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Abstract: We aimed to elucidate the color changes of rice leaves after anthesis and create an algorithm
for monitoring the nitrogen contents of rice leaves and of the whole plant. Hence, we aimed to provide a
theoretical basis for the precise management of rice nitrogen fertilizer and the research and development
of digital image nutrition monitoring equipment and reference. We selected the leaf colors of the
main stems of four major rice varieties promoted in production, including Huaidao 5 (late-maturing
medium japonica rice), Yangjing 4227 (early maturing late japonica rice), Changyou 5 (late japonica
hybrid rice), and Yongyou 8 (late japonica hybrid rice). Under different nitrogen levels, the leaf R, G,
and B values of the four rice varieties at different stages after anthesis, the dynamic changes in RGB
normalized values, the correlations between RGB normalized values and leaf SPAD values, the leaf
nitrogen content and whole plant nitrogen content, and the nitrogen prediction model were studied.
The research results demonstrate the following: (1) regardless of nitrogen levels, the leaf of R, G, B,
NRI, NGI and NBI of different rice varieties after anthesis followed the order, G > R > B. R, G, NR],
NGI, and days after heading could be fitted according to a logarithmic equation, y = ae®* (0.726 < R? <
0.992); B, NBI, and days after heading could be fitted using a linear equation, y = a + bx (0.863 < R? <
0.992). Both fitting effects were significant (except NGI). (2) A quadratic function (Y = —1296.192x% +
539.419x — 10.914; Y = —1173.104x2 + 527.073x — 12.993) was adopted to construct a monitoring model
for the NBI and SPAD values of japonica rice and hybrid japonica rice leaves after anthesis and the R
values were 0.902 and 0.838, respectively. Exponential functions (Y = 5.698¢7-201X; Y = 3.371¢9-326X) were
employed to construct monitoring models of leaf nitrogen content, and the R? values were 0.833 and
0.706, respectively. Exponential functions (Y = 5.145e*9143%; Y = 3.966e>364%) were also used to construct
a monitoring model for the nitrogen content of the whole plant, and the R? values were 0.737 and 0.511,
respectively. The results obtained from prediction tests by using Determination Coefficient (R2), Relative
Percent Deviation (RPD), and Root Mean Square Error (RMSE) showed that it was feasible, accurate,
and efficient to use a scanner for measuring the nitrogen content of rice.

Keywords: RGB; color normalized value; after anthesis; nitrogen testing

1. Introduction

Based on the information issued by the Food and Agriculture Organization of the
United Nations, the total area of Oryza sativa L. cultivation is approximately 1.6 x 10°
hectares [1]. For years, leaf colors have been considered important agronomic traits of
Oryza sativa L. [2]. Being one of the most essential nutrients for rice growth, nitrogen is
the main element in leaf chlorophyll and leaf proteins. It is intimately associated with leaf
color, crop growth, and yield [3]. Rice plants grown under nitrogen deficiency produce
small leaves, low chlorophyll content, and low biomass yields that is low rice quality
and declined yield [4,5]. Conversely, an excessive supply of nitrogen fertilizer causes
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environmental issues, including water and air pollution [6]. Therefore, the timely detection
of the nitrogen status of rice is essential for stabilizing food security and optimizing the
ecological environment [7].

