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Abstract: As an essential element, the effect of Phosphorus (P) on plant growth is very significant.
In the early growth stage of maize, it has a high sensitivity to the deficiency of phosphorus. The
main purpose of this paper is to monitor the maize status under two phosphorus levels in soil by a
nondestructive testing method and identify different phosphorus treatments by spectral data. Here,
the Analytical Spectral Devices (ASD) spectrometer was used to obtain canopy spectral data of
30 maize inbred lines in two P-level fields, whose reflectance differences were compared and the
sensitive bands of P were discovered. Leaf Area Index (LAI) and yield under two P levels were
quantitatively analyzed, and the responses of different varieties to P content in soil were observed.
In addition, the correlations between 13 vegetation indexes and eight phenotypic parameters were
compared under two P levels so as to find out the best vegetation index for maize characteristics
estimation. A Back Propagation (BP) neural network was used to evaluate leaf area index and yield,
and the corresponding prediction model was established. In order to classify different P levels of
soil, the method of support vector machine (SVM) was applied. The results showed that the sensitive
bands of P for maize canopy included 763 nm, 815 nm, and 900-1000 nm. P-stress had a significant
effect on LAI and yield of most varieties, whose reduction rate reached 41% as a whole. In addition,
it was found that the correlations between vegetation indexes and phenotypic parameters were
weakened under low-P level. The regression coefficients of 0.75 and 0.5 for the prediction models
of LAI and yield were found by combining the spectral data under two P levels. For the P-level
identification in soil, the classification accuracy could reach above 86%. These abilities potentially
allow for phenotypic parameters prediction of maize plants by spectral data and different phosphorus
contents identification with unknown phosphorus fertilizer status.

Keywords: phosphorus; hyperspectral reflectance; maize; LAI yield

1. Introduction

Maize is one of the most important and strongly expanding agricultural crops world-
wide, having the potential for genetic adaptation to a wide climatic range. Global climate
change may lead to abiotic stresses (such as low temperature, high temperature, drought,
salinity, and so on), thus adversely affecting crop growth and reducing yields. According
to the statistics, climate change causes corn yield to vary by approximately 30%, so it consti-
tutes an important food security issue [1]. Additionally, maize is a cereal with a relatively
high phosphate demand and a high sensitivity to phosphate-deficiency, particularly in
the early growth stage. Hyperspectral detection technology has become a hotspot of crop
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nutrition detection because of its non-destructive, rapid, and real-time characteristics. It is
expected to develop into the main technology for real-time diagnosis of crop nutrition, a
basis for online information monitoring of crop nutrition and timely fertilization, thereby
achieving automated and intelligent management of agricultural production. The basis
of crop assessment using remote sensing is the relationship between crop characteristics
and canopy spectral characteristics [2]. One of the most important aspects of agricultural
remote sensing is to analyze the reflection characteristics of a canopy spectrum and then to
estimate the plant nutritional status during crop growth [3]. It becomes possible to quantify
the nutritional status, yield, and other parameters of the fields in a non-destructive manner
by using hyper-spectrometer, GNSS (global navigation satellite positioning system), and
other sensors [4].

At present, many vegetation biophysical properties for remote sensing estimation
have been developed. The most widely used algorithm type is the VIs (vegetation indexes),
which is the mathematical combination of visible and near-infrared reflection bands. The
spectral reflectance of crop canopy in visible and near-infrared regions is mainly affected
by the changes in its structure [5]. In the visible region, it interacts with electro-magnetic
energy; in the near-infrared region, it is affected by the leaf structure [6]. Ben Zhao et al. [7]
comprehensively analyzed the canopy spectral reflectance of visible and near-infrared
regions for different maize varieties, which provides a reference for the spectral research
of this study. Leaf area index and yield, as the most important indexes to evaluate maize
growth, are the keys of phenotypic characteristics research [8,9]. Detailed leaf area index
maps are of great value to growers, as they can use these maps to optimize decision-making
and crop management based on spatial and temporal scales [10]. Traditionally, leaf area
index and yield of maize are measured by time-consuming, costly, and destructive methods,
which are difficult to apply in the region. Remote sensing monitoring through airborne
or ground equipment is a valuable technology to solve this problem [11,12]. Although
many studies have tested canopy vegetation characteristics through phenotype testing
technology, few studies have explored corn yield assessment [13]. When chemical traits
relevant to growth properties (such as water, nutrient content, and leaf area index) have
sufficient variability, spectral data are expected to be related to yield [14].

