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Abstract: An instrument developed to monitor and diagnose crop growth can quickly and
non-destructively obtain crop growth information, which is helpful for crop field production and
management. Focusing on the problems with existing two-band instruments used for crop growth
monitoring and diagnosis, such as insufficient information available on crop growth and low accuracy
of some growth indices retrieval, our research team developed a portable three-band instrument
for crop-growth monitoring and diagnosis (CGMD) that obtains a larger amount of information.
Based on CGMD, this paper carried out studies on monitoring wheat growth indices. According to
the acquired three-band reflectance spectra, the combined indices were constructed by combining
different bands, two-band vegetation indices (NDVI, RVI, and DVI), and three-band vegetation
indices (TVI-1 and TVI-2). The fitting results of the vegetation indices obtained by CGMD and the
commercial instrument FieldSpec HandHeld2 was high and the new instrument could be used for
monitoring the canopy vegetation indices. By fitting each vegetation index to the growth index,
the results showed that the optimal vegetation indices corresponding to leaf area index (LAI), leaf
dry weight (LDW), leaf nitrogen content (LNC), and leaf nitrogen accumulation (LNA) were TVI-2,
TVI-1, NDVI (Ry30, Rg15), and NDVI (Ry30, Rg15), respectively. R? values corresponding to LAI, LDW,
LNC and LNA were 0.64, 0.84, 0.60, and 0.82, respectively, and their relative root mean square error
(RRMSE) values were 0.29, 0.26, 0.17, and 0.30, respectively. The addition of the red spectral band to
CGMD effectively improved the monitoring results of wheat LAl and LDW. Focusing the problem
of vegetation index saturation, this paper proposed a method to construct the wheat-growth-index
spectral monitoring models that were defined according to the growth periods. It improved the
prediction accuracy of LAI, LDW, and LNA, with R2 values of 0.79, 0.85, and 0.85, respectively, and the
RRMSE values of these growth indices were 0.22, 0.23, and 0.28, respectively. The method proposed
here could be used for the guidance of wheat field cultivation.

Keywords: multispectral sensor; crop growth status; vegetation index; growth period; spectral
monitoring model; precision agriculture; agricultural remote sensing
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1. Introduction

Wheat (Triticum aestivum L.), which is the oldest cultivated crop, is presently an important staple
crop in China; thus, improving the level of wheat production is critical to ensuring national food security
and economic income to farmers [1]. With the development of agricultural cultivation techniques
and the improvement of the level of agricultural mechanization, wheat production and management
has gradually shifted to being more precise and intelligent; thus, effectively obtaining wheat growth
information is an important prerequisite for precision agricultural operations [2]. Although traditional
laboratory analysis methods can accurately obtain the physiological and biochemical parameters of
wheat, these methods are laborious, time-consuming, and cannot be applied in agricultural production.
In recent years, the development of spectral monitoring techniques has made it possible to obtain
wheat growth information in real-time and in a rapid, non-destructive manner [3].

Based on spectral monitoring techniques, Chinese and international research institutes have
developed a variety of multi-spectral and hyper-spectral crop growth monitoring apparatuses
based on different platforms and have carried out a series of experimental studies using those
apparatuses. Portable instruments are a popular choice in the field of crop growth monitoring for
their convenience and portability. Single-leaf scale monitoring equipment is currently the most mature
of these apparatuses. Uddling et al. [4] monitored the chlorophyll content of wheat based on the
chlorophyll-content monitor SPAD-502 (Konica-Minolta, Tokyo, Japan), and the obtained readings had
a strong non-linear correlation with the chlorophyll content of wheat leaves, which could achieve the
diagnosis of wheat chlorophyll in different cultivars and growth stages. Cerovic et al. [5] performed
experimental studies on crops, such as wheat and corn, using the multi-functional leaf measuring
instrument Dualex 4 (FORCE-A, Orsay, France). The research results showed that the instrument
could accurately obtain the chlorophyll index, flavonoid index, and nitrogen balance index of crop
leaves, achieve the fast and non-destructive monitoring of crop growth, and help crop field nitrogen
management. These two monitors have high accuracy, but can only monitor indices, such as the
chlorophyll content of crop leaves, by point sources. They cannot represent the growth index of crop
populations, and their application is limited.