Precision agriculture combining sensors, information systems, enhanced machinery,
and robotic techniques has been adopted for crop growth monitoring, nitrogen diagnosis,
and site-specific management [8]. It was reported that the spectral reflectance of crop
leaves or the canopy is correlated with nitrogen content [9,10]. Previous studies have
revealed that the instruments employed to measure spectral reflectance include hyper-
spectral sensors [9,10], multispectral sensors [11,12], chlorophyll meters [13,14], mobile
phones [15], commercial digital cameras [16-18], and flatbed scanners [19]. Satellite, air-
borne hyperspectral, and multispectral sensors have produced a large-scale collection of
plant-centered spectral information, allowing the recording of more spectral bands [9,10,20].
Unfortunately, the atmospheric environment and aerial obstructions influence accuracy
in detection with satellite, airborne hyperspectral, and multispectral sensors [21]. Despite
the Green Seeker (N Tech Industries Inc., Alpharetta, GA, USA) and Yara N sensor (Yara
International ASA, Diilmen, Germany), which measures red and near-infrared reflectivity,
partially overcoming the limitations of satellites and airborne sensors [22], their accuracy
can be disturbed by the background (e.g., soil and duckweeds) [10]. The Soil Plant Analysis
Development (SPAD) Chlorophyll Meter (SPAD-502, Minolta Camera Company, Osaka
City, Japan) provides non-destructive determination of the relative chlorophyll contents of
leaves, allowing improvements in nitrogen use efficiency without affecting grain yield in
real-time nitrogen management (RTNM) experiments [23]. However, one of its shortcom-
ings in measuring crop nitrogen status is the small sampling area (6 mm?). Additionally, as
the operator’s subjective awareness can affect the accuracy of determination, a relatively
accurate determination can only be achieved by repeated procedures [24]. Simultane-
ously, when the leaf nitrogen content is close to or higher than the optimal supply, the
SPAD meter may struggle to distinguish the chlorophyll content [14,25]. RGB values of
sprouts captured by mobile phones correlate with SPAD values: red R? = 0.830, and green
R? = 0.857. However, the blue component has almost no correlation with SPAD values
(R% =0.006) [15]. The readings of the image processing algorithm can be applied as an effec-
tive indicator for assessing the chlorophyll contents of crop leaves at different stages [15].
Images captured by static color digital cameras (which record visible spectral information)
are economical, having high image resolution (consumer cameras from 2014 record up to
40 megapixels per image). High-resolution images photographed at a height of approxi-
mately 1 m above the crop canopy contribute to distinguishing crops from the background
(soil and duckweeds) and additional interference factors, which is of vital importance for
accurately diagnosing nitrogen status with low vegetation coverage [26,27]. Previous stud-
ies proposed that images containing visible spectral information are intimately correlated
with the leaf nitrogen concentration (LNC) and SPAD values [24]. The canopy coverage
estimated from images is highly correlated with nitrogen accumulation [18,26,28]. Hunt
et al. [29] reported that the triangular greenness index (TGI) is sensitive to leaf chlorophyll
content at the canopy scale and relatively insensitive to the leaf area index (LAI). Most
studies revealed that images captured by digital cameras could reflect the nitrogen status
of a crop [24,29,30]. Most of the previous studies on leaf color analysis were conducted
under controlled light source conditions [31-33], which can minimize the effect of light on
image color so that the relationship between nitrogen supply and leaf color index can be
easily obtained. However, due to changes in lighting conditions, some results obtained
from controlled light sources failed to be obtained under natural light [34,35]. Additionally,
complicated and tedious algorithms are required to segment the clutter in the background
to obtain images. Dey et al. [19] adopted three methods to determine the chlorophyll
of betel leaves: a SPAD-502 m to estimate the relative chlorophyll content of leaves; a
flatbed scanner to acquire RGB images to build a color model, along with an exponential
function and a multiple linear function for the determination of chlorophyll concentration;
and estimation of chlorophyll concentration based on ultraviolet spectrophotometry. The
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results indicated that compared with the ultraviolet spectrophotometry and SPAD meter
reading methods, image processing technology showed satisfactory potential in estimating
the chlorophyll concentration. Wu [36] reported that after processing and extracting the
contour of the leaf, the chlorophyll content was established by the three color parameters of
G-R, B-R, and R/(G + B). The model was estimated with the linear equation of one variable.
The model established by G-R, B-R, and R/(G + B) showed high precision.

The nitrogen status of rice during anthesis and the subsequent dynamic changes
affect not only the yield but also the quality, stress resistance, and physiological efficiency
of nitrogen [37]. The production of photosynthetic products after anthesis shows a link
between population status and the environment, including light and temperature. The
water and fertilizer contained in the soil also experience complicated changes. All the
factors just described determine the complexity of nitrogen absorption and the distribution
process after anthesis [38,39]. Digital image technology has been widely used in the
diagnosis of rice nitrogen nutrition [17,40]. It is a new, fast, and accurate method to use
mathematical models to infer the nitrogen content of rice by measuring the color of rice
canopy leaves. Therefore, the measurement of rice canopy leaves color is very important
after anthesis.

A flatbed scanner was applied for the capture of RGB images of crop leaves and
the estimation of the nitrogen content. A flatbed scanner is economical and convenient.
Unfortunately, few reports have been published on this method being used to investi-
gate the dynamic changes in leaf color of different rice varieties after anthesis. Although
there are some reports on exploring the nitrogen content of rice leaves based on RGB
images [16,28,41,42], less relevant research has been performed in rice after anthesis. There-
fore, we conducted experiments with different nitrogen fertilizer application rates in the
field. (1) The changes in the leaf RGB and RGB-standardized values of different rice va-
rieties after anthesis were analyzed. (2) The correlations among RGB-standardized and
leaf SPAD values, leaf nitrogen content, and whole-plant nitrogen content were analyzed.
(3) A monitoring model of RGB-standardized value, leaf nitrogen content, and whole-plant
nitrogen content was established. The aims were to identify the color changes in rice leaves
after anthesis and to provide an algorithm for monitoring the nitrogen contents of rice
leaves and the whole plant. Thereby, we created a theoretical basis and reference for the
precise management of rice nitrogen fertilizer and the research and development of digital
image nutrition monitoring equipment.

2. Materials and Methods
2.1. Experimental Site and Design

Two years of field trials were conducted on the experimental farm of the Agricultural
College of Yangzhou University, Yangzhou City, Jiangsu Province, China (119°42 E, 32°39’ N)
from June to November 2015 and 2016. The trial site has a subtropical monsoon climate.
The annual mean temperature in 2015 was 16.13 °C; the mean annual precipitation in 2015
was 1005 mm; the mean annual sunshine duration in 2015 was 2305.6 h. The annual mean
temperature in 2016 was 16.4 °C; the mean annual precipitation in 2016 was 1992.1 mm;
the mean annual sunshine duration in 2016 was 1821.1 h. Data were obtained from the
2017 and 2018 Yangzhou Statistical Yearbooks. The soil type during the trial was sandy
loam, and the basic soil fertility parameters [43] during the 2 years are presented in Table 1.

Table 1. Basic fertility of the experimental soil.