Phosphorus is a component of ADP and ATP, which directly affect almost all the energy
required by crops. Therefore, the ability of using remote sensing technology to monitor
the status of phosphorus in plants is very important. The main reason for plants to obtain
phosphorus is the symbiotic relationship between plant roots and microorganisms [15].
Excessive or insufficient application of phosphorus fertilizer will have a negative impact on
crop growth, resulting in a decline in yield and economic losses of farmers [16]. Therefore,
it is very necessary to optimize phosphorus fertilizer management, reduce phosphorus
fertilizer investment, and improve phosphorus fertilizer utilization efficiency under limited
resources, the premise of which is to monitor the phosphorus status of crops timely and
accurately. Many researchers at home and abroad have carried out relevant monitoring
and research on the state of phosphorus. Zhang et al. [17] used 32P marker technology
to quantify the phosphorus absorption, which improved the sustainability of phosphorus
availability in poor soil. Malmir et al. [18] used chemometric analysis methods to show that
a visible-near-infrared hyperspectral imaging system could predict the content of essential
elements such as nitrogen, phosphorus, potassium, and calcium in leaves.

Although many studies have established the models of phosphorus content in leaves
or soil, its universality may be limited due to the lack of spectral absorption characteristics
related to phosphorus [19,20]. Therefore, it is very important to explore a non-destructive,
timely, and rapid monitoring technology for acquiring the phosphorus status [21]. The
framework for this paper is divided into several parts, including data acquisition, analysis,
and model establishment, as shown in Figure 1. The main purposes of this paper are as
follows: 1. Compare the differences of maize canopy spectral characteristics under two P
levels in soil, and establish a direct relationship between the spectral characteristics and
P content in soil; 2. Predict the phenotypic characteristics by hyperspectral data, so as
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to obtain growth parameters easily and quickly in the process of maize growth; and 3.
Establish a classification model to obtain the phosphorus status in real-time and then to
guide the precise application of phosphorus fertilizers.
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Figure 1. The workflow of the main processes adopted for the proposed approach.

2. Materials and Methods
2.1. Study Area and Experimental Design

The experiment was conducted in the summer of 2019-2021 at Shangzhuang experi-
mental station (40°08'12.15” N, 116°10'44.83” E, 50.21 m above mean sea level) of China
Agricultural University, Haidian District, Beijing, as shown in Figure 2. The climate is
temperate humid monsoon, with an average annual temperature of 12.5 °C and an average
annual precipitation of 628.9 mm. Maize, wheat, and other crops are planted in the entire
study area for scientific research. The soil type is sandy loam.
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Figure 2. The test fields including two levels of phosphorus.

The test fields were used for long-term experiments of phosphorus gradient. P fertil-
izers had not been applied to the low-P field since 1985, but 45 kg/ha P,Os was applied
before sowing for the normal-P field every year. Additionally, 240 kg/ha N fertilizer was
applied in both trials before planting [16,22]. More detailed information about the fields
may be found in Li et al. [16]. Before sowing, the Olsen P in the low-P and normal-P trial
were measured by taking nine samples uniformly from the 0-20 cm soil, and the average
soil phosphorus content was 1.5 mg/kg and 4.7 mg/kg, respectively. In addition, total
nitrogen (N) was determined by the Kjeldahl procedure [23]. Available K (exchangeable-K)
and P (Olsen-P) were extracted using NH4OAc and NaHCOj3; and determined using a
flame photometer and spectrophotometer, respectively [24]. The N and K concentrations
were 0.63-0.83 mg/kg and 109.2-147.9 mg/kg for the low-P trial, 0.69-0.77 mg/kg and
135.6-140.3 mg/kg for the normal-P trial, respectively. The concentration of P in soil was
the main limiting factor and all other management measures remained the same. A total
of 364 maize inbred lines were planted in a randomized block design of three replicates
for each of two phosphorus treatments, 30 of which were randomly selected for spectral
experiments, numbering 180 plots in all, whose corresponding groups are shown in Table 1.
The test plot covered an area of 767.5 m?, with a plant spacing of 0.2 m and a row spacing
of 0.5 m. In order to mitigate the border effects, two protection rows were arranged at the
edge of the test area. In the full text, the abbreviation of LP represents low phosphorus
treatment, and NP represents normal phosphorus treatment.



