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Abstract: Chlorophyll is an important component of crop photosynthesis as it is necessary for the
material exchange between crops and the atmosphere. The amount of chlorophyll present reflects
the growth and health status of crops. Spectral technology is a feasible method for obtaining crop
chlorophyll content. The first-order differential spectral index contains sufficient spectral information
related to the chlorophyll content and has a high chlorophyll prediction ability. Therefore, in this study,
the hyperspectral index data and chlorophyll content of soybean canopy leaves at different growth
stages were obtained. The first-order differential transformation of soybean canopy hyperspectral
reflectance data was performed, and five indices, highly correlated with soybean chlorophyll content
at each growth stage, were selected as the optimal spectral index input. Four groups of model input
variables were divided according to the following four growth stages: four-node (V4), full-bloom (R2),
full-fruit (R4), and seed-filling stage (R6). Three machine learning methods, support vector machine
(SVM), random forest (RF), and back propagation neural network (BPNN) were used to establish
an inversion model of chlorophyll content at different soybean growth stages. The model was then
verified. The results showed that the correlation coefficient between the optimal spectral index and
chlorophyll content of soybean was above 0.5, the R2 period correlation coefficient was above 0.7, and
the R4 period correlation coefficient was above 0.8. The optimal estimation model of soybean and
chlorophyll content is established through the combination of the first-order differential spectral index
and RF during the R4 period. The optimal estimation model validation set determination coefficient
(R?) was 0.854, the root mean square error (RMSE) was 2.627, and the mean relative error (MRE) was
4.669, demonstrating high model accuracy. The results of this study can provide a theoretical basis
for monitoring the growth and health of soybean crops at different growth stages.

Keywords: hyperspectral; soybean; chlorophyll content; optimal spectral index

1. Introduction

Soybean is one of the most commonly used raw foods in daily life, and the national
yield is closely related to both food security and people’s quality of life [1]. Since 2012,
China’s soybean market has experienced dramatic fluctuations, soybean imports have in-
creased significantly, and external dependence now exceeds 80% [2]. This poses a particular
threat to national soybean food security, and, therefore, resolving the issues of low soybean
yield and inconsistent quality is urgent.

The chlorophyll content is an important index to measure crop growth, which stems
from the photosynthetic capacity of crop leaves [3]. It is the basis of material and energy
exchange between crops and the external environment, and its value can reflect the health
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and growth of crops. Traditional chlorophyll content measurement methods are destructive,
leading to unreliable results [4]. Hyperspectral technology has the advantages of a high
spectral resolution, being non-destructive and efficient, and possessing extensive infor-
mation acquisition [5]. It can identify and analyze the spectral characteristics of a target
object and is now increasingly used in the quantitative estimation of vegetation parameters
and growth monitoring. Several spectral feature extraction methods have previously been
proposed to effectively extract plant information in vegetation monitoring. The spectral
index is the most commonly used variable parameter for establishing spectral estimation
models, and combining it with various extraction methods for modeling has become a
common research method [6]. Using hyperspectral technology to calculate and model the
vegetation index can better monitor plant physiological parameters.

The combination of chlorophyll content measurement and hyperspectral technology
provides a new idea for monitoring the dynamic change of chlorophyll content in crop
leaves. Recent studies on the inversion of crop chlorophyll content by hyperspectral data
have been undertaken. By observing the chlorophyll content and spectral characteristics of
winter wheat at different growth stages, Liu et al. (2021) found that the chlorophyll content
was significantly correlated with part of the spectral range and the remote sensing vege-
tation index; their model was highly accurate [7]. Yuan et al. (2017) collected chlorophyll
content and hyperspectral data from leaves in the soybean flower bud differentiation stage
and reversed them with mathematical models to obtain superior monitoring effects [8].
Most existing studies use the original crown height spectral reflectance data to construct
mathematical inversion models of the chlorophyll content; however, the predictive effect is
not ideal and the accuracy is low [9]. The integer order differential transformation method
is introduced to process the original hyperspectral reflectance data to eliminate the spectral
data background noise to a certain extent and improve the modeling accuracy [10]. Previous
studies have inverted crop chlorophyll content by using the original hyperspectral data and
the first-order differential transformation spectral data and found that compared with the
initial data inversion results, the mathematical model established by using the first-order
differential transformation data is more accurate, and the inversion results have a higher
chlorophyll content prediction ability [11]. The traditional method uses the fixed band to
construct the mathematical model, which cannot make good use of the spectral information
contained in the spectral index [12]. The correlation matrix method selects the bands with
high soybean chlorophyll content correlation to construct the optimal spectral index, which
effectively solves the problem of the spectral characteristics being easily affected by the
difference in physiological information of the crop itself [13] and significantly promotes
the use of spectral data. Hyperspectral remote sensing technology divides the spectrum
more precisely, allowing the best spectral index closely related to chlorophyll content to be
selected in all available spectral bands.

Most previous studies have used differential transformation to process hyperspectral
data to invert the physiological indices of a growth period of crops and fail to study the
changes during the whole crop growth period in depth. Studying the whole crop growth
period can better monitor the dynamic changes within the entire period and improve the
predictive ability of physiological indicators. In this study, the soybean chlorophyll content
during four different growth stages, i.e., the four-node stage (V4), complete flowering stage
(R2), full pod stage (R4), and drum-grain stage (R6) was taken as the research object. A first-
order differential transformation of the original hyperspectral reflectance was performed.
The correlation matrix method was used to screen the bands with the highest soybean
chlorophyll content correlation in the range of 350-1830 nm. Five spectral indices were
selected, and a total of 20 optimal spectral indices were selected. On this basis, support
vector machine (SVM), random forest (RF), and back propagation neural network (BPNN)
were employed to construct the soybean chlorophyll content prediction model at different
growth stages. The effects of different growth stages and machine learning methods on
the accuracy of the soybean chlorophyll content prediction model were discussed, which
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could provide a theoretical basis for monitoring the growth and health of soybean crops at
different growth stages.

