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This chapter measured the interacting effects of paddy yield determinants using
path analysis. The data was sampled in 2014, from 301 paddy fields planted with
Koshihikari, from two large-scale farms in Japan. The result indicated that there are
significant interactions among the determinants, which affect the total yield in the
form of indirect effects. Solar radiation and temperature had the most effect; and
the former affected the latter significantly. Farm difference was another important
factor in explaining yield variation among paddy fields, through indirect effects. In
addition, we examined the interaction with paddy yield and the determinants, using
a two-year sample of 117 paddy fields planted Koshihikari, from a farm in the Kanto
Region. This chapter expanded the sample by including the ratio of full-grain rice
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in sorted brown rice to identify the interacting determinants of paddy yield, grain
quality, and their determinants.

1 Introduction

Paddy production in Japan is transiting from acreage reduction to improvement in
efficiency and competitiveness, by decreasing production costs. In 2014, the yield
of sorted brown rice was 8.43 million metric tons, a decreased of 40% from 11.83
million metric tons in 1985 (MAFF 2016). In 2013, the average production cost of
sorted rice in Japan was 258 JPY per kilogram (E-Stat 2015), much higher than that
of the US, at 35 JPY per kilogram on average (USDA 2014). Higher yield and quality
are essential for improving rice productivity and market competitiveness. Koshihikari
is the most widely planted rice variety in Japan and is exceedingly popular for its
aesthetic appearance and palatability. It accounts for around 37% of the total area
under rice cultivation (Komenet 2020). We measured the interacting effects of paddy
yield determinants, based on the data from 301 paddy fields of two farms growing
Koshihikari.

2 Materials and Methods

2.1 Data of the Two Farms

The data was collected in 2014 from two farms—23 hectares and 36 hectares in size—
located in the Hokuriku and Kanto Regions, respectively. With relatively limited
farmlands of 40 hectares in total, farm B adopted an intensive input strategy (e.g.,
more nitrogen fertilizer). In contrast, the paddy fields in farm Y were extensive
in space distribution, with much larger farmlands of 125 hectares and higher soil
capacity.

The yield was measured by paddy with 15% moisture. As shown in Table 1,
the determinants included: (1) dummy variable of farm (0 = farm Y, 1 = farm B);
the continuous variables of (2) field area, (3) nitrogen fertilizer amount; (4) solar
radiation and (5) temperature 20 days since full-heading; (6) panicles per hill and (7)
plant height in heading stage; and (8) land capability measured using the principal
component of 21 soil property indices (Table 2). As a structural equation modeling
(SEM) technique, path analysis was performed using IBM Amos 23.0, to measure
the direct effects among the determinants.

Rice yield was weighed by paddy with 15% moisture content, and the ratio of
full-grain rice was measured using grain analyzer RGQ120A, a product of Satake
Co., Ltd. The entire farm was scaled at 125 hectares, while the sampled 117 fields
were 34 hectares in total acreage. The average yield per hectare in 2014 and 2015
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Table 1 Summary of the yield and determinants in 126 paddy fields

Variable Farm 'Y Farm B Difference (B-Y)4
N Mean CV (%) |N Mean CV (%)

Paddy yield 126 |6740.11 |10.01 170 |7351.88 | 11.53 611.76""

(ka/ha)

Field area (m?) 126 |2842.65 |85.57 175 | 1312.67 | 7277 | —1529.98""

Nitrogen fertilizer | 126 | 52.12 [29.98 [175 | 101.81 | 15.76 49.70"

amount (kg/ha)?

Average solar 126 | 2099 | 531 175 13.73 3.16 —7.25"

radiation

(MJ/m2)®

Average 126 | 2705 | 077 |175 | 25.87 0.85 —1.17"

temperature ()P

Panicles per hill in | 126 | 24.24 [12.96 |175 | 2322 | 12.14 —1.02""

heading stage

Plant length in 126 | 105.69 | 4.91 175 | 114.83 5.92 9.14™

heading stage (cm)

Land capacity® 126 1.02 [5949 170 | —0.75 | —48.27 —1.77

4Calculation based on the amount and corresponding nitrogen content of manure, compound
chemical, ammonium sulfate, and urea fertilizer

bData of 20 days since full-heading

“Measured using the principal component of 21 soil property indices

dDifference of the mean values in farm B and farm Y

Note ™™ and ™ denotes significance at the 0.01 and 0.05 levels, respectively, and same hereafter

were 6705 kilograms and 6155 kilograms, respectively. Simultaneously, the ratio of
full-grain rice reduced from 67 to 62%, with a larger coefficient of variance of 19.78%
in 2015, compared to 8.40% in 2014. Path analysis was performed to measure the
direct, indirect, and total effects.

