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Abstract: In present-day Japan, high quality is the first requirement of rice production. To maintain
the quality of rice, the prejudgment technique has been proposed to control rice growth or to
separately harvest rice depending on its quality. Since the quality of rice is generally indexed by grain
protein content, which is strongly affected by nitrogen content of leaves, one of the major prejudgment
techniques is based on leaf greenness evaluation (i.e., SPAD value). However, the technique is under
research and not popular with the farmers because the reliability of prejudgment is inadequate. In
this study, we investigated the leaf SPAD value at different growth stages of different cultivars and
with cultivation methods in farmer fields over four years, and we validated the applicability of
prejudgment by comparing with the grain protein content. The results showed that the grain protein
content was positively correlated with leaf SPAD value at the maturity stage, but correlated weakly
with those at the booting, heading, and milking stages. Since the regression coefficients significantly
differed depending on the year, cultivar, and planting method, the acquisition of a regression equation
for each target is recommended to predict grain protein content more accurately. The validation in
this study suggests that the prejudgment of grain protein content just before harvest has generality
for several targets and is useful for harvesting rice depending on the quality. The results in this study
may contribute to the attempts to evaluate SPAD value and then rice quality by remote sensing.
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1. Introduction

Rice (Oryza sativa L.) a staple food crop, that is cultivated and consumed worldwide
in different countries [1]. With the development of the economy and the improvement
in people’s living standards, higher requirements for rice quality have been recognized.
Improving rice quality is now one of the major research goals of rice production. A large
number of studies have shown that amylose and protein contents are important factors
affecting the cooking and eating quality of rice [2–4]. In particular, grain protein content
can explain 38.6% of the variation in the taste value of indica rice [5]. Shi et al. [6] also
reported that protein can explain 66.8% of the food and taste value. Accordingly, grain
protein content is the major index of grain quality to be controlled. The fact that the amylose
content is generally controlled by genotypes and the effect of management is not clear [7]
has also enhanced the priority of grain protein content to evaluate grain quality. The protein
is mainly decomposed in the leaves and transported to be synthesized in the grain [8,9].
Accordingly, the grain protein content is mainly affected by the leaf protein content [10–12].

At present, Japan’s agricultural employment population is sharply declining, resulting
in the expansion of managed agricultural land per farm. However, this expansion together
with the aging population, is a huge burden on farmers and agricultural businesses. To
reduce this burden, the development of economic and labor-saving farmland management
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techniques is required. In particular, the control of yield and quality is required for rice-
producing farmers in terms of the economic aspects. In this context, SPAD (an index of
relative chlorophyll content; the name comes from the Soil and Plant Analyzer Development
project [13])-based management has been proposed to control grain protein content [14].
This SPAD-based management approach helps farmers to optimize fertilizer application
and to harvest rice separately depending on the quality. The quality separation is generally
more profitable than ordinal mixed quality. For this purpose, the prejudgment technique is
more important for farmers.

A SPAD meter (SPAD 502 plus, Konica Minolta, Tokyo, Japan) measures the absorbance
of 650 nm and 940 nm light, which reflects the relative content of chlorophyll [15]. The
measurement is non-destructive and rapid. Since chlorophyll is the main substance of plant
photosynthesis, the content is used as an indicator of plant status in farmer fields, as well
as in plant physiology research [16–18]. Since the chlorophyll content is related to plant
nitrogen status, the SPAD value is also used in nitrogen diagnosis to optimize nitrogen
application and to control pests, diseases, and yield [19–24]. The quality management of rice
is based on the relation between grain protein content and SPAD via leaf nitrogen content.