Remote Sens. 2022, 14, 493 50f 19
Table 1. Maize inbred lines and corresponding groups.
Maize Inbred Maize Maize
Line A Group Inbred Line A Group Inbred Line A Group
150 A428 5237 A350 18-599 A302
177 A242 5311 A272 303WX A344
238 A293 7381 A329 384-2 A320
268 A370 8902 A243 3H-2 Ad44
501 A317 9642 A326 4F1 A385
812 A236 04K5686 A304 7884-4Ht A313
1462 A399 04K5702 A424 835a A274
3411 A381 05W002 A301 835b A285
4019 A412 05WN230 A324 975-12 A287
5213 A387 07KS4 A335 A619 A357

2.2. Spectral Data and Plant Trait Measurement

In general, the reflectance spectrum measurement of field features includes two steps:
one is the measurement of the solar irradiance spectrum, and the other is the measurement
of the radiance spectrum in the reflection direction of the target. For the measurements of
the solar irradiance spectrum under field conditions, a calibrated diffuse reflection plate
can be used as a reference panel, whose radiance spectrum is mainly measured by a feature-
spectrometer, so as to calculate the irradiance spectrum of the solar light source reaching
the ground surface. The calculation formula is as follows [25]:

nLref(A)

Ed(/\) N pref()‘>

)

where L,,¢(A) is the radiance of the Lambertian reference plate measured by the spectrome-
ter, and p;,¢(A) is the reflectance of the Lambertian reference plate.

According to the definition and formula of directional reflectance, as long as the
radiance spectrum reflected by the target and the solar incident signal reflected by the
reference plate are measured synchronously, the target spectral reflectance can be calculated,

that is:
nLt(Gr, q)r/ )\) — Lt(ei’/ 4)1’/ A)
Eq(0;, i, A)  Lyes (6, @i, A

where L (60r, ¢y, A) is the target radiance spectrum observed in the direction of (6,, ¢,) by
the spectrometer, and p¢(6;, ¢;, 0y, ;, A) is the calculated directional reflectance spectrum
of field features.

In this experiment, an Analytical Spectral Devices (ASD) Field Spec 4 spectrometer
(ASD Inc., Boulder, CO, USA) was used for spectral data acquisition, whose view angle
was 25° and wavelength range was 350 nm—2500 nm. It was sunny and windless during
all test days. Hyperspectral reflectance measurements of maize were made at the jointing
growth stage under clear sky conditions between 10:00 and 14:00 local time. The sensor was
distanced 1.0 m above the canopy, which ensured that the view field of spectrometer covered
the entire testing canopy. During the measurements, the sensor probe was always pointed
vertically downward. Black and baseline reflectance was obtained with a 50 x 50 cm
calibration panel before each measurement, whose thickness was 10 mm and material was
pressed PTFE. An average of 20 spectra was used for each sample measurement.

At the corresponding spectral reflectance measurement positions, the length and width
of all leaves for each sample were measured manually to obtain LAI. At the end of the
growing season, the ear length, ear diameter, kernals, 100-kernal weight, ear dry weight,
and yield were obtained by destructive samplings in each of the 180 plots. The ears were
dried at 65 °C for at least 48 h and weighed to determine the dry weight and actual yield.