Soil Organic Total Available Available Available
Year Matter Nitrogen Nitrogen Phosphorus Potassium pH
(gkg™ (gkg™ (mg-kg1) (mg-kg1) (mg-kg™1)
2015 19.07 1.35 82.60 24.44 85.20 7.98
2016 22.69 1.23 97.21 30.45 89.74 8.06
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For the experiment in 2015, we applied three different nitrogen levels: 180, 270, and
360 kg N/hm?, represented by N1, N2, and N3, respectively (Table 2). We used four cultivars
(Table 3). The experiment consisted of a split-plot design, with nitrogen application as the
primary zone and varieties as the non-primary zone. The primary area was 7.8 m in length and
6.6 m in width, for coverage of 51.4 m?. Four seedlings were planted with 30 cm row spacing
and 12 cm in-row hole spacing. The test nitrogen fertilizer was urea; the stages of nitrogen
application (Table 4) were the base fertilizer, the first tiller fertilizer (7 d after planting), the
second tiller fertilizer (14 d after planting), flower-promoting fertilizer (based on HD5 growth
process), and flower-retaining fertilizer (based on HD5 growth process). Water application was
identical to that of field production. The experimental design for 2016 was the same as that for
2015. The only difference was the varieties tested. The varieties were HD5 and YJ4227. The
contents and methods for the measurements in the 2 years were exactly the same.

Table 2. The commentary on N1,2,3.

Nitrogen Requirement

Rice Varieties (kg N/hm?) N1 N2 N3
HD5 270 Shortage  Sufficient Luxury
YJ4227 300 Shortage Shortage Luxury
CY5 225 Shortage Luxury Luxury
YY8 240 Shortage Luxury Luxury
Table 3. The varieties tested.
Varieties of Name Abbreviation Type
Huaidao 5 HD5 o Late—m.aturlr}g m}d—season
Japonica rice japonica rice
Yangjing 4227 YJ4227 Early rr}aturlpg le}te—season
japonica rice
Changyou 5 CY5 Hybrid Three-line late japonica hybrid rice
Yongyou 8 YYS8 Japonicarice  Three-line late japonica hybrid rice

Table 4. N fertilizer application ratios at different stages.

.- The First Tiller The Second Tiller Flower-Promoting Flower-Retaining
Base Fertilizer oy 1e .. P
Fertilizer Fertilizer Fertilizer Fertilizer
Ratio (%) 30 15 15 25 15

The data of nitrogen requirement for each rice variety are from China Rice Data
Center (CRDC).

2.2. Measuring Items and Methods
2.2.1. Determination of Leaf SPAD Value

The SPAD values of three rice leaves were measured with the SPAD-502 chlorophyll
meter produced by Konica Minolta Sensing, Inc., every 7 d, starting from the full earing
stage to the ripe and harvest stage of each rice variety. In each treatment plot, three leaves
of 10 healthy main stems, namely, the sword leaf, inverted second leaf, and inverted third
leaf, were randomly determined. The middle of each leaf was selected as the measuring
point, and the average SPAD value of the three leaf measuring points was used to represent
the SPAD value of the whole plant. The SPAD value of each treatment plot is represented
as the average SPAD value of 10 plants.
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2.2.2. Determination of the Nitrogen Contents in Rice Leaves and Whole Plants

As in the previously described experiment, two rice plants with the same growth
from each plot were selected. The sample plants were separated into leaves, stem sheaths,
and panicles. They were processed at 105 °C for 30 min, dried at 80 °C for 48 h to a
constant weight, weighed, crushed, and passed through a 100 mesh sieve. The crushed and
dried sample was boiled for digestion using the H,SO4-H,O, digestion procedure. The
semi-micro Kjeldahl distillation method was used to determine the nitrogen concentrations
in rice leaves and the whole plant [44].

2.2.3. RGB-Standardized Determination of Rice Leaves

As in the above sampling, the plant roots were removed from the rice field and soaked
in water. The average leaf separation time from plant to completion of scanning was kept
under 3 min to avoid color changes caused by leaf blight. An HP LaserJet M1005 MFP
scanner (China HP Co., Ltd., Shanghai, China) was employed to scan rice leaves, and
the images were saved in JPG format with a resolution of 1200 dpi. Adobe Photoshop
2020 was used for the acquisition of the color grouping values as R (redness intensity),
G (greenness intensity), and B (blueness intensity). The specific method is shown in
Figure 1. R, G, and B range from 0 to 255. Each treatment obtained 18 points, and there
were 18 R values, 18 G values, and 18 B values at each point. The average of the 18 R
values represents the treatment; the same applies for the G and B values. Based on these
3 parameters, the following calculation formulas were used, from which 3 color parameters
were derived [45]. Four decimal places were retained for each parameter. The dynamic
changes in the 6 parameters after anthesis were analyzed. In addition, correlation analysis
between each parameter and leaf SPAD value, leaf nitrogen content rate, and whole-plant
nitrogen content rate was performed, and the one with the largest Pearson correlation
coefficient was selected for regression fitting.

NRI=R/(R+G +B) 1)
NGI=G/(R+G +B) 2)
NBI=B/(R + G + B) (3)

PHES) W®O 300 NEY ®OW BEEH
. mEEE 0 SRR

Measuring ) Reading

points 3 parameters

TEEOfEIER

Eyedropper

Tool

6.25% 4028 {23 x 10200 B3 (1200 ppi )

Figure 1. The method used to determine the RGB of rice leaves in Adobe Photoshop 2020.
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Figure 2. Dynamic changes in leaf RGB values with high, medium, or low nitrogen supplies in HD5 after anthesis.