2.2 Data of One Farm in Two Years

Similarly, summary statistics of rice yield, quality, and determinants in 117 fields
were shown in Table 3. The two-year data were provided for comparison, in terms
of the minimum, maximum and average values, standardized deviation, coefficient
of variance (CV), and differences of the annual means.
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Table 2 Component matrix of soil properties

Soil property Component
1 2 3 4 5 6

Exchangeable magnesia 0.950 | —0.005 0.171 0.086 | —0.042 | —0.137
Exchangeable lime 0.928 | 0.288 | 0.043 | —0.025 | —0.060 | 0.139
CEC 0.882 | 0.407 | —0.077 | —0.067 | 0.024 | —0.073
Phosphate absorption coefficient 0.845 0.335 0.054 | —0.044 0.103 | —0.012
Available silicic acid 0.817 | 0.047 | 0.187 | 0.228 | 0.078 | 0.044
pH 0.805 | —0.089 | —0.006 | 0.129 | —-0.305 | 0.233
Magnesia/potassium 0.801 | —0.403 0.208 | —0.210 0.160 | —0.016
EC (ms/cm) 0.773 | 0.293 | 0.054 | —0.036 | 0.125 | —0.040
Free iron oxide 0.740 | 0.271 0.199 | 0.185 | 0.287 | —0.182
Humus 0.717 | 0.467 | —0.335 | —0.170 | —0.120 | 0.003
Potassium saturation —0.715 | 0.253 0.118 0.510 | —0.213 | —0.144
Magnesia saturation 0.641 | —0.567 | 0.358 | 0.245 | —0.182 | —0.099
Effective phosphoric acid —0.582 0.117 0.393 0.297 | —0.043 0.209
Lime/magnesia —0.502 | 0.531 | —0.192 | —0.237 | 0.154 | 0.505
Lime saturation 0.502 | —0.250 | 0.349 | 0.105 | —0.238 | 0.644
Nitrate nitrogen 0.320 | —0.243 | —0.481 0.208 | —0.026 | 0.066
Soluble copper —0.295 | —0.040 | 0.731 | —0.050 | 0.387 | —0.101
Soluble zinc —0.274 | 0286 | 0.511 |—0.051 0.069 | 0.239
Exchangeable potassium —-0.176 | 0.714 | 0213 | 0.460 | —0.318 | —0.166
Ammonium nitrogen —0.168 0.203 0.456 | —0.634 | —0.076 | —0.115
Exchangeable manganese 0.037 | —0.007 | —0.211 0473 | 0.738 | 0.178
Extracted sums of | Eigenvalue 8.961 2350 | 2.051 1.552 1.222 1.023
squared loadings | ¢, 42,674 | 11.189 | 9.767 | 7.391 | 5.820 | 4.871

Cumulative % | 42.674 | 53.863 | 63.629 | 71.021 | 76.841 | 81.712

#Extraction method used: PCA

bSix components were extracted when the eigenvalues are not less than 1, and component 1 is used
to illustrate the land capability in this chapter

“Variables are sorted according to the absolute loadings without rotation, high values of which are
in boldface

Software IBM SPSS 23.0
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Table 3 Summary of rice yield, quality, and the determinants of 117 fields in 2014-2015