The relation has been partly proven by field experiments [25] and farmer field investi-
gations [26,27]. The grain protein content appeared to be strongly correlated with SPAD
during the reproductive stage [25]. Fukuyama and Abe [28] and Wakamatsu et al. [29] re-
ported positive correlations between grain protein content and SPAD from the full heading
stage to the maturation stage. Wang et al. [30] also confirmed that the SPAD of the surviving
leaf in indica rice after the heading stage was strongly correlated with the protein content
of rice, especially at the yellow ripening stages. However, the SPAD-based management is
presently under research. Few farmers use a SPAD meter to manage their fields. Previous
studies have reported that the grain protein content varies according to many factors,
such as the temperature during the ripening stage [31,32] and water management [33].
Even the timing of the transplantation and harvest sometimes affects the grain protein
content [34,35]. These facts suggest that the reliability of SPAD-based management is
inadequate for farmers. The validation is strongly recommended to be conducted in actual
farmer fields, where several management approaches are applied and many environmental
factors affect rice yield and quality. For this purpose, we investigated the grain protein
content in relation to planting methods and cultivars in farmer fields in the coastal area
of Sendai, Japan, for 4 years. We also measured the SPAD value in the booting stage,
heading stage, milking stage, and maturity stage to validate the relation with the grain
protein content. The statistical analysis was focused on the yearly variation and the effects
of planting methods and cultivars on the relation between the SPAD value and the grain
protein content. The study is expected to contribute the utilization of remote sensing in
the future.

2. Materials and Methods
2.1. Research Fields

The research was conducted in rice fields managed by a large-scale agricultural pro-
ducer cooperative in the coastal area of Sendai City, Miyagi Prefecture, Japan (Figure 1).
The cooperative managed about 100 ha of fields and planted rice about 60 ha. We selected
representative fields according to planting methods and cultivars from 2018 to 2021. Table 1
shows the number of investigation points and the cultivation details for each year. In 2018
and 2021, additional fertilizer was applied. The days of booting, heading, milking, and
maturity stage varied among years due to the weather conditions. Weeds and insect pests
were managed by the conventional practices of farmers. Table 2 shows the seasonal changes
in the mean solar radiation, temperature, and precipitation during the rice-growing periods
in 2018, 2019, 2020, and 2021.
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Figure 1. Location of research fields in this study. This figure was modified from aerial image taken
by the Geospatial Information Authority of Japan (https://www.gsi.go.jp/top.html accessed on 18
November 2022). The black rectangles in the right figure are the fields investigated in 2018, 2019, 2020
and 2021.

Table 1. Number of investigation points and cultivation details from 2018 to 2021.

Year Cultivar Planting Method Number of
Points

Planting Density
(Row × Column)

Fertilizer

Basal
(g m−2)

Additional
(g m−2)

2018 Hitomebore Transplanting 40 0.3 m × 0.21 m 40 a 5 b

Manamusume Transplanting 20 0.3 m × 0.21 m 40 a 5 b

Datemasayume Transplanting 20 0.3 m × 0.21 m 40 a 5 b

Hitomebore Direct sowing c (flooded) 80 0.3 m × 0.21 m 40 a -
2019 Hitomebore Direct sowing c (flooded) 48 0.3 m × 0.2 m 40 d -

Hitomebore Transplanting e (dense) 48 0.3 m × 0.2 m 40 d -
Hitomebore Transplanting 48 0.3 m × 0.2 m 40 d -

2020 Manamusume Transplanting e (dense) 8 0.3 m × 0.18 m 40 c -
Manamusume Direct sowing 8 0.3 m × 0.18 m 40 d -

Hitomebore Transplanting 16 0.3 m × 0.18 m 40 d -
2021 Manamusume Direct sowing 48 0.3 m × 0.18 m 40 d 8 b

Hitomebore Transplanting 48 0.3 m × 0.2 m 40 d 8 b

Manamusume Transplanting e (dense) 48 0.3 m × 0.2 m 40 d 8 b

a Hitomebore senyouhiryou 2gouR (Central Chemical Co, Ltd., Tokyo, Japan). b Minakuchi NK (Central Chemical
Co, Ltd.); c Miyagimai-ippatsu 204 (Katakura and Co-op Agri Corporation, Tokyo, Japan); d Direct sowing under
flooded conditions; e Direct sowing under dry conditions; e Transplanted with densely seeded seedlings.

Table 2. Daily average (Avg.) solar radiation (MJ m−2), temperature (◦C) and precipitation (mm)
during the growing periods in 2018, 2019, 2020, and 2021.