2. Materials and Methods
2.1. Research Area and Test Design

The soybean field experiment was conducted in the experimental field (loam) of the
water-saving irrigation experimental station at the Key Laboratory of the Institute of Water-
saving Agriculture in Arid Areas of China of Northwest A & F University. The test station
coordinates are 108°24’ E, 34°20’ N, at an altitude of 524.7 m, which belongs to the warm
temperate monsoon semi-humid climate zone where rainfall is concentrated from July to
September, the average annual precipitation is 580 mm, and the average yearly temperature
is 12.9 °C (Figure 1).
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Figure 1. Study area.

Four nitrogen application levels were set in this experiment: NO: 0 kg/hm?,
N1: 60 kg/hm?, N2: 120 kg/hm?, N3: 180 kg/hm?; four mulching treatments: SM: straw
mulching, FM: agricultural film mulching, SFM: straw and agricultural film mulching, and
NM: no mulching treatment. The amount of straw mulching was 6000 kg/hm?. FM and
SFM treatments utilized the ridging and covering film side sowing method. Two ridges
with a width of 40 cm and a height of 25 cm were raised in the experimental plot, and the
ridge surfaces were covered with 60 cm wide plastic film. Soybean was sown at 5 cm on
the film side with a row spacing of 50 cm. NO nitrogen treatment (CK) was the control.
Each treatment was randomly arranged and repeated twice. The experimental area was
2.5m x 6 m = 15 m?, containing a total of 33 plots. Nitrogen, potassium, and phosphorus
fertilizers were applied as base fertilizers before sowing. The test soybean variety, Shan-
ning 17, was sown on 17 June 2021 and 9 June 2022, and harvested on 30 September 2021
and 28 September 2022. No significant pests or diseases occurred within the soybean
growth period.
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2.2. Data Collection

The chlorophyll content was measured at the four-node (V4), complete flowering
(R2), full pod (R4), and drum-grain stages (R6) of the soybean. Chlorophyll content was
measured using a SPAD-502 handheld chlorophyll meter. Since the SPAD-502 reading was
closely related to the chlorophyll content, its value directly represented the chlorophyll
content [14]. Ten soybean plants were randomly selected from each plot at different stages,
and the SPAD values of the top 1, top 2, top 3, and top 4 leaves were measured from top
to bottom along the main stem. At the same time, for the leaves at the four above leaf
positions, from the base of the leaves, according to their length, every 1/3 was divided into
intervals, which were defined as the base (B), middle (C), and top (R). The SPAD values
were measured and the average values in the same experimental plots were calculated [14].

During the test period, spectral data were collected at different soybean growth stages.
The test period was sunny, and the light was consistent. The spectral reflectance of the
soybean canopy was measured by ASD Field-Spec 3 Analytical Spectral Devices, Inc.,
St, Boulder, CO, USA. The wavelength range of the instrument was 350-1830 nm. The
spectral resolution of 350-1000 nm was 3 nm, and the sampling interval was 1.4 nm. The
1000-1830 nm resolution was 10 nm with a sampling interval of 2 nm, and the instrument
automatically interpolates the sampling data to a 1 nm interval output, fiber length of
1.5 m, and field angle of 25° [15]. Before the hyperspectral data acquisition, the spectrometer
was preheated and optimized, and the reference plate test and comparison were completed
within 1 min. After the hyperspectral reflectance data acquisition of the previous test area,
the reference plate correction was performed before the hyperspectral reflectance data
acquisition of the latter test area. The crop canopy with balanced growth was selected in
each experimental plot, and the experimenter held a spectral sensor probe. The optical
fiber probe was placed vertically downward, about 1 m from the top of the canopy. In each
plot, three quadrats representing the growth of the crop were selected for measurement.
Each quadrat collected ten spectral curves each time, and the average value was used as
the spectral reflectance of the quadrat. A total of 63 sets of data were collected for each
growth stage, with a total of 252 sets of data collected during the experiment (Table 1).

Table 1. Statistics of chlorophyll content data at different growth stages of soybean.

Indexes (Unitless) Chlorophyll Content at Different Growth Stages (Unitless)

Vi R2 R4 R6

Sample size 63 63 63 63
Maximum values 36.87 46.26 55.96 51.01
Minimum values 23.74 32.95 40.93 37.06
Mean 31.56 39.48 48.93 43.65
Standard deviation 3.08 3.71 4.00 3.51
Coefficient of 0.10 0.09 0.08 0.08

variation/ %

2.3. Spectral Data Processing and Spectral Index Construction

At the beginning, the binary Ostu algorithm and Canny edge detection algorithm were
used to process the thermal infrared image in advance to eliminate the soil background.
As the spectral data are disturbed by the environment (there is a strong water absorption
band at 1350-1450 nm and an intense edge noise at 1801-1830 nm), this study was based
on the reflectance of 351-1350 nm and 1451-1800 nm bands (a total of 1350 bands). To
reduce (eliminate) the influence of background noise on the spectral reflectance curve,
Savitzky-Golay convolution smoothing was used to preprocess the spectral data. The
quadratic polynomial and number of smoothing points were 9, and function fitting and
filtering denoising was performed [16]. At the four growth stages of the crop, the degree of
crop senescence deepens; however, the field coverage was still good, so the spectrum was
not affected by crop senescence and field residues.
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Seven typical spectral indices were selected to fully utilize the information in the
hyperspectral reflectance data, as shown in Table 2. Ratio Index (RI) and Triangular
Vegetation Index (TVI) were strongly correlated with chlorophyll content and LAI of plants;
however, the sensitivity decreased when the vegetation was dense [17]. The modified
Simple Ratio (mSR) and modified Normalized Difference Index (mNDI) can optimize the
specular emission effect of leaves and are sensitive to changes in leaves. Difference Index
(DI), Normalized Difference Vegetation Index (NDVI), and Soil-Adjusted Vegetation Index
(SAVI) can reflect the background influence of plant canopy and eliminate some radiation
errors [18].

Table 2. The spectral index selected in this study.

