 3 growth
stages of rice: beginning of tillering, active tillering, and
maximum tiller-number stage. We defined the 3 growth
stages as 15, 25, and 40 days after transplanting, respec-
tively. The soil samples were freeze—dried for approxi-
mately 48 h, and were then ground and passed through a
2-mm sieve. Exchangeable ammonium (eNH,) content
in soil of the samples was measured using the following
procedure. First, 10 g of dry soil was placed in a glass bot-
tle. The bottle was shaken for 1 h, after adding 100 ml of
0.5 M potassium sulfate. Then, soil extract was obtained
by filtering the solution. The eNH, content in the soil was
then measured once for each soil extract by using the
indophenol method (Cataldo et al., 1974). Absorbance
at 625 nm was determined using a spectrophotometer
(V-630, JASCO, Tokyo, Japan) with a rapid sampler
(NQF-720, JASCO, Tokyo, Japan). The average value of
3 samples in each field was calculated.

Multiple linear regression model for the predic-
tion of panicle number

The multiple linear regression model was built by
assuming the following linear relationship between the
panicle number and explanatory variables.

g=B"x €Y)

where x=(1, x,, x,, -, x,) is the vector of explanatory
variables, including 1 for intercept B.; ¥ is the prediction
value of panicle number per hill; 7= (5, B,, B, -, B,)
is the transverse vector of the regression coefficient esti-
mated by the least squares method.

Table 3 shows candidate explanatory variables that
were used to build the multiple linear regression model.

The candidate variables were determined on the basis of
the reports of previous studies regarding the correlation

between tiller number and influential factors, because
panicle number is closely correlated with tiller number.
Ando et al. (1988) reported that tiller number is affected
by eNH, content in the soil rather than ammonium in the
soil solution under high temperature conditions (25°C,
daytime; 15°C, night-time). Air temperature conditions
in the surveyed paddy fields fell in the high temperature
conditions. The eNH, content in the soil at the beginning
of tillering stage and at the active tillering stage were
determined by linear interpolation on the basis of meas-
urement eNH, content collected during the 3 growth
stages. The eNH, content in the soil is an indicator of
inorganic nitrogen supply and may be related to basal
fertilizer application in future research. Honjo et al.
(1968) reported that tiller number was positively corre-
lated with daily mean water temperature. Kitagawa et
al. (1988) reported that there are positive correlations
between maximum tiller number and daily solar radia-
tion during the 20-day period before the maximum tiller—
number stage (r=0.702) and between the percentage of
productive tiller and daily solar radiation during the
20—-day period after the maximum tiller-number stage
(r=0.72). Further, Shimizu et al. (1962) reported that
tiller number is positively correlated with daily solar
radiation during the 20-day period after rooting. In this
study, the period from 10 days after transplanting to 30
days before heading was defined as the tillering period.
The maximum tiller-number stage was identified by using
spline interpolation, which was based on the tiller number
monitored throughout the growth period. This informa-
tion was used to calculate the accumulated amount of
daily solar radiation during the 20-day period after this
stage. Furthermore, Kakizaki (1987) reported that tem-
perature at the base of rice culm, which is close to apical
meristem, significantly affects emergence and growth of
tiller. The base of rice culm during tillering stage is in
water under flooded condition. Thus, we selected indi—
cators regarding water temperature rather than air tem-
perature as candidate explanatory variables.

A stepwise method was applied to select explanatory
variables in the multiple linear regression model. The
value F, shown in equation (2) was used as a criterion
for variable selection (Haga and Hashimoto, 1980). The
value F;, which follows the F—distribution, is the ratio of
change in the regression sum of squares D, in adding or
reducing an explanatory variable x; to residual variance
V.

e

Table 3. Candidate explanatory variables used for building a multiple linear regression model

No. Variables

eNH, content in the soil at the active tillering stage

Daily solar radiation during the tillering stage

0 N O Tk WD

Daily mean water temperature during the tillering stage

eNH, content in the soil at the beginning of the tillering stage

Accumulated amount of daily mean water temperature during the tillering stage

Accumulated amount of daily solar radiation during 20-day period after rooting
Accumulated amount of daily solar radiation during the tillering stage
Accumulated amount of daily solar radiation during 20—day period after the maximum tiller-number stage
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F,=D,/V, @

Furthermore, V, is calculated using the following equa-
tion:

V,=S./(n-k-1) 6))

where k is the number of variables included in the regres-
sion model, 7 is the number of datasets, and S, is the
residual sum of squares. An explanatory variable was
selected under the condition that F, is larger than the F’
value with 1 (numerator) and n—-k-1 (denominator)
degrees of freedom at the 5% significance level.

Evaluation of multiple linear regression model

The prediction accuracy of the multiple linear regres-
sion model was evaluated by using root mean square
error in leave-one—out cross—validation (RMSECYV)
shown in equation (4).

RMSECYV = V LS wy—gw Bor @
mn i=1

where 7 is an index representing data number; 7 is the
total number of datasets, x, is 2th data on explanatory
variables; y, is the measured panicle number per hill;
7y (x, ; B is the panicle number per hill predicted by
substituting x, into the multiple linear regression model
built using all data, except for the ith data; $” is a regres-
sion coefficient vector estimated using all data, except
for the ith data. All computations in this study were per-
formed using macros written in Microsoft Excel.