2014 Min Max Mean Std.D | CV (%) |Difter

Yield® (kg/ha) 4778.34 | 8544.16 |6705.01 | 676.63 | 10.09 0.00
Ratio of full-grain rice® (%) 47.10 80.85 66.95 5.62 | 8.40 0.00
Nitrogen fertilizer® (kg/ha) 14.00 106.91 51.86 15.88 |30.63 0.00
Temperature? (°C) 26.73 27.49 27.04 0.21 | 0.77 0.00
Solar radiation® (MJ/m?) 19.73 2291 | 2095 1.12 | 5.33 0.00
Panicles per hill® 17.00 29.50 23.36 2.72 [ 11.62 0.00
Culm length® (cm) 77.10 99.30 87.41 443 | 5.07 0.00
Base saturation (%) 60.86 136.45 82.08 10.55 | 12.86 0.00
Inorganic nitrogen (mg/100 g) 1.05 3.99 2.13 0.64 |30.15 0.00
Field area (m?) 200.00 | 14037.00 | 2859.94 |2490.78 |87.09 0.00
Farming condition score’ 26.80 37.85 32.72 2.31 | 7.06 0.00
2015 Min Max Mean Std.D | CV (%) | Differ

Yield?® (kg/ha) 3976.41 | 8298.88 | 6155.00 | 642.65 |10.44 —550.01
Ratio of full-grain rice® (%) 34.40 83.50 61.87 12.23 | 19.78 —5.08
Nitrogen fertilizer® (kg/ha) 37.50 200.00 76.42 36.06 |47.18 24.56
Temperatured °O) 24.02 27.56 26.78 0.56 | 2.11 —-0.27
Solar radiationd (MJ/m?) 15.65 21.15 19.19 0.90 | 4.68 —1.75
Panicles per hill® 12.80 29.50 21.09 2.58 [12.23 —2.27
Culm length® (cm) 74.00 100.00 87.17 444 | 5.10 —0.24
Base saturation (%) 50.39 90.20 73.50 7.52 |10.23 —8.58
Inorganic nitrogen (mg/100 g) 0.38 3.21 1.19 0.42 | 34.92 —0.94
Field area (m?) 200.00 | 14037.00 |2859.94 |2490.78 | 87.09 0.00
Farming condition scoref 26.80 37.85 32.72 231 | 7.06 0.00

4Converted by 15% moisture content

bsorted brown rice after removing the cracked, broken, dead, and immature rice grains
Ccalculation based on the amount and corresponding nitrogen content of manure, compound
chemical, ammonium sulfate, and urea fertilizer

daverage values of 20 days since full-heading

data at the mature stage

fmanagers’ appraisal on height difference, water depth, water leakage, former crop, amount of water
inlet, fertility unevenness, illumination, and herbicide application

3 Results

3.1 Results of the Two Farms

In the path diagram (Fig. 1), logarithms of continuous variables were used to include
more linear relationships. The numbers over the single arrowhead lines are the stan-
dardized path coefficients. They designate the direct effects of the original variables
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Fig. 1 Path diagram of paddy yield determinants (RMSEA = 0.049, CFI = 0.997, N = 301, df =
12, Chi-square = 20.482 [P = 0.059]. Note Standardized estimates using logarithmic continuous
values)

on the targeted variables and allow a direct comparison among variables. For instance,
the standardized path coefficient from the culm height was 0.17. It is higher than the
panicles per hill, 0.12, and thus the former affects paddy yield more than the latter,
ceteris paribus. Each circled e-i (i values 1-8) represents a residual—unmeasured
causes of the endogenous variable. The model fit indices RMSEA = 0.049 and CFI
= 0.997 showed that the model had a high goodness of fit (Kline 2011).

Table 4 summarizes the interacting effects of the variables. The direct effects are
the path coefficients in Fig. 1; the indirect effects include all the other concerned
path coefficients; while the total effects aggregate both. For instance, the total effect
of plant height (0.19) was the sum of the direct effect (0.12) and the indirect effect
via panicles per hill (0.43 x 0.17). The paddy yield was determined mainly by solar
radiation, temperature, farm, land capacity, sorted considering the magnitude of the
total effect.