Spectral Index Formula Reference
Ratio Index (RI) R;/R; [11]
Difference Index (DI) R;=R; [11]
Modified Simple Ratio (mSR) R; — Rys5/Rj — Ryss [11]
Modified Normalized Difference
Index (mNDI) Ri =R /Ri+ Rj = 2R455 [t
Triangular Vegetation Index (TVI) 0.5 x (120 x (R; — Rssg) — 200 x (Rj — R550>> [11]
. . . Ri—R;
Soil-Adjusted Vegetation Index (SAVI) (1+0.16) W*‘j)-lé [11]
Normalized Difference Vegetation R; — Rj/R; + R, [11]

Index (NDVI)

R; (i = 1,2,3) is the reflectivity at any band, R4s5 and Rssp are the hyperspectral reflectivity at 455 nm and
550 nm wavelengths.

Firstly, the spectral indices of all hyperspectral reflectance bands at each growth
stage after first-order pretreatment were calculated by band-by-band spectral indices.
Then, correlation analysis of the soybean chlorophyll content was performed using the
correlation matrix method. The spectral indices of first-order were constructed with the i
and j wavelengths, where the maximum correlation coefficient was located. In previous
studies, the spectral reflectance at 445 nm and 550 nm wavelength positions was selected
for the calculation of the spectral index, and good results were obtained [11]. Therefore,
the spectral reflectance at 445 nm and 550 nm wavelength positions was also selected in
this study.

2.4. Model Construction and Verification

Taking the four optimal spectral index combinations of different growth stages as
input variables, three machine learning methods of SVM, RF, and BPNN were used to
model and predict the chlorophyll content of soybean on MATLAB R2022a software.
The ratio of the training set to the validation set was 2:1. The average value of the rele-
vant results predicted by the machine learning model is the final model-fitting result in
this experiment.

2.4.1. Model Construction

Support vector machine (SVM) is a binary classification machine learning algorithm
with a Gaussian kernel and polynomial kernel as the basis kernel function, and a gradient
descent algorithm is used to optimize the weight coefficient [19]. It has good generalization
ability and robustness and has no over-fitting defect. It has been widely used in pattern
recognition, classification, and small-sample regression analysis [20]. SVM uses Gaussian
kernel and polynomial kernel as basis kernel function and adopts a gradient descent
algorithm to optimize the weight coefficient [21].

Random forest (RF) is an integral model based on the idea of “Bagging”model. Because
of its simple and convenient characteristics, it has been widely used in various regression
and prediction problems. Since the RF model weighted the averages of the results of each
tree to achieve the final output, the implementation of the model requires the construction
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of a large number of decision trees and the construction of a set of decision trees by
exchanging and changing covariates to improve the prediction performance [22]. Random
forest needs to train N decision trees on N sampling training-test sets obtained by putting
back samples. Based on the regression of the random forest model, the average prediction
results of multiple decision trees are taken as the final results. When training-testing in the
decision tree model, it is necessary to traverse each feature and each method to effectively
determine the optimal number of decision trees. After error analysis and multiple training,
the number of decision trees in the RF model was determined to be 500 [23].

Back propagation neural network (BPNN) is a multi-layer feedforward network
trained by back propagation algorithm. It is essentially an iterative learning algorithm
based on gradient descent. It has some defects, such as easily falling into a local minimum
point, slow convergence speed, and possible oscillation when approaching the optimal
solution [24]. The BPNN used in this study was provided by the Neural Network Tool-
box in MATLAB. The transfer function of the hidden layer was set to TANSIG, and the
Levenbeger-Marquardt (Train-LM) algorithm based on numerical optimization theory was
used as the network training function. The number of neurons in the middle layer directly
affects the simulation performance of the network. Thus, after several training sessions, we
determined that the number of neurons in the middle layer was 10. In addition, during
training, the maximum number of iterations was set to 1000 and the training target was
setto 1 x 1072, After the neural network was trained, the test data were entered into the
training network simulation to obtain the simulated values [25] (Figure 2).

Error back propagation

! | |

V4 optimal spectral indey

R2 optimal spectral indey

R4 optimal spectral indey Measured chlorophyll value

R6 optimal spectral indey

Input layer Hidden layer Output layer Training error

Information forward propagation
Figure 2. BPNN Structure Diagram in the experiments.

2.4.2. Model Verification

The model fitting results were evaluated by the determination coefficient (R?), root
mean square error (RMSE), and mean relative error (MRE) [26]. The larger the R?, the more
stable performance of the trained model, and the prediction results are more concentrated.
The smaller RMSE and MRE indicate the higher prediction accuracy of the model [27]. The
calculation formula is as follows:

RZ _ ;1:1 (y\l — y>2 (1)
(i — )
n 2
RMSE — Zi:l(yl y) (2)
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MRE = 2y Wiz il g9, 3)
n Yi

In the formula 1j;—model prediction value;

y;—actual sampling value;

y—mean value;

n—sample number.

2.5. Data Analysis and Verification of the Prediction Accuracy of the Models

The experimental data were processed in Excel 2021 (Microsoft, Albuquerque, NM, USA).
All graphics in the present paper were created using Origin Pro 2022 (Origin Lab Corp.,
Northampton, MA, US). For the diagrams of architectures used in the experiments, please
refer to Figure 3.

Estimation of chlorophyll content in soybean at
different growth stages based on optimal spectral index

h 4

Spectral analysis chlorophyll content at different growth stages

correlation matrix method

h

Optimal spectral index

SVM. RF and BPNN machine learning methods

v

Provide the optimal chlorophyll content prediction model of
soybean and the basis for monitoring the growth status and
health of soybean at different growth stages.

Figure 3. Diagrams of architectures used in the experiments.