RGB values

120

2.2.4. Statistical Analysis

Data processing and diagram plotting were based on Microsoft Excel 2013 tabulation,
SPSS IBM 24.0 data analysis, and Origin 2018 software.

The modeling method used in this study in SPSS IBM 24.0 software was “Analysis”—
“Regression”—“Curve Estimation” for color parameters, SPAD values, and plant nitrogen
content. The goodness of fit values (R?) and significance coefficients (Sig.) that were
significant were selected for each fitting function used.

A completely independent test was used to verify the accuracy of the model. The
2015 test data were used for modeling, and the 2016 test data were used for verifying the
accuracy of the model. The indexes of calibration were calculated as follows:

n YA
Determination Coefficient R? RZ = 1— M @)
1 (0;-0r)
Relative Percent Deviation RPD RPD = 1£R2 (5)
n
Root Mean Square Error RMSE RMSE = \/ % x Y (P — Ol-)2 (6)
i=1

where 7 is the number of test samples, P; is the simulated value, O; is the measured value,
and 51 is the average of the measured values. The closer R? is to 1, the better the model
fitting, and vice versa. RPD < 1.4 indicates that the model is unreliable; 1.4 < RPD < 2.0
indicates that the model is reliable; RPD > 2.0 indicates that the model is very reliable. For
RMSE € [0, +0), the smaller the value, the better.

3. Results

3.1. Dynamic Changes in Leaf RGB Values and RGB-Standardized Values at Different Stages after
Rice Anthesis

3.1.1. Dynamic Changes in Leaf RGB Values of Rice at Different Stages after Anthesis

The characteristics of leaf RGB values of different rice varieties after anthesis differed
with different nitrogen levels. As can be seen in the changes in Figures 2-5, the leaf RGB
values of different rice varieties presented identically changing trends after anthesis with
the same level of nitrogen supply. G value > R value > B value. The changes in the trends
in the leaf RGB values after anthesis were the same for the same variety supplied with
different amounts of nitrogen. RGB value at level N1 > RGB value at level N2 > RGB value
at level N3. Regardless of nitrogen supply level and rice variety, both R and G values
increased over time, whereas the B value decreased over time. The findings revealed that
the change in nitrogen supply level roughly indicated the changing trend in leaf RGB
values after anthesis. The values of R, G, and B indicated no apparent change pattern
with various nitrogen supply levels, indicating that a single color parameter cannot reflect
different nitrogen levels. Further analysis was required.
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Figure 3. Dynamic changes in leaf RGB values with high, medium, or low nitrogen supplies in YJ4227 after anthesis.
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Figure 4. Dynamic changes in leaf RGB values with high, medium, or low nitrogen supplies in CY5 after anthesis.

NI N2 N3 —=R
160 160 160 ——G
+B
140 140 140
120} 120+ 120
wn
2100t 100 - 100
[a]
> 80F 80 F 80
m
O 60 60 | 60
~
40 \\+\ 0 \\—A—H\Lﬂ »
20} 20+ 20
O 1 1 1 1 0 1 1 1 1 O 1 1 1 1
0 10 20 30 40 50 O 10 20 30 40 50 0 10 20 30 40 50

The days after anthesis (d)

Figure 5. Dynamic changes in leaf RGB values with high, medium, or low nitrogen supplies in YY8 after anthesis.
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Further analysis of the changing trend was conducted, where x represents the days
after the anthesis of the rice represented, and y represents the color values. Linear and non-
linear regression model fitting (conic curve, cubic curve, logarithmic curve, S-shaped curve,
power function curve, inverse function curve, logistic curve, and exponential equation
function) were employed to analyze the relationships between the days after anthesis of
rice and the RGB value parameters. The determination coefficient (R?) of the simulation
degree of each model was compared and analyzed, and the one with an R? closest to
one was selected to construct the fitting model. R and G values were fitted using the
logarithmic equation y = ae*, and the B value was fitted employing the linear equation
y = a + bx. Following the fitting, the equation was obtained, as provided in Table 5. The
determination coefficient (R?) of the simulation degree of each model was significantly
correlated, indicating that the fitting effect of the model was highly consistent.

Table 5. Fitting equations of RGB components of leaves after anthesis—different varieties with different nitrogen levels

(y = ae®, y = a + bx).