RESULTS

Table 4 shows the coefficients of multiple correlation,
determination, and regression. The eNH, content in the
soil at the beginning of tillering stage and accumulated
amount of daily solar radiation during the tillering stage
were selected as explanatory variables to predict panicle
number per hill. Standardized partial regression coeffi-
cients of the 2 selected variables had approximately the
same positive values. This result indicates that the 2
explanatory variables had a similar contribution to the
change in panicle number. The adjusted coefficient of
determination was 0.448 and RMSECV was 2.49. Figure
1 shows the relationship between measured panicle
number and predicted values. Two paddy fields were
confirmed to show relatively large errors, i.e., 4.8 and

6.8 hill™.

DISCUSSION

The eNH, content in the soil at the beginning of the
tillering stage and the accumulated amount of daily solar
radiation during the tillering stage were selected as
explanatory variables in the prediction model. According
to Ando et al. (1988), tiller number is mainly affected by
eNH, content in the soil under high air temperature con-
ditions (25°C, daytime; 15°C, night-time). Air tempera-
ture in the surveyed paddy fields fell within this stated
high temperature condition. Thus, the selection of eNH,
content in the soil was assumed to be valid. The reason
that the value at the beginning of the tillering stage was
selected was because eNH, content in the soil decreased
linearly from the beginning of the tillering stage to the
maximum tiller number stage in most surveyed fields
where chemical fertilizer was applied as the basal ferti-
lizer. Hence, differences in eNH, content among surveyed
fields could only be represented by using values at the
beginning of the tillering stage. The selection of the
accumulated amount of daily solar radiation during the
tillering stage was validated by a positive correlation
(r=0.72) between the maximum tiller number and daily
solar radiation during the 20-day period before the max-
imum tiller-number stage, as reported by Kitagawa et al.
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Fig. 1. Relationship between measured panicle number and pre-
dicted values.
Solid line in the figure indicates that measured values
equal to predicted ones.

Table 4. Coefficients of multiple correlation, determination, and regression

Degrees of freedom adjustment

Multiple correlation coefficient

Coefficient of determination

Not adjusted (Ordinary)
Adjusted

0.695
0.670

0.483
0.448

Explanatory variables selected

Partial regression coefficient

Standardized partial regression coefficient

eNH, content in the soil at the beginning
of the tillering stage

Accumulated amount of daily solar
radiation during the tillering stage

1.074 0.5610

0.028 0.478
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Table 5. Values of the explanatory variables, measured and predicted panicle number, and error for 2 fields with large

prediction errors

Field eNH, in soil Accumulated solar Measured Predicted Error
(mg 100 g™") radiation (MJ) (hill™) (hill™) (hill™)
A 3.52 480 29.0 22.2 6.8
B 1.73 458 24.4 19.6 4.8
Average on all 2.48 446 20.1 20.1 1.7
fields
s C. As a result, the tiller number of field B increased
Tg) more rapidly than that in field C. In the prediction model
S 20r 130 built in this study, eNH, content in the soil at the begin-
g’ 16t 425 a~ ning of the tillering stage was selected as an explanatory
= = variable to represent inorganic nitrogen supply. In com-
% 12+ 120 é:: parison, this variable does not reflect the inorganic nitro-
= 115 é gen supplied throughout the tillering stage. This differ-
E087 110 Z ence resulted in a large error in the field with organic fer-
é 0.4 b B tilizer application, as the manner of inorganic nitrogen
g 15 & release is different to that of typical fields in the survey
= 0 . . . . 0 area that are subjected to chemical fertilizer application.
% 0 10 20 30 40 50 In addition, we examined whether sparse planting density

Day after transplanting

Fig. 2. Temporal changes in tiller number and eNH, content in
the soil for fields B and C.
Solid circle (@) represents field B, solid triangle (&)
represents field C, solid line represents eNH4 content in
the soil, dotted line represents tiller number.

(1988). Although this correlation was not for panicle
number, maximum tiller number may be used as an indi-
cator of panicle number because of the strong positive
correlation (7=0.90) obtained between these 2 parame-
ters in the current survey.

Table 5 shows the values of the explanatory variables,
measured and predicted panicle number, and the error
for 2 fields with large prediction errors. For field A, the
predicted value was slightly higher than the average of
all the fields, whereas the measured value was signifi-
cantly higher than the average value; this resulted in a
large error of 6.8 hill'. Because slow-release organic fer-
tilizer was applied in field A, a slow supply of inorganic
nitrogen across a long period was assumed as the reason
for this large error. However, the change in eNH, con-
tent in the soil during the tillering period did not differ
significantly from that in typical fields where chemical
fertilizer was applied; thus, the reason for this reference
was not identified from the data obtained in this study.
For field B, the predicted value was lower than the meas-
ured value because eNH, content in the soil at the begin-
ning of tillering stage was low. Because poultry manure
was applied in field B, a slow supply of inorganic nitro-
gen over a long period was inferred as the reason for the
large measured value. Figure 2 shows temporal changes
in tiller number and eNH, content in the soil for fields B
and C. Chemical fertilizer was applied in field C, with
eNH, content in the soil being equivalent to that in filed
B at the beginning of the tillering stage. The eNH, con-
tent in the soil decreased slower in field B than in field

in field B contributed to the error. The planting density
was 15.8 hills m™ in field B, while the average density was
17.6 hills m™ in the other surveyed fields. Hirano et al.
(1997) reported that the number of productive tillers
per hill was higher at sparse planting densities than stand-
ard planting density. This outcome arises because an
increase in the number of secondary tillers and decrease
in non-productive tillers are caused by high photosyn-
thetic ability under increased relative light intensity in
plant communities.

Finally, it is necessary to increase the prediction
accuracy based on RMSECV of 2.49 and ad—justed coef-
ficient of determination of 0.448. This study indicates
that the supply of inorganic nitrogen throughout the tiller-
ing stage and planting density are variables that should
be considered toward improving the model in the future.
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