Pt(ei/ 471',91*, (PI’/A) = )pl’@f(/\) (2)
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2.3. Data Analysis

Based on published literature and the sensitivity of optical and polarization features
to LAI and yield, optical spectral vegetation indexes were used to estimate LAI and yield.
The leaf area index and yield of crops can be estimated from seven bands of red spectra
(600 nm, 603 nm, 636 nm, 639 nm, 642 nm, 666 nm, and 669 nm), four bands of near
infrared (738 nm, 741 nm, 744 nm, and 747 nm) and two bands close to the edge of blue
and green spectra (498 nm and 501 nm) [2,26-30]. In this paper, 15 vegetation indexes
from the spectral data were selected to evaluate the characters of maize, as shown in
Table 2. Pearson correlations were used to test the relationship among the selected VIs and
phenotypic parameters. A BP neural network (again, with a 70/30 calibration/validation
split) was employed to predict LAI and yield, whose accuracy was tested by the regression
coefficient R (analyses conducted in MATLAB 2020b). SVM classification was used to
classify spectral data for different phosphorus treatments based on the classification learner
toolbox environment in MATLAB 2020b. A 10-fold cross validation method was chosen
to protect against overfitting, and an ROC curve was used to check the model accuracy.
Sensitivity and specificity of the ROC curve were also applied to evaluate the accuracy of
the classification model.

Table 2. Vegetation index names, equations, and references in this paper.

Vegetation Index Formulation Reference
Simple Ratio SR :ZZ—?S [31]
Normalized Difference Vegetation Index NDVI = % [32]
i _ 0800
Enhanced Vegetation Index EVI=25 [W] [33]
i i i — (A+L)(p780—P670
Soil Adjusted Vegetation Index SAVI = - fmebe [32]
Enhanced vegetation Index 2 EVI2 =25 % [34]
Normalized Green Red Difference Index NGRDI = z;;g;ﬁigg [35]
imi il Adi i — (o780 —P670)
Optimized Soil Adjusted Vegetation Index OSAVI = (1+0.16) m [36]
Transformed Chlorophyll Absorption Reflectance Index TCARI = 3 {(Pmo — 0670) — 0.2(0700 — P550) %)} [37]
Triangular Greenness Index TGI = —0.5[(670 — 490) (ps70 — P550) — (670 — 550) (0670 — £490)] [32]
Difference Vegetation Index DVI = pgoo — 0680 [31]
Green Normalized Difference Vegetation Index GNDVI = ENIRZOGREEN [38]
PNIR +PGREZEN
Modified Soil Adjusted Vegetation Index MSAVI — (2s00+1)— (ZPsongl) —8(ps00—0670) [39]
3. Results

3.1. Spectral Characteristics under Different P Levels

The spectral characteristics of plants in the visible band were mainly determined by the
concentration of photosynthesis, including chlorophyll a, chlorophyll b, lutein, anthocyanin,
and carotenoid. In the near-infrared band, the internal structure of leaves, the size and
shape of plant air cavities, and the number of air-water interfaces of plant membranes had a
great impact on the intensity of leaf spectral reflectance. Other influencing factors included
water content and biochemical concentrations of lignin, cellulose, starch, and protein [40].
Because the time-dependent change in phosphorus would lead to a change in chlorophyll
content, the change in leaf reflectivity monitored by spectral sensor could be used as an
index to detect the phosphorus status of crops. And due to the comprehensive effects
of chlorophyll absorption and mesophyll light dispersion in plant leaves, healthy leaves
have a high reflectivity in the red to near-infrared region [30]. Osco et al. [41] used several
different machine learning algorithms to predict the hyperspectral nutritional components
of citrus leaves and determined the most contributing wavelength or spectral region related
to each nutrient element. The measured wavelength range related to phosphorus were
385-411 nm, 438-456 nm, 472-477 nm, 502 nm, 521 nm, 527 nm, and 544-555 nm. However,
more band combinations were not involved.

The spectral curves of 30 different maize varieties were divided into two parts, which
included the visible light band (400-780 nm) and the near-infrared short-wave region
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(780-1100 nm). The curves of different colors in the following figures represented different
maize varieties. As shown in Figure 3 and Figure 5, the field-measured spectra all had
typical characteristics of a vegetation spectrum, and these characteristics were similar for
different maize varieties and P levels. Specifically, all spectra presented two absorption
peaks in the blue-violet and red regions, a strong reflection peak in the green region, and a
high reflection platform in the region beyond 680 nm. Within the visible light band, the
canopy reflectance of NP was significantly higher than that of LP. There was an obvious
change near 763nm, which can be clearly seen in the first derivative curve of reflectance in
Figure 4. In the near-infrared short-wave region, P deficiency could weaken the fluctuation
of reflectivity within 815nm and 900-1000 nm bands, as shown in Figure 5. This result was
similar to the conclusion obtained by Osborneel et al. [42], who also demonstrated that the
increased plant cells number per leaf area under phosphorus stress had been translated
into a significant spectral response in the near-infrared spectrum in maize.
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Figure 3. Spectral reflectance curve in the visible light range.
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3.2. Quantitative Analysis of LAl and Yield under Different P Levels