Month Period Solar Radiation (MJ m−2) Temperature (◦C) Precipitation (mm)
2018 2019 2020 2021 2018 2019 2020 2021 2018 2019 2020 2021

May early 14.2 23.8 20.3 20.9 15.4 15.4 17.4 15.9 3.3 1.5 0.3 1.9
late 20.2 23.5 15.8 16.0 18.5 19.3 16.3 18.0 3.3 3.7 6.3 2.8

June early 18.4 19.4 22.4 20.4 19.0 18.5 21.8 20.5 5.0 5.3 1.2 1.8
late 16.9 13.6 14.1 15.5 21.5 19.5 20.6 20.7 1.7 6.0 1.7 2.3

July early 15.9 11.7 8.5 9.5 24.6 20.3 20.9 21.8 3.6 4.0 14.7 9.1
late 18.6 15.0 10.7 21.3 26.4 24.5 21.5 26.2 0.3 3.2 11.1 3.3

August early 15.9 17.1 18.0 13.8 25.8 27.4 26.3 24.6 7.5 0.3 2.5 7.3
late 13.3 12.3 18.0 13.6 24.2 25.1 26.9 25.0 10.0 5.3 2.2 4.5

September early 9.9 14.1 11.9 12.3 21.9 24.0 24.7 20.7 4.9 3.9 7.5 5.8
late 11.6 13.1 10.6 13.9 19.7 20.9 20.2 21.0 7.6 1.0 5.3 2.4

Avg. 15.5 16.4 15.0 15.7 21.7 21.5 21.7 21.5 4.7 3.4 5.3 4.1

https://www.gsi.go.jp/top.html
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2.2. Measurements

The SPAD value was measured using SPAD502Plus (Konica Minolta Japan, Inc., Tokyo,
Japan) following the standard method [36]. The measurement was conducted at the booting
stage (19th July, 17th July, 20th July and 20th July), heading stage (10th Aug, 8th Aug, 7th
Aug and 6th Aug), milking stage (25th Aug, 23rd Aug, 22nd Aug and 21st Aug), and
maturity stage (5th Sep, 3rd Sep, 4th Sep and 7th Sep) in 2018, 2019, 2020, and 2021,
respectively. The stages were followed to the standard guideline in Japan [37]. In the
milking stage, the rice grain contains a white solution of starch and its leaves are yellowish.
In the maturity stage, the color of the rice grain turns brown, and that of leaves turns yellow
but remains green. A total of 5 plants were measured in every plot, and three SPAD values
per leaf, including one value around the midpoint of the uppermost fully expanded leaf
blade and 2 values 3 cm from the midpoint were averaged as the mean SPAD value of
the leaf.

Rice was harvested at each investigation point when the grains had more than 95%
ripe yellow color and then dried in the air for 2 weeks. Rice grain protein content (PC) was
measured for 2 × 25 g samples for each investigation point one month after harvest using
a rice taste analyzer (K-TA200, Kubota, Osaka, Japan). The grain moisture content was
determined by drying at 80 ◦C for 72 h in an oven. The grain protein content was corrected
on a 15% moisture content basis.

2.3. Statistical Analysis

Statistical analysis was performed with R (version 4.0.0) and RStudio software. The
effects of year, cultivar, and planting method on SPAD value and grain protein content
were tested for each growth stage with following equations:

SPAD = Year × Cultivar × Planting method (1)

Grain protein content = Year × Cultivar × Planting method (2)

The regression of grain protein content against SPAD value was obtained for all data in-
cluding years, cultivars, and planting methods for each growth stage with following equation:

Grain protein content = SPAD (3)

The effects of year, cultivar, and planting method on the regression of grain pro-
tein content against SPAD value were tested for milking stage and maturity stage with
following equation:

Grain protein content = Year × SPAD + Cultivar × SPAD + Planting method × SPAD (4)

The above equations were referred to a textbook of general linear regression [38].

3. Results
3.1. Effect of Year, Cultivar and Planting Method on SPAD and Grain Protein Content

The SPAD value was the highest in the booting stage and decreased in the later growth
stage (Table 3). The effects of the interactions of year, cultivar, and planting method on the
SPAD value were significant, except for the effect of year × cultivar × planting method
at the heading and milking stages. Although the interactions were significant, the SPAD
value in 2020 tended to be relatively higher while that in 2019 was lower. The order of
cultivars in the SPAD value was not consistent. Datemasayume was the highest at the
booting stage while Manamusme was the highest at the maturity stage. Transplanting with
densely seeded seedlings tended to have lower SPAD value, while direct sowing tended to
have higher SPAD value especially at the milking stage and maturity stage.
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Table 3. Averages and three-way ANOVA results of SPAD at booting stage, heading stage, milking
stage, and maturity stage, as well as grain protein content (PC).