Farm had the largest direct effect, followed by temperature, solar radiation, and
so forth. Meanwhile, solar radiation had the largest indirect effect, through higher
temperature and plant height, and hence more panicles per hill. Meanwhile, paddy
yield was influenced by field area via nitrogen amount and land capability—by
nitrogen amount via panicles per hill; by land capability via plant height and panicles
per hill; and then by plant height via panicles per hill. In terms of the total effects,
paddy yield was determined by solar radiation and temperature first, followed by
farm, land capability, field area, plant height, panicles per hill, and nitrogen amount
(Fig. 2).
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Table 4 Effect analysis between the determinants

83

Variable? Farm | Field | Nitrogen | Land Solar Temperatured | Panicles | Plant
area | amount® | capability® | radiationd per hill® | height®

Direct

Field area —0.47 | — — — — — — —

Nitrogen 092 0.14 | — — — — — —

amount?

Land —0.83| 0.10 | — — — — — —

capability®

Solar —-0.98 | — — — — — — —

radiation?

Temperatured | 0.28 | — — — 1.23 — — —

Panicles per | —0.79 | — 0.36 0.12 — —0.19 — 0.43

hill®

Plant height® 1.27 | — — 0.18 0.53 — — —

Paddy yield 1.29| 0.17| 0.10 0.16 0.22 0.70 0.17 0.12

Indirect

Field area — — — — — — — —

Nitrogen —-0.06 | — — — — — — —

amount?

Land —-0.05 | — — — — — — —

capability®

Solar — — — — — — — —

radiation?

Temperatured | —1.21 | — — — — — — —

Panicles per 0.63| 0.07 | — 0.08 —0.01 — — —

hill®

Plant height® | —0.68 | 0.02 | — — — — — —

Paddy yield | —0.96| 0.04| 0.06 0.06 0.92 —0.03 — 0.07

Total

Field area —-0.47 | — — — — — — —

Nitrogen 0.86| 0.14 | — — — — — —

amount®

Land —0.88| 0.10 | — — — — — —

capability®

Solar —0.98 | — — — — — — —

radiation?

Temperature? | —0.94 | — — — 1.23 — — —

Panicles per | —0.16| 0.07 | 0.36 0.19 —0.01 —0.19 — 0.43

hill®

Plant height® 0.59| 0.02| — 0.18 0.53 — — —

(continued)
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Table 4 (continued)

Variable? Farm |Field | Nitrogen | Land Solar Temperatured | Panicles | Plant
area | amount® | capability® | radiationd per hill® | height®
Paddy yield 0.33| 0.21| 0.16 0.22 1.14 0.67 0.17 0.19

4Logarithmic value of the continuous values
bNitrogen by fertilization

Principal component of 21 soil property indices
d Average value of 20 days since the full heading
®Data of the heading stage

Software IBM Amos 23.0
1.5 . .
1.29 mDirect  ®Indirect Total
1.14
1 0.92
07 067
0.5 0.33
02 o1 P o7 020019 017 o7 0.16
0.06 04 120,07 019,06
0 e .- .O | S5 . e
Solar radiation Temperatire Land capability ~ Field area Plant height ~ Panicles per Nitrogen
hill amount
-0.5

-1 -0.96

Fig. 2 Effects on the yield by path analysis

3.2 Result of One Farm in Two Years

Figure 3 shows the variables and path diagram, where logarithms of continuous vari-
ables with a hectare base were used to include more linear relationships. The numbers
over single arrowhead lines are the standardized path coefficients, designating direct
effects of the origin to the target. Each circled e-i (i values 1-10) represents a residual;
the numbers over two arrowhead lines are correlation coefficients. The fit statistics
(i.e., RMSEA < 0.1) showed that this model fitted the data well (Kline 2011).

Table 5 summarizes the total effect aggregating the direct effect (i.e., the path
coefficients shown in Fig. 3) and the indirect effects (i.e., all the other path coefficients
via other variables). For instance, the total effect of culm length (0.30) to paddy yield
was the sum of the direct effect (0.23) and indirect effect via panicles per hill (0.41
x 0.19).
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Field area 0.35 | Fertilizer nitrogen I(——'

-0.66°

A
Solar radiation

0.22

02 Q.08
-0.67

| Base saturation | Inorganic nitrogen

Condition score

Ratio of full-grain rice

e9

Fig. 3 Path diagram of paddy yield, quality, and determinants (N = 117, df = 32, RMSEA =
0.095, CFI = 0.938 [Year = 0 for 2014, Year = 1 for 2015]. “**, ™ and * implies significance at
the 0.01, 0.05, and 0.10 levels, respectively. Software IBM Amos 23.0)

4 Discussion

4.1 Effect of Farm Difference

Like the comparison shown in Table 1, all the determinants were significantly
different between farms and in terms of the path coefficients (Fig. 1). The varia-
tion in the difference and direct effect for all the determinants were shown in Fig. 4,
except for temperature. This revealed that temperature is strongly affected by solar
radiation, indicated by the path coefficient of 1.23 from solar radiation to tempera-
ture. Thus, temperature tends to be higher in farm B, excluding the effect via solar
radiation.