Many biological and physical processes of crops, including interception of light and
water (rain and fog), attenuation, transpiration, photosynthesis, and autotrophic respiration
of light through the canopy, and carbon and nutrients cycles (such as nitrogen, phosphorus,
etc.) can control LAL It can be seen from Table 3 that the variation range of LAI in the
LP plot was 0.5-5.4, and that in the NP plot was 0.4-7.2. The yield of the LP plot was
typically 500-2000 kg/hm, and that of the NP plot was typically 1500-3500 kg/hm, with
obvious variation trends, which were mainly because the P deficiency made photosynthetic
capacity decrease, resulting in the reduction in maize LAI and yield. As early as 2004,
Ayala-Silva et al. [43] observed a significant decrease in chlorophyll content in wheat plants
grown in an independent phosphorus-deficiency greenhouse. The change in phosphorus
content would have a bigger effect on leaf area index than on yield, whose average CVs
were approximately 0.46 and 1.12. In other words, the variation range of yield was larger,
that is, the CV was also larger. Under the two P levels, there was a significant positive
correlation between LAI and yield, and the correlation coefficients were 0.34 and 0.49,
respectively.

Table 3. Effect of different phosphorus treatments on leaf area index and yield of maize.

LAI Yield (kg/hm)
LP NP LP NP
Sample Size 90 90 90 90
Mean 1.66 2.85 1237.51 2098.49
Min 0.52 0.38 0 0
Max 5.46 7.16 10,770 12,970
Range 4.95 6.78 10,770 12,970
SD 0.83 1.20 1533.46 2116.76
Ccv 0.50 0.42 1.24 1.00
Rd (%) 41.75 41.02
r 0.34 ** 0.49 ***

Notes: SD represents the standard deviation; Rd represents the relative reduction under low-P stress calculated
by (mean (NP)-mean (LP))/mean (NP); CV represents the coefficient of variation; r represents the correlation
coefficient, which is related to LAI and yields between low-P (LP) and normal-P treatment (NP); ** p < 0.01,
L

p <0.001.

Regardless of variety, the average yield of maize under P stress decreased by 996.3kg/hm,
and the influence rate of P content on LAI and yield was basically the same, which remained
at approximately 41%. As expected, this was consistent with the views of Li et al. [16].
However, the sensitivity of different maize varieties to soil phosphorus content was dif-
ferent. That is, different varieties had a different tolerance to phosphorus, which may be
relevant to the phosphorus absorption for different genotypes in soil. The development of
P-efficient maize varieties that can grow and have a good yield under LP supply should be
a major breeding target to enable sustainable agricultural production [44]. It can be seen
from Figures 6 and 7 that the leaf area index and yield of most varieties in the NP field
were obviously higher than those in the LP field, which meant the P stress was very serious
during the growth of maize. Different letters in the figures indicate that the effect of P level
on leaf area index and yield was significant and the same letter indicates that the impact
was not significant. Groups A242, A243, A370, and A412 were not very sensitive to soil
phosphorus content, whose LAIs were basically unchanged. The yields of A274, A320,
A326, and A412 were also changed slightly, that is, the change in P content had no more
obvious effects on yield for these varieties than the others. These types of varieties should
be the focus for breeding.
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Some varieties whose yields had an obvious decline were greatly affected by P-stress,
such as A287, A293, A301, A304, A329, A344, and A424. This can be seen intuitively in
Figure 7. The yield of some varieties was almost zero, such as A320, A326; however, some
varieties, such as A243, A272, A370, and A444, whose yields were higher in the LP field
than in the NP field, appeared to show the opposite results. There may be several reasons
for these results. First, the pathways of P uptake and acquisition are different for various
maize genotypes, which causes different sensitivity to phosphorus. Second, it may be
caused by insufficient sample size or repetition. Third, some survey errors in the process of
the test, such as environmental factors, sampling, or measurements should be considered.
In short, these varieties should be given more attention in future experiments. Moreover,
developing soil adaptability maize genotypes is imperative to ensure effective utilization
of phosphorus resources. Maize yield increased by approximately 2% per year, which was
attributed to the improvement of biological and abiotic stress tolerance, from 50-60% to
75% [45]. In other words, after selecting the varieties sensitive to phosphorus, it would be
more conducive for us to cultivate more tolerant varieties and field management.