Cultivar Planting Method Year Booting
Stage

Heading
Stage

Milking
Stage

Maturity
Stage PC (%)

Hitomebore Transplanting 2018 43.91 34.31 31.15 26.15 7.7
Transplanting 2019 40.83 32.55 31.27 24.42 7.0
Transplanting 2020 41.77 35.35 32.34 24.12 7.0
Transplanting 2021 41.18 34.38 34.42 28.05 7.8

Transplanting (dense) 2019 40.38 31.93 30.53 24.57 7.3
Direct sowing (flooded) 2018 41.44 36.37 27.99 26.16 7.8
Direct sowing (flooded) 2019 38.99 34.00 29.06 30.11 7.8

Manamusume Transplanting 2018 46.97 34.35 30.05 26.76 7.8
Transplanting (dense) 2020 42.98 39.89 37.75 34.47 8.8
Transplanting (dense) 2021 39.88 35.86 34.58 28.90 8.6

Direct sowing 2020 37.97 36.36 33.35 28.29 7.7
Direct sowing 2021 35.89 31.04 32.80 30.90 8.2

Datemasayume Transplanting 2018 44.05 34.09 31.94 28.37 8.2

Average
Year 2018 43.13 34.92 30.36 26.89 7.9

2019 40.07 32.83 30.29 26.37 7.4
2020 40.91 37.20 34.48 28.96 7.8
2021 38.98 33.76 33.93 29.28 8.2

Cultivar Hitomebore 41.21 34.13 30.97 26.23 7.5
Manamusume 40.74 35.50 33.71 29.86 8.2

Datemasayume 44.05 34.09 31.94 28.37 8.2
Planting method Transplanting 43.12 34.17 31.86 26.31 7.6

Transplanting (dense) 40.38 31.93 30.53 24.57 7.3
Direct sowing 36.93 33.70 33.08 29.60 8.0

Direct sowing (flooded) 40.22 35.19 28.53 28.14 7.80
Overall 41.25 34.65 32.09 27.79 7.8

ANOVA results
Year - *** *** *** *** ***

Cultivar - *** *** *** *** ***
Planting method - *** *** *** *** ***
Year × Cultivar - *** *** *** *** ***

Year × Planting method - ** *** ** *** ***
Cultivar × Planting method - ** *** ** *** ***

Year × Cultivar × Planting method - * ns ns ** ns

ns: non-significant at 0.05 probability level; *, **, *** significant at 0.05, 0.01, 0.001 probability level, respectively.

The rice grain protein content also varied among the cultivars and planting methods.
The interactions of year, cultivar, and planting method were significant except for the effect
of year x cultivar x planting method. Although the interactions were significant, the grain
protein content in 2021 was the highest while that in 2019 was the lowest. Hitomebore
tended to show lower grain protein content than Manamusume. Transplanting both custom
and sense seedling showed relatively lower grain protein content than direct sowing both
under dry and flooded conditions.

3.2. Estimation of Grain Protein Content Based on SPAD Value

The relation between the grain protein content and the SPAD value is shown in
Figure 2. The regression, including all the years, cultivars, and planting methods, for each
growth stage was not significant at the booting stage but significant at later growth stages.
The SPAD value and the grain protein content rather formed clusters for each year, cultivar
and planting method, but distributed along the regression line at latter growth stages.
The coefficients of determination increased at later growth stages and reached 0.5 at the
maturity stage.
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Figure 2. Relationships between grain protein content and SPAD value at different growth stages
over four years. *, ** significant at 0.05, 0.01 probability level, respectively.

The effects of year, cultivar, and planting method on the regression were evaluated
by Equation (4). The significant interactions were detected at the milking stage (Table 4),
The regression coefficients significantly differed in 2019, for Datemasayume and for direct
sowing. These different regression coefficients increased the coefficient of determination
from 0.25 in Figure 2 to 0.66 in Table 4. However, the interactions were not significant at
the maturity stage (Table 5). Only the planting method was significant in addition to the
SPAD. The different regression coefficients increased the coefficient of determination from
0.50 in Figure 2 to 0.68 in Table 5.