3. Results
3.1. Optimal Spectral Index Band Combination Extraction

Five indices with high soybean chlorophyll content correlation were selected from the
seven spectral indices, as the optimal spectral index combination, and a correlation matrix
diagram was drawn. As shown in Figures 4-6, from blue to red, the correlation between
the spectral indices and soybean SPAD at each growth stage changes from a high negative
correlation to a high positive correlation.
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Figure 4. Correlation matrix diagram of spectral index and soybean chlorophyll content at different
growth stages ((al-a5): V4 growth period mNDI, NDVI, RI, mSR and SAVI and soybean chlorophyll
content correlation matrix; (b1-b5): R2 growth period TVI, DI, SAVI, RI, and NDVI and soybean
chlorophyll content correlation matrix).
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Figure 5. Correlation matrix diagram of spectral index and soybean chlorophyll content at different
growth stages ((c1-c5): R4 growth period DI, SAVI, TVI, mSR, and RI and soybean chlorophyll
content correlation matrix; (d1-d5): R6 growth period NDVI, SAVI, DI, RI and mNDI and soybean
chlorophyll content correlation matrix).
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Figure 6. Correlation matrix diagram of spectral index and soybean chlorophyll content at different
growth stages ((el,e2): V4 growth period DI and TVI and chlorophyll content correlation matrix
diagram; the correlation matrix of mSR and mNDI with chlorophyll content in (f1,£2): R2 growth
period; (g1,82): R4 growth period mNDI and NDVI and chlorophyll content correlation matrix;
(h1,h2): R6 growth period TVI and mSR and chlorophyll content correlation matrix).
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Figures 4-6 are the correlation matrix of the hyperspectral vegetation index and
soybean SPAD in each growth period following first-order differential treatment. The cor-
relation between the optimal spectral index and soybean chlorophyll content calculated by
the first—order differential pretreatment of hyperspectral reflectance data was significantly
improved. DI, TVI, and SAVI were highly correlated with soybean chlorophyll content in
the first-order differential treatment. Although NDVI is often used to describe “greenness”,
the correlation of DI here is higher than NDVI. This is because DI may be more correlated
with chlorophyll content at some stages due to factors such as the test environment and
crop species. The correlation coefficients of V4 and R6 growth periods were low, at around
0.5-0.6. The correlation coefficient of the R2 growth period was higher, at about 0.7-0.8,
and the correlation coefficient of the R4 growth period was the highest at above 0.8. The
spectral index with the highest correlation coefficient with soybean chlorophyll content
was DI in the R4 growth period, and the wavelength combination coordinate was (707,730).
The ranked rmax value of each spectral index and soybean SPAD value from high to low
was DI > SAVI > TVI > mSR > RI > mNDI > NDVIL. Among the above seven spectral
indices, five, DI, SAVI, TVI, mSR, and RI, with high correlation coefficients, were selected as
the optimal spectral index combinations. Their corresponding bands, (707,730), (713,752),
(731,713), (739,710), and (713,752) were the optimal spectral index band combinations. The
corresponding bands of the first-order differential optimal spectral index combination and
the optimal spectral index combination in the remaining growth stages are presented in
Table 3. The red edge is the band that reflects the physiological characteristics of plant
growth and has the fastest green plant reflectance growth rate [28]. The 20 optimal spectral
index bands selected in this experiment were all in the range of 670-760 nm and were all
edge band range distributed in, or near, the red.

Table 3. Optimal vegetation index wavelength combinations at different growth stages.

Growth Spectral . Wavelength Position Optimal Vegetation
Stages Index max (i,j)/(nm) Index
mNDI 0.541 (759,680)
NDVI 0.531 (725,714)
RI 0.521 (720,706)
V4 mSR 0.506 (756,689) mNDSquNSAX/I{ RI,
SAVI 0.500 (660,676) ot
DI 0.500 (660,676)
TVI 0.472 (676,689)
TVI 0.777 (755,691)
DI 0.757 (710,734)
SAVI 0.756 (721,764)
R2 RI 0.748 (691,755) TVI, DI, SAVI, RI, NDVI
NDVI 0.734 (729,747)
mSR 0.715 (752,691)
mNDI 0.695 (741,707)
DI 0.832 (707,730)
SAVI 0.831 (713,752)
TVI 0.825 (731,713)
R4 mSR 0.801 (739,710) DI, SAVI, TVI, mSR, RI
RI 0.800 (713,752)
mNDI 0.797 (726,713)
NDVI 0.794 (728,752)
NDVI 0.538 (705,718)
SAVI 0.520 (707,723)
DI 0.520 (701,711)
R6 RI 0.519 (705,688) NDQIII';;\S'I D,
mNDI 0513 (723,691) '
TVI 0.503 (708,692)

mSR 0.496 (675,705)
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3.2. Construction and Comparison of Soybean Chlorophyll Prediction Models at Different
Growth Stages

The optimal spectral index combination of different growth stages was the indepen-
dent variable, and the soybean leaf chlorophyll content was the response variable. SVM,
RF, and BPNN methods were used to construct soybean chlorophyll estimation models at
different growth stages. The model accuracy was comprehensively evaluated from three
aspects of R?, RMSE, and MRE. The predictions of different modeling methods for the
soybean leaf areas are shown in Table 4.

Table 4. Comparison of model prediction accuracy evaluation under different growth stages.

Growth Evaluation SVM RE BPNN
Stages Indicators Modeling Validation Modeling Validation Modeling Validation
Set Set Set Set Set Set