Variet Level of R Values G Values B Values
arie .
y Nitrogen  Fitting Equation R2 Fitting Equation R? Fitting Equation R?
N1 y =55.196e0015% 0908  y=89.950e0010¢x 0947 y=36917 —0.293x  0.992**
HD5 N2 y =45961e0019% 0943 y=81.652e0012x 0951 * y=32333 —0.294x 0.878 **
Japonica N3 y =46.923e0018 0972+ y=80.366e"011X  0.901* y=32.583 —0.284x 0.955*
riee N1 y =57.224e0017% 0939 % y=88748e001x 0919  y=44917 — 0.517x  0.900 **
YJ4227 N2 y =56.713e001x  0.926*  y=88.110e%09x  0972* y=41250 — 0.469x  0.942 **
N3 y=54.771e001x 0880 **  y=83.188¢000%  0.992* y=37.083 —0.381x 0.855**
N1 y =61.233e0013% 0921  y=95796e0009x  0938* y=36.357 —0.296x 0.918 **
. CY5 N2 y =59.061e2013 0956 *  y=91.583e0010x  0950* y=35750—0.301x 0.916 **
Hybrid 0.013x * 0.010x * *
aponica N3 y = 55.016e" 0.867 * y = 84.884¢" 0.928**  y=37.143 — 0.408x  0.970 *
rice N1 y =52.374e0017%  0.857*  y=85.197¢0012x  0926* y=44.167 — 0.359x  0.890 **
YY8 N2 y =53.860e201%  0.955*  y=82.653e0011X 0964 * y=38.667 —0.298x 0.912*
N3 y =53.925e0013 0941  y=75507e0012x 0914 *  y=36.167 —0.293x  0.863 **

**—Significant at the 0.05 and 0.01 levels.

Regardless of rice variety, parameter a in the fitting equations of both R and G values
decreased as the nitrogen supply level increased. However, the absolute value of parameter
b represented the slope. The steeper the slope, the faster the R and G values increased.
The increase in parameter b in HD5 elevated at first but declined as the nitrogen supply
levels increased, whereas parameter a in both YJ4227 and YY8 decreased and remained
unchanged only in CY5. The parameter a in the fitting equation of the B value agrees
with the above-mentioned value changes of R and G. The absolute value of parameter b
represents the slope. The greater the slope, the faster the leaf G values dropped. Among
them, the R and G values of HD5, YJ4227, and YY8 coincided with the previously mentioned
R and G values, whereas those of CY5 decreased as the nitrogen supply level increased.
The findings reveal that curve-fitting can depict the changing rate of the leaf RGB values in
rice after anthesis. However, only the first-level data of RGB value could not describe the
detailed color changes in the rice leaf of different varieties after anthesis. It was therefore
necessary to further analyze the RGB values and introduce derivative parameters in the
calculation formula.

3.1.2. Dynamic Changes in RGB-Standardized Values of the Leaves of Rice at Different
Stages after Anthesis

The changes in the characteristics of leaf RGB-standardized values of different varieties
after anthesis under different nitrogen levels were investigated. The changes in Figures 6-9
indicate that the change rules are similar to the previously described RGB values. The
difference is that the variations in NRI and NGI tended to increase gently, whereas that of
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NBI was more obvious. Further analysis was conducted using curve-fitting (Table 6), and the
first and last data variation ranges of each color-standardized value were obtained (Table 7).
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Figure 6. Dynamic changes in the standardized values of color for leaves with high, medium, or low nitrogen supplies in
HDS5 after anthesis.
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Figure 7. Dynamic changes in the standardized values of color for leaves with high, medium, or low nitrogen supplies in

YJ4227 after anthesis.
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Figure 8. Dynamic changes in the standardized values of color for leaves with high, medium, or low nitrogen supplies in
CY5 after anthesis.
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Table 6. Fitting equations of RGB-standardized values of leaves after anthesis in different varieties with different nitrogen

supply levels (y = aeP™, y = a + bx).

) Level of NRI NGI NBI
Variety ; - : _— : - :

Nitrogen  Fitting Equation R? Fitting Equation R? Fitting Equation R2

N1 y = 0.305¢%-006x 0.894 ** y = 0.500e%-001x 0399  y=0.197 —0.002x  0.991 **

HD5 N2 y =0.292e0007x  0926%  y=0.516e0001x 0127  y=0.194 —0.003x  0.985**

Japonica N3 y = 0.298¢0-007x 0.866 ** y = 0.510e%-000x 0.035  y=0.195-0.003x  0.982 **

riee N1 y =0.304e0008x  0972% = (.474¢0-001x 0362  y=0226—0003x 0.975*

YJ4227 N2 y = 0.308e%005x 0.927*  y=0.478¢0002x 0.687**  y=0.216 —0.003x  0.978 **

N3 y = 0.317e0-004x 0.743 ** y = 0.479¢0-003x 0.627*  y=0.205—0.003x  0.921 *

N1 y=0319e0005%  0855%  y=04980001x  0776*  y=0.184 —0.002x  0.963 **

Hvbrid  CY? N2 y = 0.318¢%-005x 0.928 ** y = 0.496¢0-002x 0.754*  y=0.187 — 0.002x  0.975 **

japirfilca N3 y=0314e0005x  0877%  y=0484e0002x  0782*  y=0203—0.003x  0.983**

rice N1 y = 0.293e%007x 0.842*  y=0.477¢0001x 0228  y=0234—0.003x 0.970 **

YY8 N2 y = 0.310e%-005% 0.886 ** y = 0.477¢0-002x 0.533*  y=0215—0.003x  0.984 **

N3 y =0.329e0004 0726  y =0.459¢0003x 0474  y=0212-0.003x  0.933**

*; **—Significant at the 0.05 and 0.01 levels.