Table 4. Regression coefficients and ANOVA results by Equation (2) for milking stage.

Regression coefficients a ANOVA results

Intercept ×SPAD

Main effect 0.701 0.222 *** Intercept ns
SPAD ***

Year Year ***
2018 0.000 0.000 Year × SPAD ***
2019 3.328 *** −0.125 ***
2020 −0.326 −0.017
2021 1.767 −0.066

Cultivar Cultivar **
Hitomebore 0.000 0.000 Cultivar × SPAD **

Manamusume 0.118 0.012
Datemasayume 8.243 ** −0.245 **

Planting method Planting method **
Transplanting 0.000 0.000 Planting method × SPAD **

Transplanting (dense) 1.068 −0.040
Direct sowing (flooded) 1.564 −0.005

Direct sowing −3.661 * 0.113 *

R2 0.662 ***
a Coefficients can be obtained with sum of components. For example, protein content for direct sowed (flooded)
Hitomebore in 2019 is expressed as (0.701 + 3.328 + 0.000 + 1.564) + (0.222 − 0.125 + 0.000 − 0.040) × SPAD.
Probability of coefficient was obtained by t-test against 0.00 as null hypothesis. ns: non-significant at 0.05
probability level; *, **, *** significant at 0.05, 0.01, 0.001 probability level, respectively.
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Table 5. Regression coefficients and ANOVA results by Equation (2) for maturity stage.

Regression Coefficients a ANOVA Results

Intercept x SPAD

main effect 4.695 ** 0.117 * Intercept **
SPAD *

Year Year ns
2018 0.000 0.000 Year × SPAD ns
2019 −1.262 0.020
2020 −0.774 0.016
2021 −1.457 0.044

Cultivar Cultivar ns
Hitomebore 0.000 0.000 Cultivar × SPAD ns

Manamusume −0.896 0.037
Datemasayume 0.162 −0.001

Planting method Planting method *
Transplanting 0.000 0.000 Planting method × SPAD ns

Transplanting (dense) 2.368 −0.070
Direct sowing (flooded) −1.013 0.033

Direct sowing −1.311 0.032

R2 0.683 ***
a Coefficients can be obtained with sum of components. For example, protein content for direct sowed (flooded)
Hitomebore in 2019 is expressed as (4.695 − 1.262 + 0.000 + 2.363) + (0.117 + 0.020 + 0.000 − 0.070) × SPAD.
Probability of coefficient was obtained by t-test against 0.00 as null hypothesis. ns: non-significant at 0.05
probability level; *, **, *** significant at 0.05, 0.01, 0.001 probability level, respectively.

4. Discussion

Many previous studies have reported the relationship between leaf SPAD and grain
protein content as mentioned in the introduction [28–30]. Based on the studies, many
dissemination institutes recommend the management target of SPAD value. However, the
studies were conducted under relatively uniform conditions, such as cultivar, fertilizer
application, and planting methods. The applicability is unknown in actual farmer fields,
where various conditions are mixed. Therefore, few farmers utilize SPAD meter to control
rice grain quality. In this study, the relation between the leaf SPAD and the grain protein
content of rice were validated in farmer fields which an agricultural producer cooperative
managed in the coastal area of Sendai City, Miyagi Prefecture, Japan. The validation re-
vealed that the regression coefficients converged at the ripening stage, but they significantly
varied at the milking stage according to year, cultivar, and planting method.