R? 0.551 0.694 0.730 0.726 0.576 0.674

V4 RMSE 1.987 1.809 1.617 2.192 1.935 2.129
MRE 4.837 4.891 4.070 4.373 5.033 5.290

R? 0.651 0.645 0.776 0.746 0.731 0.726

R2 RMSE 2.124 2.496 1.684 2.149 1.863 2.221
MRE 4.104 4.930 3.507 4.746 3.676 4.353

R? 0.734 0.717 0.862 0.854 0.754 0.743

R4 RMSE 1.995 2.578 1.458 2.627 1.945 2.508
MRE 2.882 4.458 2.259 4.669 3.008 4.573

R? 0.516 0.587 0.724 0.718 0.512 0.684

R6 RMSE 2.310 2.706 1.804 2.884 2.353 2.190
MRE 4.158 5.487 3.504 5.078 4.084 3.886

The corresponding soybean chlorophyll estimation model R? was R4 > R2 > R6 > V4
in different soybean growth stages. The RMSE and MRE values were small, which can
be expressed in the order of R6 > R2 > V4 > R4. In the R4 growth period, the R? of the
modeling and validation set of the chlorophyll content estimation model, constructed by the
RF method, exceeded 0.8. The R? of the modeling set and validation set of the chlorophyll
content estimation model, built by the SVM and BPNN methods, exceeded 0.7, both of
which had an excellent nonlinear fitting ability. In the same growth period, the accuracy of
the modeling and verification sets of the soybean chlorophyll content estimation model,
constructed by the three modeling methods, were as follows: RF > BPNN > SVM, indicating
that RF was the optimal model construction method. The practical information on soybean
chlorophyll content in the optimal spectral index combination can therefore be further
extracted. In summary, the R4 growth period is the best growth period for chlorophyll
content prediction, and the RF method is the best model construction method. The R? of
the optimal soybean chlorophyll content estimation model modeling and verification sets
were 0.862 and 0.854, RMSE was 1.458 and 2.627, and MRE was 2.259 and 4.669 (Figure 7).
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Figure 7. Model evaluation results, (a—c) is the prediction model of soybean chlorophyll content
in the V4 growth period constructed by SVM, RF, and BPNN methods; (d—f) is the result of the
R2 growth period soybean chlorophyll content prediction model created by SVM, RF, and BPNN;

(g-i) is the result of R4 growth period soybean chlorophyll content prediction model constructed by
SVM, RF, and BPNN; (j-1) is the result of R6 growth period soybean chlorophyll content prediction
model produced by SVM, RF, and BPNN methods.

4. Discussion

It is found that the model’s prediction ability, built by directly using the original hyper-
spectral reflectance for the crop chlorophyll content inversion model, is often
moderate [29]. The introduction of differential transformation processing reduces the
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spectral reflectance background noise, highlights the hyperspectral feature information,
enhances the correlation between the hyperspectral reflectance and crop chlorophyll
content [30,31], and promotes the inversion model accuracy. This study found that the
inversion model of the soybean chlorophyll content at different growth stages was con-
structed by using soybean hyperspectral reflectance data under the first-order differential
order treatment. Consequently, the correlation between the spectral index and soybean
chlorophyll content was high, as was the model accuracy. This is because the first—order
differential spectral index contains more useful spectral information related to chlorophyll
content, and chlorophyll content monitoring is more accurate. Therefore, it is feasible to
invert crop chlorophyll content by using the first-order differential spectral index. The
optimal spectral index, constructed by screening bands in the whole band range, contained
more practical information on soybean chlorophyll content. The strong absorption of
chlorophyll in the red band and the strong reflection of the near—infrared band inside
the leaves make the red—edge band the fastest growth of green plant reflectance and the
most important indicator band that can reflect the physiological characteristics of plant
growth. The red edge band is a vital indicator to describe plant growth, and more than 80%
of physical and chemical plant parameters can be mapped from the spectral information
contained in the red edge band [32,33]. The bands corresponding to the 20 optimal spectral
indices created in this study are distributed in the red edge or near-infrared band. This may
be because the red edge is highly sensitive to chlorophyll content and describes the absorp-
tion capacity of the plant chlorophyll to red light and near—infrared radiation [34,35]. The
change of SPAD is closely related to the crop chlorophyll content and photosynthesis [36];
therefore, the red edge band strongly correlates with the soybean chlorophyll content.

In this study, the soybean leaves were lusher during the R4 growth period and the
leaves contained more chlorophyll, and therefore had more useful chlorophyll spectral
information, resulting in a superior chlorophyll content prediction ability [37]. In the R4
growth stage, the correlation between the spectral index and chlorophyll content was the
highest, and the chlorophyll content was closely related to the yield, showing a positive
correlation. This can provide a theoretical basis for farmers to predict yield in crop pro-
duction, i.e., the R4 period can be the best period for farmers to predict yield. In Figure 7,
the observed chlorophyll values are often higher than the estimated values. Because the
experiment is inevitably affected by errors, the deviation of the instrument and the mea-
surement angle may affect the results. In addition, differences in the field of view between
the SPAD meter (leaf level) and the ASD (plant level) can also lead to differences between
observations and estimates. Among the three methods, the RF method-based prediction
model was the most accurate, indicating that RF has a greater ability to extract chlorophyll
content-related information from spectral reflectance data. This is because RF algorithm
training can be highly parallelized and is not sensitive to some missing features. The trained
model has a minor variance, strong generalization ability, higher background noise and
outlier tolerance, which makes it more suitable for solving nonlinear problems [38]. BPNN
is one of the most widely used neural networks. Through iterative processing, the network
weights of connected neurons are continuously adjusted to minimize the error between the
final output and the expected result [39]. However, the neural network model’s accuracy is
easily reduced due to the algorithm falling into the local extremum, the weight converging
to the local minimum point, and its slow convergence speed [40]. In this study, the BPNN
model accuracy was lower than that of the RF model, which may be due to the relatively
small number of samples but the high amount of model training, resulting in a decrease in
model accuracy and generalization ability [41]. Compared with RF and BPNN, the SVM
model is poor at chlorophyll content prediction. SVM has weak anti-interference ability
and there is no standard for the kernel function selection of inseparable linear data. It is
sensitive to missing and noise data and does not support feature diversity [42]. The results
of this study show that the best fitting accuracy is obtained when using the RF method to
construct the chlorophyll content prediction model with the first-order differential optimal
spectral index combination of each growth period as the input variable. This can provide a
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reference for accurately predicting soybean chlorophyll content at different growth stages
and further exploring the dynamic changes of hyperspectral reflectance at each growth
stage. In addition, there are some applications of new machine learning methods. Shah et al.
found that tabu data learning architecture (TabNet) can be used for hyperspectral image
classification. Experimental results obtained on different hyperspectral datasets demon-
strate the superiority of the proposed approaches in comparison with other state-of-the—art
techniques including DNNss and decision tree variants [43]. He et al. combined hyperspec-
tral imaging with machine learning to characterize banana samples with hyperspectral
images. It was found that the XGBoost model can 100% correctly distinguish natural and
artificial ripening bananas compared with models such as support vector machine (SVM)
and multi-layer perceptron (MLP). This method can be used to classify different ripening
bananas quickly and non-invasively [44]. This provides a reference for the future use of
new machine learning methods to estimate physiological indicators of crops.