3.3. Phenotypic Study by Vegetation Indexes

At present, many remote sensing studies related to crop phenotypic parameters were
based on the calculation of vegetation index. Lin et al. [46] studied the changeable rules
of wheat spectral characteristic parameters with intraday phenology, which was used for
the inversion of LAI and determined the optimal spectral parameters and sub period of
LAIL Oklahoma State University developed an instrument named Green Viewer based on
canopy multispectral analysis to establish a corresponding diagnostic recommendation
model for topdressing of wheat and maize [47]. However, most vegetation indexes are
species-specific. Vifia et al. [28] evaluated the applicability of different vegetation indexes
to remote sensing estimation for multi-temporal LAI of crops with different leaf structure
and canopy structure. However, it is still urgent to establish corresponding parameter-
characterization models for specific crops.

In this paper, the selected 13 vegetation indexes were used to evaluate eight different
phenotypic parameters (including leaf area index, yield, plant height, ear length, ear
diameter, kernals, 100-kernal weight, and ear dry weight), and the correlation between
them was analyzed. From the correlation coefficient diagrams of Figures 8 and 9, it can
be seen that the relativity between most vegetation indexes and phenotypic parameters
was significant. Specifically, almost all selected vegetation indexes had a good fitting result
with leaf area index and plant height, between which the correlation coefficient could reach
above 0.7. Similarly, the selected vegetation indexes could also be used as a good signal for
yield prediction due to their significant correlation relationship. However, some correlation
values were relatively low or even negative, such as the prediction for 100-kenal weight,
which showed a poor result. This indicates that other vegetation indexes need to be found
to predict it. It was also obvious that the correlation relationship was weakened due to P
stress, which was probably because the P stress disturbed the plant internal structures and
made the relationship irregular between them, which was helpful to separate the effects of
P on the growth characteristic parameters of maize.

In Figures 8 and 9, LAl represents leaf area index, PH represents plant height, 100KS
represents 100-kernel weight, KS represents kernels, EDW represents ear dry weight, EL
represents ear length, and ED represents ear diameter.
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3.4. LAl and Yield Assessment by BP Neural Network

The ability to accurately estimate maize yield using spectral reflectance before harvest
can reduce the time and cost of phenotypic analysis. Integrating crop models and remote
sensing data has also become an effective method to monitor crop growth status and yield
based on large-area regional data assimilation [27,48]. As early as 2012, Weber et al. [49]
used a partial least squares regression model to explain that the proportion of maize genetic
variation under drought stress was higher than that under watering conditions. In this
paper, a BP neural network was used to evaluate LAI and yield under phosphorus stress.

Based on the above analysis, the relationship of Vis, LAI, and yield in this period was
quantitatively analyzed and fitted. The data of the two plots were integrated to predict the
LAI and yield of maize, the purpose of which was to facilitate the prediction of the two
parameters in the fields with uneven distribution of phosphorus fertilizer, so as to be used
for field management and fertilization application in the later stage. Thirteen vegetation
indexes were used as input and LAI/yield were used as output for model fitting. Bayesian
algorithm in the BP neural network was used to fit the LAI and yield data in the two plots,
which included 14 samples in the validation set and 10 hidden neurons. It can be seen in
Figures 10 and 11 that the LAI and yield prediction models based on vegetation indexes
fit well, and the regression coefficients of the prediction models reach more than 0.75 and
0.5, respectively. In particular, data in the figures represented all measured LAlIs or yields
and estimated LAISs or yields using the training neural network model; target means the
measured LAIs or yields; output means estimated LAlIs or yields using the training neural
network model; fit represents the fitting curve of target and output; Y = T means an ideal
result for which the target equals the output. Many studies have predicted the LAI and
yield of maize well. Herrmann et al. [14] explored the yield prediction models for different
maize development stages, with the best model found, and the respective R? value was
0.73. Due to the differences of P content and test fields, the prediction models had to be
verified by more experiments. However, it is undeniable that the results provided a certain
reference and basis for our field precision fertilization.