The selection process was identical to that of the previously described RGB value
curve-fitting model. Differing from the previously mentioned RGB value fitting effect, only
half of the determinant coefficient (R?) of the simulation degree of the NBI model was
significant or extremely significantly correlated, indicating that the NBI fitting effect was
not satisfactory without any analytical significance. The parameter a in the NRI fitting
equation decreased as the nitrogen supply levels in HD5 and CY5 increased, and the
change rates were 2.30% and 1.57%, respectively. However, in YJ4227 and YY8, parameter
a increased as the nitrogen supply levels increased, and the change rates were 4.28%
and 12.29%, respectively. The absolute value of parameter b in the NRI fitting equation
represents the slope. HD5 and CY5 showed no apparent changes in parameter b as the
nitrogen supply levels increased, whereas that of Y]J4227 and YY8 dropped as the nitrogen
supply levels increased. In the NBI fitting equation, parameter a and HD5 had no apparent
changes as the nitrogen supply levels increased, whereas YJ4277 and YY8 presented a clear
downward trend, with change rates of 9.29% and 9.40%, respectively. CY5 presented an
obvious upward trend, with a change rate of 10.33%. The absolute value of parameter
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b represents the slope, and the four rice varieties indicated no apparent changes as the
nitrogen supply levels increased.

Table 7. Change rates of the standardized value of color for leaves of HD-5, YJ4227, CY-5, and YY-8.

N1 N2 N3
Change Rate Japonica Rice
HD5 YJ4227 HD5 YJ4227 HD5 YJ4227
NRI (%) 32.09 43.71 33.70 30.89 34.46 24.38
Average (%) 37.89 32.30 29.42
NGI (%) 476 5.73 5.87 12.41 523 16.38
Average (%) 5.25 9.14 10.81
NBI (%) —61.74 —68.26 —67.34 —66.00 —67.80 —66.49
Average (%) —65.00 —66.67 —67.15
Hybrid Japonica Rice
Change Rate y Jap
CY5 YY8 CY5 YY8 CY5 YY8
NRI (%) 28.18 40.76 27.01 28.81 26.00 16.42
Average (%) 34.74 27.91 21.21
NGI (%) 0.18 6.45 2.10 10.42 9.10 23.47
Average (%) 3.32 6.26 16.29
NBI (%) —51.73 —63.19 —53.99 —61.42 —63.82 —67.83
Average (%) —57.46 -57.71 —65.83

The ranking of the change rates of the first and last data of the RGB-standardized
values is: NBI > NRI > NGI. The change rates of NBI and NGI increased as the nitrogen
supply level increased, whereas those of NRI decreased as the nitrogen supply level
increased (except for NRI of HD5). The change rates of NRI and NBI for conventional
japonica rice were greater than the change rates of NRI and NBI for hybrid japonica rice,
whereas the change rates of NGI for conventional japonica rice were lower than the change
rates of NGI over time for hybrid japonica rice.

3.2. The Correlations and Monitoring Model for RGB-Standardized and Leaf SPAD Values, Leaf
Nitrogen Content, and Whole-Plant Nitrogen Content after Rice Anthesis

3.2.1. The Correlations and Monitoring Model for RGB-Standardized and Leaf
SPAD Values

Table 8 presents the correlations between RGB-standardized and SPAD values of
conventional japonica rice and hybrid japonica rice after anthesis. Regardless of nitrogen
supply level, the NRI and NGI of the four rice varieties after anthesis were negatively
correlated with the SPAD values, whereas NBI was positively correlated with the SPAD
values. NRI, NBI, and SPAD values were extremely strongly correlated. Despite the values
of NGI and SPAD being significantly or extremely significantly correlated, the Pearson
coefficient was less than that of NRI and NBI. Overall, the correlation between NBI and
SPAD values of the two rice varieties after anthesis was superior to that of NRI and SPAD
values. Therefore, the NBI parameters were selected for the application of the exponential
function and quadratic function for curve-fitting (Figure 10).

Table 8. Correlation coefficients between SPAD and the color indices of rice leaves after anthesis.

Variety NRI NGI NBI
Japonica rice HD5 —0.943 ** —0.203 0.944 **
P YJ4227 —0.935 ** —0.410 % 0.877 **
CY5 —0.942 ** —0.752 ** 0.948 **

Hybrid japonica rice YYS —0.828 ** —0.408* 0.833 **

*; **—Significant at the 0.05 and 0.01 levels, respectively. Each correlation coefficient was obtained according to

the Pearson coefficient in SPSS IBM 24.0; the same applies below.
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Figure 10. Curves for the SPAD and NBI of rice leaves after anthesis.

3.2.2. The Correlations and Monitoring Model for RGB-Standardized Values and Leaf
Nitrogen Content after Rice Anthesis

Table 9 presents the correlation between the RGB-standardized values and leaf nitro-
gen content values of conventional japonica rice and hybrid japonica rice after anthesis.
Regardless of the nitrogen supply level, the NRI and NGI of the four rice varieties af-
ter anthesis were negatively correlated with the leaf nitrogen content, whereas NBI was
positively correlated with the leaf nitrogen content. NRI and NBI were extremely highly
correlated with leaf nitrogen content. Despite the values of NGI and leaf nitrogen content
being extremely highly correlated, the Pearson coefficient was less than that of NRI and
NBL In general, the correlation between NBI and leaf nitrogen content of the two rice
varieties after anthesis was superior to that of NRI and leaf nitrogen content. Ultimately,
the NBI parameters were selected for applying the exponential function for curve-fitting

(Figure 11).