At present, the use of hyperspectral data to study the model of LAI, biomass, nitrogen,
and chlorophyll of crops has achieved good results; however, the commonly used ground
hyperspectral data can only be obtained on the ground, and there are many restrictions.
In the future, it will be necessary to test and improve the model through experiments in
different regions, different scales, and different varieties, as well as other machine learning
methods, to realize the effective unification of model estimation accuracy and universality,
and provide a reference for predicting the chlorophyll content of soybean crops in multiple
growth periods by using multi-source remote sensing methods such as multi-spectral
and hyperspectral.

5. Conclusions

This study optimized hyperspectral reflectance following first—order differential trans-
formation by the correlation matrix method over the whole band range. It was found that
the constructed optimal spectral index was highly correlated with the soybean chlorophyll
content at different growth stages, and the correlation with the soybean chlorophyll content
during the R4 growth stage was the highest. The accuracy of the chlorophyll content pre-
diction model constructed via the RF method was significantly higher than that of the SVM
and BPNN methods. The R4 growth period was the best growth period for chlorophyll
content prediction, and the RF method was the best model construction method.

Author Contributions: H.S.: Methodology, Formal analysis, Writing—original draft, Visualization.
X.W. and Z.T.: Methodology, Software. J.A. and J.G.: Data curation, Writing—review and editing,
Formal analysis. Y.X.: Supervision, Writing—review and editing, Funding acquisition. X.Z., L.J., W.L.
and Z.L.: Data curation. EZ.: Supervision, Project administration. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China
(No. 52179045).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Liu, X; Jin, J.; Wang, G.; Herbert, S. Soybean yield physiology and development of high-yielding practices in Northeast China.
Field Crop. Res. 2008, 105, 157-171. [CrossRef]

2. Wang, C,; Linderholm, HW.; Song, Y.; Wang, F; Liu, Y; Tian, J.; Xu, J.; Song, Y.; Ren, G. Impacts of drought on maize and soybean
production in northeast China during the past five decades. Int. |. Environ. Res. Public Health 2020, 17, 2459. [CrossRef] [PubMed]

3. Zhang, F; Zhou, G. Estimation of vegetation water content using hyperspectral vegetation indices: A comparison of crop water
indicators in response to water stress treatments for summer maize. BMC Ecol. 2019, 19, 18. [CrossRef]

4. Steele, M.R; Gitelson, A.A.; Rundquist, D.C. A comparison of two techniques for nondestructive measurement of chlorophyll
content in grapevine leaves. Agron. J. 2008, 100, 779-782. [CrossRef]

5. Wuy, C; Niu, Z,; Tang, Q.; Huang, W. Estimating chlorophyll content from hyperspectral vegetation indices: Modeling and
validation. Agr. Forest Meteorol. 2008, 148, 1230-1241. [CrossRef]


http://doi.org/10.1016/j.fcr.2007.09.003
http://doi.org/10.3390/ijerph17072459
http://www.ncbi.nlm.nih.gov/pubmed/32260284
http://doi.org/10.1186/s12898-019-0233-0
http://doi.org/10.2134/agronj2007.0254N
http://doi.org/10.1016/j.agrformet.2008.03.005

Agronomy 2023, 13, 663 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wang, J.; Wu, W.; Wang, T.; Cai, C. Estimation of leaf chlorophyll content and density in Populus euphratica based on hyperspectral
characteristic variables. Spectrosc. Lett. 2018, 51, 485-495. [CrossRef]

Liu, C.; Hu, Z; Islam, A.T.; Kong, R.; Yu, L.; Wang, Y.; Chen, S.; Zhang, X. Hyperspectral characteristics and inversion model
estimation of winter wheat under different elevated CO, concentrations. Int. J. Remote Sens. 2021, 42, 1035-1053. [CrossRef]
Yuan, H.; Yang, G; Li, C.; Wang, Y.; Liu, J.; Yu, H.; Feng, H.; Xu, B.; Zhao, X.; Yang, X. Retrieving soybean leaf area index from
unmanned aerial vehicle hyperspectral remote sensing: Analysis of RF, ANN, and SVM regression models. Remote Sens. 2017,
9, 309. [CrossRef]

Xia, K; Xia, S.; Shen, Q.; Yang, B.; Song, Q.; Xu, Y.; Zhang, S.; Zhou, X.; Zhou, Y. Moisture spectral characteristics and hyperspectral
inversion of fly ash—filled reconstructed soil. Spectrochim. Acta. A. 2021, 253, 119590. [CrossRef]

Leyden, K.; Goodwine, B. Fractional-order system identification for health monitoring. Nonlinear. Dynam. 2018, 92, 1317-1334.
[CrossRef]

Tang, Z.; Guo, J.; Xiang, Y.; Lu, X.; Wang, Q.; Wang, H.; Cheng, M.; Wang, H.; Wang, X.; An, J.; et al. Estimation of Leaf Area Index
and Above-Ground Biomass of Winter Wheat Based on Optimal Spectral Index. Agronomy 2022, 12, 1729. [CrossRef]

An, D.; Zhao, G.; Chang, C.; Wang, Z.; Li, P; Zhang, T.; Jia, ]. Hyperspectral field estimation and remote-sensing inversion of salt
content in coastal saline soils of the Yellow River Delta. Int. |. Remote Sens. 2016, 37, 455-470. [CrossRef]