Test: R=0.74858
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Figure 10. Establishment of Vis-LAI regression model.
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3.5. SVM Spectral Classification Models

Due to the difference in P concentration in soil, spectral classification models were
established to distinguish different P treatments. Sartin et al. [50] studied a large number of
models related to nutrient deficiency types. Based on the difference in chlorophyll coloring,
the method of artificial neural network was used to segment the leaf image of P-deficiency
cotton and proved the superiority of the neural network method in image segmentation. In
this paper, the machine learning algorithm was used to classify spectral data of all testing
plots according to the P-level by using MATLAB 2020b. The 10-fold cross validation was
used to test the accuracy of the model. All SVM algorithms were selected for training.
According to the training results, as shown in Figure 12, the area under the curve (AUC)
was 0.92, which indicated a good performance and quality of the classifier. The receiver
operating characteristic (ROC) curve showed true positive rate versus false positive rate for
the currently selected trained classifier. The marker point (0.15,0.86) on the plot showed the
performance of the currently selected classifier. A false positive rate (FPR) of 0.15 indicated
that the current classifier assigned 15% of the observations incorrectly to the NP level.
A true positive rate (TPR) of 0.86 indicated that the current classifier assigns 86% of the
observations correctly to the NP level.

In addition, sensitivity and specificity were also used to characterize the quality of the
model. The calculations of these values were as follows:

Sensitivity = True Positive Rate 3)

Specificity = 1 — False Positive Rate 4)

Sensitivity was equaled to the TPR, whose value was 86%, which told us 86% of the
NP level was correctly classified by the model. The specificity value was 85%, which told
us 85% of the LP level was correctly classified. Overall, the accuracy of the quadratic SVM
model was highest, and the recognition accuracy was above 86%, which showed that the
model could be better used for P-fertilizer application and management in the field.
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4. Discussion

In this study, the canopy reflectance of different maize inbred lines under two soil
phosphorus levels was compared. The main purpose was to establish the direct relationship
between the spectral characteristics of the maize canopy and soil phosphorus content. The
biggest outcome of this research was that it could easily and quickly obtain the phosphorus
status in maize soil, so as to guide precise phosphorus fertilizer application. The mea-
surement of hyperspectral soil phosphorus reflectance provided a portable and low-cost
method that could be performed in situ [51]. Because the difference in soil phosphorus
content has an impact on the phosphorus content in plant leaves, previous studies mainly
focused on the relationship between phosphorus content in maize leaves and the canopy
spectrum, so as to reflect the phosphorus content level in soil indirectly.

It has been found that not all maize varieties were sensitive to soil phosphorus content.
Additionally, many varieties did not show strong sensitivity to soil phosphorus change
that did not cause LAI or yield change. Therefore, in the case of limited phosphorus
resources, cultivating and selecting more varieties insensitive to phosphorus fertilizer may
be a direction that can be considered. Of course, it should also ensure that the yields of
maize will meet the actual production demand.

In addition, more vegetation indices should be explored. In this study, the feasibility
of using the existing vegetation indexes to predict leaf area index and yield under different
soil phosphorus content was verified, but more vegetation indexes and more growth
stages should be studied. Different vegetation indices responded differently to the crop leaf
optical properties defined by the leaf chlorophyll, dry mass, and water content [52]. The leaf
inclination, solar angle, and sensor bandwidth and calibration all affected the vegetation
spectral reflectance [53]. Therefore, more attempts of vegetation indexes combinations need
to be made to produce better fitting models. Although there are relatively few studies on
the prediction of phosphorus content, some studies have explored new spectral bands and
vegetation indices for estimating the nitrogen nutrition index of summer maize, whose
results showed that the most sensitive spectral bands were located at 710 nm (red edge
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band) and 512 nm (visible light band), and the optimum spectral vegetation index for
estimating nitrogen nutrition index (NNI) was NDSI (R710, R512) [7]. It proved the value
of using more vegetation indices for future research.