Table 9. Correlation coefficients between the color indices of rice leaves and the nitrogen contents of

leaves after anthesis.

Variety NRI NGI NBI

Japonica rice HD5 —0.920 * —0.364 0.982 **

P YJ4227 —0.884 ** —0.657 ** 0.958 **
Hebrid tabonica rice CY5 —0.891 ** —0.850 ** 0.949 **
ybnidjap YY8 —0.804 ** —0.623 ** 0.923 **

** Significant at 0.01 level.
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Figure 11. Curves for the nitrogen content vs. NBI of rice leaves after anthesis.

3.2.3. The Correlations and Monitoring Model for RGB-Standardized Values and
Whole-Rice Plant Nitrogen Content after Rice Anthesis

Table 10 presents the correlation between the RGB-standardized values and whole-
plant nitrogen content of conventional japonica rice and hybrid japonica rice after anthesis.
Regardless of the nitrogen supply level, the NRI and NGI of the four rice varieties after
anthesis were negatively correlated with the whole-plant nitrogen content, whereas NBI
was positively correlated with the whole-plant nitrogen content. NRI and NBI were
extremely highly correlated with the whole-plant nitrogen content. Despite the values of
NGI and the whole-plant nitrogen content being extremely highly correlated, the Pearson
coefficient was less than those of NRI and NBI. Generally, the correlation between NBI and
the whole-plant nitrogen content of the two rice varieties after anthesis was superior to
that of NRI and the whole-plant nitrogen content. Thus, the NBI parameters were selected
for applying the exponential function for curve-fitting (Figure 12).

Table 10. Correlation coefficients between the color indices of rice leaves and the nitrogen contents of
the whole plants after anthesis.

Variety NRI NGI NBI
Japonica rice HD5 —0.898 ** ~0319 0.945 **
P YJ4227 —0.874 % —0.639 ** 0.942 **
Hvbrid iabonica rice CY5 —0.868 ** —0.781 0.907 **
ybridjap YYS —0.688 ** —0.604 ** 0.824 **

** Significant at 0.01 level.
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Figure 12. Curves for the whole-plant nitrogen content vs. the NBI of rice leaves after anthesis.

3.2.4. The Correlations and Monitoring Model for Leaf RGB-Standardized Values after
Anthesis in Conventional Japonica Rice and Hybrid Japonica Rice and Various Indicators

The data of HD5 and YJ4227 were attributed to conventional japonica rice, and those of
CY5 and YY8 belonged to hybrid japonica rice. The correlations of various indicators were
subsequently analyzed (Table 11). All indicators presented negative correlations with NRI
and NGI and positive correlations with NBI. NRI and NBI had extremely high correlations
with all indicators. Despite NGI and all indicators being highly or extremely highly correlated,
the Pearson coefficients were less than those with NRI and NBI. Generally, the correlation
between NBI and all indicators was stronger than that between NRI and all indicators. From
the analysis of the two varieties, the correlations between the NRI and NBI of conventional
japonica rice and all indicators were superior to those between the NRI and NBI of hybrid
japonica rice and all indicators, but the NGI was the opposite. Therefore, NBI was chosen for
applying the exponential function for curve-fitting (Figure 13).

Table 11. Correlations of leaf color index after anthesis in conventional japonica rice and hybrid
japonica rice with SPAD, nitrogen content of leaf, and nitrogen content of the whole plant.

Target Variety NRI NGI NBI
SPAD Japonica rice —0.939 ** —0.286 * 0.894 **
Hybrid japonica rice —0.858 ** —0.486 ** 0.871 **
Nitrogen content of Japonica rice —0.898 ** —0.417 ** 0.920 **
leaves Hybrid japonica rice —0.831 ** —0.613 ** 0.914 **
Nitrogen content of Japonica rice —0.862 ** —0.335* 0.854 **
whole plant Hybrid japonica rice —0.727 ** —0.447 ** 0.756 **

*; **—Significant at the 0.05 and 0.01 levels, respectively.
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Figure 13. Curves for nitrogen, targets, and NBI for rice leaves after anthesis.

4. Discussion and Conclusions
4.1. Dynamic Changes in Leaf RGB Values and RGB-Standardized Values at Different Stages after
Rice Anthesis

The research results demonstrate that the leaf of R, G, B, NRI, NGI, and NBI of
different rice varieties after anthesis, in descending order, are green > red > blue, regardless
of nitrogen level. The results of Wang et al. [46] and Thomas et al. [47] confirmed that as
the nitrogen supply level increases, the spectral reflectance of the crop canopy obtained
by a visible light scope presents a downward trend. The R value, G value, NRI, NGI,
and days after anthesis of conventional japonica rice and hybrid japonica rice can be
fitted with the logarithmic equation y = ae®™ (0.726 < R? < 0.992). However, the B value,
NBI, and the days after anthesis of rice can be fitted using the linear equation y = a + bx
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(0.863 < R? < 0.992), and the fitting effects are extremely significant (except for NGI),
indicating that the fitting effect is highly satisfactory. The reason why different varieties
of parameter b changed differently is that the fundamental difference of the characteristic
parameter b among breeds lies in the different genotypes under the same treatment; the
genotype determines the phenotype [48].