Ge, X,; Ding, J.; Jin, X.; Wang, J.; Chen, X,; Li, X,; Liu, J.; Xie, B. Estimating agricultural soil moisture content through UAV-based
hyperspectral images in the arid region. Remote Sens. 2021, 13, 1562. [CrossRef]

Tang, Z.].; Xiang, Y.Z.; Wang, X.; An, ].Q.; Guo, J.J.; Wang, H.; Li, Z.].; Zhang, F.C. Comparison of SPAD Value and LAI Spectral
Estimation of Soybean Leaves Based on Different Analysis Models. Soyb. Sci. 2023, 42, 55-63, (In Chinese with English abstract).
[CrossRef]

Xiaobo, Z.; Jiewen, Z.; Holmes, M.; Hanpin, M.; Jiyong, S.; Xiaopin, Y.; Yanxiao, L. Independent component analysis in information
extraction from visible/near—-infrared hyperspectral imaging data of cucumber leaves. Chemom. Intell. Lab. 2010, 104, 265-270.
[CrossRef]

Bannari, A.; Khurshid, K.S.; Staenz, K.; Schwarz, ]. Potential of Hyperion EO-1 hyperspectral data for wheat crop chlorophyll
content estimation. Can. J. Remote Sens. 2008, 34, S139-S157. [CrossRef]

Kennard, W.; Stone, L.A. Computer aided design of experiments. Technimetrics 1969, 11, 137-148. [CrossRef]

Rossel, R.V.; Behrens, T. Using data mining to model and interpret soil diffuse reflectance spectra. Geoderma 2010, 158, 46-54.
[CrossRef]

Lin, H,; Liang, L.; Zhang, L.; Du, P. Wheat leaf area index inversion with hyperspectral remote sensing based on support vector
regression algorithm. Trans. Chin. Soc. Agric. Eng. 2013, 29, 139-146. [CrossRef]

Vapnik, V.N. An overview of statistical learning theory. IEEE Trans. Neural Netw. 1999, 10, 988-999. [CrossRef]

Liu, S.; Li, L.; Fan, H.; Guo, X.; Wang, S.; Lu, ].W. Real-time and multi-stage recommendations for nitrogen fertilizer topdressing
rates in winter oilseed rape based on canopy hyperspectral data. Ind. Crop. Prod. 2020, 154, 112699. [CrossRef]

Chen, X.; Ishwaran, H. Random forests for genomic data analysis. Genomics 2012, 99, 323-329. [CrossRef] [PubMed]

Sonobe, R.; Tani, H.; Wang, X.F,; Kobayashi, N.; Shimamuru, H. Parameter tuning in the support vector machine and random
forest and their performances in cross—and same-year crop classification using TerraSAR-X. Int. ]. Remote Sens. 2014, 35,
7898-7909. [CrossRef]

Leonard, J.; Kramer, M.A. Improvement of the backpropagation algorithm for training neural networks. Comput. Chem. Eng.
1990, 14, 337-341. [CrossRef]

Li, Y.Y,; Chang, Q.R.; Liu, X.Y,; Yan, L.; Luo, D.; Wang, S. Remote sensing estimation of SPAD value of maize leaves based
on hyperspectral and BP neural network. Trans. Chin. Soc. Agric. Eng. 2016, 32, 135-142, (In Chinese with English abstract).
[CrossRef]

Duan-yang, S.; Qiang, L.; Bing, H.; Jia—xun, C. Radar Clutter Suppression Method Based on Neural Network Optimized by
Genetic Algorithm. Mod. Def. Technol. 2021, 49, 74-83. [CrossRef]

Liu, N.; Xing, Z.; Zhao, R; Xiao, L.; Li, M.; Liu, G.; Sun, H. Analysis of chlorophyll concentration in potato crop by coupling
continuous wavelet transform and spectral variable optimization. Remote Sens. 2020, 12, 2826. [CrossRef]

Tanaka, S.; Kawamura, K.; Maki, M.; Muramoto, Y.; Yoshida, K.; Akiyama, T. Spectral index for quantifying leaf area index
of winter wheat by field hyperspectral measurements: A case study in Gifu Prefecture, Central Japan. Remote Sens. 2015, 7,
5329-5346. [CrossRef]

Delegido, ].; Verrelst, J.; Meza, C.M.; Rivera, ].P.; Alonso, L.; Moreno, J. A red—edge spectral index for remote sensing estimation
of green LAI over agroecosystems. Eur. |. Agron. 2013, 46, 42-52. [CrossRef]

Zhang, Y.; Sui, B.; Shen, H.O.; Ouyang, L. Mapping stocks of soil total nitrogen using remote sensing data: A comparison of
random forest models with different predictors. Comput. Electron. Agr. 2019, 160, 23-30. [CrossRef]

Wang, Z.; Zhang, X.; Zhang, F.; Chan, N.W,; Kung, H.-T.; Liu, S.; Deng, L. Estimation of soil salt content using machine learning
techniques based on remote—sensing fractional derivatives, a case study in the Ebinur Lake Wetland National Nature Reserve,
Northwest China. Ecol. Indic. 2020, 119, 106869. [CrossRef]

Hong, Y.; Guo, L.; Chen, S.; Linderman, M.; Mouazen, A.M.; Yu, L.; Chen, Y,; Liu, Y,; Liu, Y,; Cheng, H.; et al. Exploring the
potential of airborne hyperspectral image for estimating topsoil organic carbon: Effects of fractional-order derivative and optimal
band combination algorithm. Geoderma 2020, 365, 114228. [CrossRef]