The cultivar difference should be considered as the major factor. Wang et al. [39] and
Ravier et al. [40] also insisted that cultivar differences should be considered when estimating
rice grain protein content using SPAD. The regression coefficients of Datemasayuume were
significantly higher for the intercept and significantly lower for the slope than those of Hito-
mebore at the milking stage (Table 4). Insufficient of data from Datemasayume may affected
the statistical results. Otherwise, the low-amylose characteristic of Datemasayume [41]
may have affected the relation. However, the difference was not significant at the ma-
turity stage. Moreover, the difference between Hitomebore and Manamusume was not
significant, even at the milking stage. These non-significances might be derived from the
similarity in background of the genotypes. Hitomebore is the most popular cultivar in
the prefecture. Manamusume was bred from the cross between Chiyonishiki and Hit-
omebore [42]. Datemasayume is one of the progenies of Hitomebore [41]. The major
purposes of production are slightly different among cultivars: Hitomebore is produced for
a general market with a relatively high price; Manamusume is produced for the restau-
rant industry or feed due to its higher productivity; and Datemasayume is produced for
high-grade edible rice. Instead of the difference in production purpose, the characteristic of
the relation between the SPAD and the grain protein content of Hitomebore may remain
in Manamusume and Datemasayume. This fact recommends further investigations to
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evaluate the relation for other cultivars. However, the majority of present rice cultivars are
progenies of Koshihikari in Japan and have quite similar genotypes [43]. Hitomebore is
also a progeny of Koshihikari [44]. Accordingly, similar regression coefficients are expected
for Japanese cultivars.

The effects of the planting method and the weather conditions on grain protein content
were previously reported but without a focus on the relation between SPAD and grain
protein content. Nakano et al. [25] reported the significant effect of N application and
temperature on grain protein content. Hirai et al. [26] determined fertilizer application,
meteorological environment, and growth conditions as the major factors affecting rice
grain protein content and yield by analyzing farmer fields. The differences in grain protein
content were explained in the SPAD, but the variation in the relation between these two
components was unknown. The effect of the planting method on the regression coefficients,
such as those shown in Tables 4 and 5, was not recognized. The difference in regression
coefficients might partly be caused by the decreased rate of SPAD. For example in Hito-
mebore, the transplanting in 2018 was associated with the recording of the highest SPAD,
43.91, at the booting stage and decreased to 26.15 at the maturity stage, producing 7.7% of
the grain protein content; while the direct sowing (flooded) in 2019 was associated with
the recording of the lowest SPAD, 38.99, at the booting stage and decreased to 30.11 at the
maturity stage, producing 7.8% of the grain protein content. Since the optimum SPAD
varies, depending on the number of spikelets used to control the grain protein content [45],
further analysis is necessary to quantify the effect of the decrease rate of the SPAD on the
grain protein content based on the number of spikelets.

The validation in this study suggests that the prejudgment of the grain protein content
does not have high accuracy and that regression coefficients are required for each year,
cultivar, and planting method from the booting to the milking stage. The original concept
of SPAD-based management is to control nitrogen status of rice to obtain higher yield and
quality [25,26]. For this purpose, evaluation should be conducted before the heading stage,
presumably the booting stage, to optimize nitrogen fertilizer application. However, the
validation in this study suggests that simple and reliable guideline for famers seems difficult.
Recently, higher air temperature which may be caused by global warming, has affected
rice production in Japan [46]. The most significant effect is that the higher temperature
during grain filling increased chalky grains [47,48]. The increase in chalky grain decreases
palatability and downgrades rice products. Nitrogen fertilizer application is proposed as
the counter measure because the increase in photosynthesis by the application increases
carbohydrate accumulate in the grain which alleviates the occurrence of chalky grain [49,50].
However, the application often decreases the rice quality due to the increase in grain protein
content. Accordingly, the guideline of counter measure generally includes agronomic traits
such as numbers of spikelets and tillers in addition to SPAD value. These guidelines might
also suggest that generalization of SPAD-based management for grain protein content
requires the assessment of agronomic traits. For this purpose, the development of a rapid
and easy assessment method is necessary.

Although the prejudgment of grain protein content before the milking stage has
several problems, prejudgment at the maturity stage is high enough in accuracy with
common regression coefficients. Even at the maturity stage, the prejudgment allows
separate harvesting depending on the quality, resulting in higher profitability. Although
further validations under various situations are required to provide reliability for farmers,
this method is considered to be almost established. Recently, remote sensing technology has
been widely used to evaluate crop growth in farmland [51–55]. Although LAI has been a
major target of estimation by remote sensing for controlling rice yield [56,57], the estimation
of SPAD has also been studied [58–60]. Although further improvement seems necessary
to evaluate SPAD by remote sensing, the results of this study provide the possibility of
utilizing remote sensing to evaluate the grain protein content just before harvesting.
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