The change rates of leaf NBI after anthesis in conventional japonica rice and hybrid
japonica rice were greater than the NRI change rates, which were greater than the NGI
change rates. The change rates of NBI and NGI increased as the nitrogen supply level
increased, whereas those of NRI decreased as the nitrogen supply level increased. The
change rates of NRI and NBI over time for conventional japonica rice were greater than the
change rates of NRI and NBI over time for hybrid japonica rice. The change rates of NGI
over time for conventional japonica rice were less than the change rates of NGI over time
for hybrid japonica rice.

4.2. Relationship and Monitoring Model between RGB-Standardized and Leaf SPAD Values, Leaf
Nitrogen Content, and Whole-Plant Nitrogen Content after Rice Anthesis

Previous research [14,15,25] showed that the SPAD value of rice leaves reflects the
nitrogen content of the rice. In this study, the SPAD values of rice leaves were used as the
bridge between the color parameters, NBI, and the nitrogen content in rice leaves and the
whole plant. Through the above analysis, we obtained Pearson correlation coefficients
of less than 0.01 between NBI and SPAD values in each rice variety. The adjusted R? in
the fitting equation of NBI and rice leaf and whole-plant nitrogen content was within the
acceptable range. Therefore, it is feasible to use a scanner to scan leaves to obtain RGB
images to predict nitrogen in rice leaves and the whole plant.

The present findings demonstrate that the digital images of rice leaves after anthesis
can be obtained using a scanner, and the characteristic spectral parameters obtained reflect
the nitrogen nutrition status of rice that is available for investigating the nitrogen content
of whole rice plants and leaves. Whether a single rice variety or conventional and hybrid
japonica rice, the leaf NRI and NGI were negatively correlated with SPAD, leaf nitrogen
content, and whole-plant nitrogen content. NBI was positively correlated with all indicators.
From the comparison of the two varieties, the correlations between the NRI and NBI of
conventional japonica rice and all indicators were stronger than those of hybrid japonica
rice and all indicators, but the NGI was the opposite.

NRI or NBI and all indicators presented extremely strong correlations. Overall, the
correlation between NBI and all indicators was superior to that of NRI and all indicators.
However, some NGI values and all indicators presented significant or extremely significant
correlations, but their Pearson correlation coefficients were inferior to those of NRI and
NBI. As such, only NBI was employed as a parameter for model construction. A quadratic
function (Y = ax? + bx + c) was adopted to construct a prediction model for the NBI
and SPAD values of rice leaves after anthesis. The coefficient of determination (R?) of
conventional japonica rice was 0.902, and that of hybrid japonica rice was 0.830. An
exponential function (Y = aeP™) was employed to construct the prediction model for leaf
nitrogen content. The R? of conventional japonica rice was 0.833, and that of hybrid
japonica rice was 0.706. An exponential function (Y = aeP) was used to construct a
prediction model for the nitrogen content of the whole plant. The R? of conventional
japonica rice was 0.737, and that of hybrid japonica rice was 0.511. The reason why the
Pearson correlation coefficient and adjusted R? of hybrid japonica rice were lower than
those of japonica rice is that the N absorption capacities of the conventional japonica rice
and indica—japonica hybrid rice differ [49,50]. The determination coefficients of the leaf
NBI of conventional japonica rice after anthesis and fitting with all indicators were higher
than those of the hybrid japonica rice after anthesis and fitting with all indicators. The
determination coefficients of NBI and SPAD values after fitting were greater than those of
NBI, and those of the leaf nitrogen content after fitting were greater than those of NBI and
the whole-plant nitrogen content after fitting.
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The established models were calibrated using the independent experiments in 2016
(Table 12). All R? values were higher than 0.7, indicating that the established models
were reliable [51,52]. Most of the coefficients of RPD were higher than 2.0, indicating
that the established models were reliable. The coefficients of RPD from 1.4 to 2.0 are still
reliable. The coefficients of RMSE were lower than three, indicating that the models were
stable [49,50]. In summary, it is feasible to use a scanner (Ps 2020) to monitor the SPAD of
rice leaves and the nitrogen content of rice after anthesis. In this study, we have to admit
that using scanners to measure nitrogen for rice cannot be used in the field. However, its
accuracy and efficiency are still worthy of being affirmed.

Table 12. The model’s calibration.

Number of R2

Type of Model Samples RPD RMSE
HD5 SPAD 15 0.728 1.917 2.886
HD5 Nitrogen concentration of leaf 15 0.801 2.240 1.812
HD5 Nitrogen concentration of 30 0918 3.482 0617
whole plant
YJ4227 SPAD 15 0.897 3.120 2.534
YJ4227 Nitrogen concentration of leaf 15 0.814 2.317 2.074
YJ4227 Nitrogen concentration of 30 0789 2176 0942
whole plant
Japonica rice SPAD 15 0.886 2.960 2.355
Japonica rice Nitrogen concentration of leaf 15 0.820 2.359 2.114
Japonicarice  N1rogen concentration of 30 0707 1846 1389

whole plant

In further studies, the variety selection should be expanded, and the versatility of the
previously described prediction model will be explored in conventional indica rice and hybrid
indica rice, as well as testing the above prediction model with data obtained in different years.
In the following research, we hope to cooperate with researchers in other disciplines such as
industrial design and computer engineering to develop portable devices.
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