In this paper, the models between VIs and LAI/yield were built, which verified the
applicability of the machine learning method in agricultural vegetation nutrition prediction.
Using machine learning for analysis has become a trend of prediction, due to its rapidity,
accuracy, and convenience for establishing the prediction models of unknown parameters.
Leaf hyperspectral reflectance has been used to estimate nutrient concentrations in plants
in narrow bands of the electromagnetic spectrum using partial least squares regression
(PLSR) [6]. The application of PLS and specific narrow bands vegetation indices reached
significant levels of accuracy in the retrieval of P levels, in comparison to traditional broad
band indices [54]. However, the prediction accuracy in this study can be further improved,
which may be achieved by increasing the sample size. Moreover, phosphorus stress may
affect some internal relations between vegetation indexes and growth parameters, resulting
in poor fitting results between them. LAI-VIs relationships are only good for the local area
where the model was developed [34].

In the process of spectral detection, very specific models were required for different
stages, because different growth stages corresponded to spectral changes in different
wavelength ranges [42]. The evaluation models of leaf area index and yield at different
growth stages were different. Studies have shown that using vegetation indices as inputs
could produce the best results to assess the maize yield in the R4 development stage [14].
Needless to say, the availability of more data, including different soil types and spectral
data at different growth stages (not just the jointing stage) is called for to address the
limitations of this study and validate its principal findings.

In terms of classification, this study mainly classified the soil phosphorus content
according to the reflectance of maize canopies during the growth process, which could
quickly and non-destructively monitor the soil phosphorus level and guide the fertilization
process. Some studies were based on leaf color scale, but it may be time-consuming. For
example, an intelligent oilseed rape nutrition deficiency analysis and diagnosis method was
proposed based on HSV color space that quantified non-uniform histograms and combined
multiple support vector machine classifiers, which had a high identification rate for the four
nutrition deficiency types, including normal, phosphorus deficiency, nitrogen deficiency,
and boron deficiency [55]. In addition, an intelligent diagnosis method was proposed for
nutrition deficiency based on color characteristics of rapeseed leaves by analyzing and
extracting external features of different rapeseed parts, whose results showed that nutrition
deficiency diagnosis rate was as high as 87.5%, but only rape leaves (canopy) were studied,
without including the actual field cultivated rape [56].

In addition, it should be emphasized that the field used in this paper was specifically
used for P-level tests for these years, and the soil phosphorus content measured every year
basically remained unchanged. Therefore, the influence of soil heterogeneity on the test
conditions was excluded, and only the characteristics of maize canopy spectrum under the
conditions of different soil phosphorus content were considered. However, the impact of
soil heterogeneity on phosphorus content in actual production fields is not excluded, so
more research needs to be completed for different farmland environments.

5. Conclusions

Detecting phosphorous status in soil by non-invasive methods has practical guiding
significance for field operation. Therefore, this study focused on maize characteristics
estimation and classification by spectral data under two soil phosphorus levels. The results
showed that the sensitive bands of P included 763 nm, 815 nm, and 900-1000 nm by
comparing the reflectance of maize canopy under two P levels, whose variation in the NP
field was higher than that of the LP field. Based on the results of leaf area index and yield
under two P levels, most maize varieties showed strong sensitivity to P deficiency and the
reduced rate could reach 41%. The Pearson correlation between 13 vegetation indexes and
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eight phenotypic parameters showed that the correlation in the NP plot was good, whereas
that in the LP plot was slightly poor, that is, P-stress weakened the correlations between
them. The best vegetation index was selected for the prediction of maize characteristics.
A BP neural network method was shown to feasibly assess LAI and yield by combining
the spectral data in the two fields. The regression coefficients of the prediction models
were 0.75 and 0.5. The best classification model was established based on all spectral data
by using the quadratic SVM to distinguish different P treatments, whose accuracy was
more than 86%. This study provides a basis and reference for the application of precision
phosphorus fertilizer in maize fields.
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