http://doi.org/10.1080/00387010.2018.1523194
http://doi.org/10.1080/01431161.2020.1823038
http://doi.org/10.3390/rs9040309
http://doi.org/10.1016/j.saa.2021.119590
http://doi.org/10.1007/s11071-018-4128-y
http://doi.org/10.3390/agronomy12071729
http://doi.org/10.1080/01431161.2015.1129562
http://doi.org/10.3390/rs13081562
http://doi.org/10.11861/j.issn.1000-9841.2023.01.0055
http://doi.org/10.1016/j.chemolab.2010.08.019
http://doi.org/10.5589/m08-001
http://doi.org/10.1080/00401706.1969.10490666
http://doi.org/10.1016/j.geoderma.2009.12.025
http://doi.org/10.3969/j.issn.1002-6819.2013.11.018
http://doi.org/10.1109/72.788640
http://doi.org/10.1016/j.indcrop.2020.112699
http://doi.org/10.1016/j.ygeno.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22546560
http://doi.org/10.1080/01431161.2014.978038
http://doi.org/10.1016/0098-1354(90)87070-6
http://doi.org/10.11975/j.issn.1002-6819.2016.16.019
http://doi.org/10.3969/j.issn.1009-086x.2021.06.012
http://doi.org/10.3390/rs12172826
http://doi.org/10.3390/rs70505329
http://doi.org/10.1016/j.eja.2012.12.001
http://doi.org/10.1016/j.compag.2019.03.015
http://doi.org/10.1016/j.ecolind.2020.106869
http://doi.org/10.1016/j.geoderma.2020.114228

Agronomy 2023, 13, 663 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hansen, P.; Schjoerring, J. Reflectance measurement of canopy biomass and nitrogen status in wheat crops using normalized
difference vegetation indices and partial least squares regression. Remote Sens. Environ. 2003, 86, 542-553. [CrossRef]

Liu, S.; Yu, HY,; Zhang, ].H.; Zhou, H.G.; Kong, LJ.; Zhang, L.; Dang, ].M.; Sui, Y.Y. Study on Inversion Model of Chlorophyll
Content in Soybean Leaf Based on Optimal Spectral Indices. Spectrosc. Spect. Anal. 2021, 41, 1912-1919. (In Chinese with
English abstract) [CrossRef]

Li, L.; Ren, T.; Ma, Y,; Wei, Q.; Wang, S.; Li, X.; Cong, R.; Liu, S.; Lu, J. Evaluating chlorophyll density in winter oilseed rape
(Brassica napus L.) using canopy hyperspectral red—edge parameters. Comput. Electron. Agr. 2016, 126, 21-31. [CrossRef]

Tan, C.; Du, Y.; Zhou, ].; Wang, D.; Luo, M.; Zhang, Y.; Guo, W. Analysis of different hyperspectral variables for diagnosing leaf
nitrogen accumulation in wheat. Front. Plant Sci. 2018, 9, 674. [CrossRef]

Chen, Z,; Jia, K.; Wei, X,; Liu, Y;; Zhan, Y.L.; Xia, M.; Yao, Y.J.; Zhang, X.T. Improving leaf area index estimation accuracy of wheat
by involving leaf chlorophyll content information. Comput. Electron. Agr. 2022, 196, 106902. [CrossRef]

Fu, Z,; Jiang, ].; Gao, Y.; Krienke, B.; Wang, M.; Zhong, K.; Cao, Q.; Tian, Y.; Zhu, Y.; Cao, W.; et al. Wheat growth monitoring and
yield estimation based on multi-rotor unmanned aerial vehicle. Remote Sens. 2020, 12, 508. [CrossRef]

Yang, F-F; Liu, T.; Wang, Q.-Y,; Du, M.-Z,; Yang, T.-L.; Liu, D.-Z,; Li, S.-].; Liu, S.-P. Rapid determination of leaf water content for
monitoring waterlogging in winter wheat based on hyperspectral parameters. J. Integr. Agr. 2021, 20, 2613-2626. [CrossRef]
Wu, J.; Guo, D.; Li, G,; Guo, X.; Zhong, L.; Zhu, Q.; Guo, J.; Ye, Y. Multivariate methods with feature wavebands selection and
stratified calibration for soil organic carbon content prediction by Vis—NIR spectroscopy. Soil Sci. Soc. Am. ]. 2022, 86, 1153-1166.
[CrossRef]

Zhang, C.; Zhang, R.; Dai, Z.; He, B.; Yao, Y. Prediction model for the water jet falling point in fire extinguishing based on a
GA-BP neural network. PLoS ONE 2019, 14, e0221729. [CrossRef] [PubMed]

Shen, H.; Jiang, K.; Sun, W.; Xu, Y.; Ma, X. Irrigation decision method for winter wheat growth period in a supplementary
irrigation area based on a support vector machine algorithm. Comput. Electron. Agr. 2021, 182, 106032. [CrossRef]

Shah, C.; Du, Q.; Xu, Y. Enhanced TabNet: Attentive interpretable tabular learning for hyperspectral image classification. Remote
Sens. 2022, 14, 716. [CrossRef]

He, W.; He, H.; Wang, F.; Wang, S.; Li, R.; Chang, ].; Li, C. Rapid and uninvasive characterization of bananas by hyperspectral
imaging with extreme gradient boosting (XGBoost). Anal. Lett. 2022, 55, 620-633. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0034-4257(03)00131-7
http://doi.org/10.3964/j.issn.1000-0593(2021)06-1912-08
http://doi.org/10.1016/j.compag.2016.05.008
http://doi.org/10.3389/fpls.2018.00674
http://doi.org/10.1016/j.compag.2022.106902
http://doi.org/10.3390/rs12030508
http://doi.org/10.1016/S2095-3119(20)63306-8
http://doi.org/10.1002/saj2.20449
http://doi.org/10.1371/journal.pone.0221729
http://www.ncbi.nlm.nih.gov/pubmed/31483808
http://doi.org/10.1016/j.compag.2021.106032
http://doi.org/10.3390/rs14030716
http://doi.org/10.1080/00032719.2021.1952214

	Introduction 
	Materials and Methods 
	Research Area and Test Design 
	Data Collection 
	Spectral Data Processing and Spectral Index Construction 
	Model Construction and Verification 
	Model Construction 
	Model Verification 

	Data Analysis and Verification of the Prediction Accuracy of the Models 

	Results 
	Optimal Spectral Index Band Combination Extraction 
	Construction and Comparison of Soybean Chlorophyll Prediction Models at Different Growth Stages 

	Discussion 
	Conclusions 
	References