4.2 Solar Radiation and Temperature

As shown in Fig. 5a, significant linear relationship was found between the two vari-
ables in the sampled 301 fields. The high determination coefficient, R? = 0.934,
was significant at the 0.01 level, demonstrating the high path coefficient from solar
radiation to temperature. Farm Y was higher than farm B on both indices.
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Fig. 4 Standardized difference (the standardized difference divided by the corresponding value of
farm Y) and effects of the determinants

28

27

26

25 4¢

Average temperature (°C)

135
E
s
g 125
]
o
£ 115
=
x
2
£ 105
. 5
+ Farm B £ 95
= Farm Y E
= o5
12 17 22 27

(a) Average solar radiation (MJ/m2)

Fig. 5 Interaction effects between the determinants

per hill in heading stage

y=0.4311x+100.81
R2=0.0286%**

20

25 30 35

(b) Panicles per hill in heading stage

4.3 Panicles Per Hill and Plant Height

. a Average solar radiation (MJ/m?2). b Panicles

There was a significant linear relationship between the two variables (Fig. 5b). Both
were significantly and positively correlated with paddy yield (Fig. 6a, b). Plant height
in farm B was greater than in farm Y. In addition, according to the total effects in
Table 4, these two growth indices were affected by land capability, solar radiation,

and field area.

As the most significant growth indices, both culm length and panicle number per
hill were positively related to rice yield. In addition, there was a significant positive
relationship between them (Fig. 7).
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Fig. 6 Paddy yield and the determinants. a Plant height in heading stage (cm). b Panicles per hill
in heading stage. ¢ Nitrogen amount (kg/ha). d Field area (ha)

4.4 The Other Determinants

The amount of nitrogen fertilizer was positively related with yield via panicle number.
Meanwhile, there was a quadratic relationship with yield, showing that yield peaks
at roughly 95 kilograms per hectare (Fig. 6¢). Field area was positively related with
yield via nitrogen fertilizer, land capability, panicle number, and plant height. The
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Fig. 7 Field area farming
condition and rice yield in
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hill. ¢ Culm length (cm)
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quadratic relationships indicated that, land capability peaks when paddy fields are
scaled at roughly 0.76 hectares (Fig. 6d).

5 Conclusion

With high goodness of fit, the path analysis models identified the interactions between
the significant determinants of paddy yield. Paddy yield was determined mainly
by field conditions including, solar radiation, temperature, and land capacity. In
accordance with the corresponding managerial strategies, farm B had a higher yield
than farm Y on average, judging from the effect of the dummy variable.

The mutual causality of paddy yield and grain quality was illustrated through
a bidirectional path. This revealed that an increase in yield relates to higher grain
quality, while emphasizing on higher grain quality tends to result in a lower yield.
The time trend, year, induced significant reduction in both quality and yield after
controlling the implicit changes. This was in accordance with the fact that among all
the other variables, only nitrogen fertilizer per hectare increased from 52 kilograms
to 76 kilograms in the two years. In contrast, field area and planting condition score
were shown as affecting both yield and grain quality positively and significantly.
Culm length significantly affects panicles per hill, both are important growth indices
in determining paddy yield and quality. Solar radiation significantly affected temper-
ature. Solar radiation and temperature exerted positive effects on paddy yield, and
they are negatively related to grain quality. The amount of nitrogen fertilizer affected
paddy yield mainly through a longer culm. Inorganic nitrogen, the sum of ammo-
nium and nitrate nitrogen, affected both quality and yield, through a longer culm and
more panicles per hill. Base saturation, sum of the saturation of potassium, lime, and
magnesia, were shown to have a positive effect on paddy yield.
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