Canopy-scale crop growth monitoring equipment can obtain vegetation indices to build crop
growth monitoring models, with the advantages of having a wide monitoring range and being able
to monitor multiple indices; it is currently the main type of monitoring equipment on the market.
Zhang et al. [6] used a GreenSeeker portable spectrometer (Trimble Navigation Limited, Sunnyvale,
CA, USA) to monitor the growth indices of winter wheat, constructed the new vegetation indices INDVI
and rRVI based on the NDVI and RVI obtained by the instrument, and realized effective monitoring of
indices such as leaf area index (LAI) and biomass. However, the retrieval effect of leaf nitrogen content
(LNC) at the jointing stage of wheat was poor. Osborne [7] used a GreenSeeker portable spectrometer
to estimate in-season growth and N status in spring wheat and found that NDVI obtained by this
sensor showed a significant relationship with plant biomass, N concentration, and N uptake. The result
suggested that GreenSeeker could also be used in the northern Great Plains for estimating in-season N
need for spring wheat. Cao et al. [8] used Crop Circle ACS 470 (Holland Scientific Inc., Lincoln, NE,
USA) to estimate the rice yield potential in a growing season and found that the device had relatively
high monitoring accuracy at the jointing, booting, and heading stages (R? values were greater than
0.7), and the device could effectively improve rice field nitrogen management. Cao et al. [9] used ACS
470 to monitor plant N uptake (PNU) and grain yield of winter wheat by constructing 43 vegetation
indexes. The results indicated that the decision coefficients of PNU and grain yield models based on
ACS 470 were 0.78 and 0.62, respectively, and the prediction accuracy was significantly better than
that of GreenSeeker. Feng et al. [10] used an ASD FieldSpec Pro FR 2500(Analytical Spectral Devices,
Boulder, CO, USA) to obtain wheat canopy hyperspectral data and compared the monitoring effects of
different sensitive bands and spectral indices on wheat nitrogen indices. The results showed that the
optimal vegetation indices corresponding to LNC and leaf nitrogen accumulation (LNA) were REIPle
and FD452, respectively, and the prediction accuracies reached 0.75 and 0.87, respectively. While
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the above spectrometers can monitor different crop growth indices, they still have some problems
in agricultural applications. Some of the commercial instruments mentioned cost more than CNY
100,000 (about USD 14,000), which is difficult for most farmers to accept. In addition, hyperspectral
instruments such as ASD simultaneously acquire reflectance of hundreds of bands, and the data
redundancy is large. These instruments require professional knowledge of data processing to extract
effective information, which limits their promotion.

In response to the problems of these instruments, Nanjing Agricultural University developed
a portable instrument of crop-growth monitoring and diagnosis (CGMD) CGMD-302, which can
effectively obtain a variety of growth indices, such as crop LAI, biomass, and nitrogen status, and has
the advantages of being easy to carry, cost-effective, and easy to operate [11,12]. However, the
CGMD-302 contains only two bands, red edge and near-infrared, and it only obtains one vegetation
index. Due to the lack of visible bands of light, there may be insufficient spectral information and low
accuracy of the retrieved growth index. Chu et al. [13] pointed out that the spectral index of combined
red edge and near-infrared bands is more sensitive to the LNA, but it is not suitable for monitoring LNC.
Previous studies have shown that there are differences in the sensitive bands corresponding to different
growth indices. The bands in the vicinity of 550 nm and 650-760 nm can effectively reflect the nitrogen
status of plants. The spectral reflectance values near 450, 550, 670, and 870 nm show a high correlation
with LAI, and the bands near 560, 670, 810, and 930 nm are more sensitive to biomass indices [14-18].
The visible light region is highly correlated with several growth indices and is the core band used in
crop spectral monitoring. According to the photochemical characteristics of crops, chlorophyll a and b
show the maximum absorption in the red band. Previous studies have found a strong relationship
with crop characteristics is located in specific narrow bands in the portion of red [19,20]. Bunnik [21]
found that the spectral characteristics of the red band of the crop canopy are different from those of
the near-infrared band, which can effectively supplement the information obtained by the instrument.
Zhu et al. [22] also found that RVI (Rego, Rg10) and RVI (Reeo, Rgzg) were most highly correlated with
LNA in both wheat and rice. In addition, existing studies have shown that the monitoring results of a
three-band vegetation index on some growth indices is better than that of two-band vegetation indices,
and a proper increase in the number of spectrometer bands is conducive to improving the monitoring
accuracy [23-26]. Therefore, multi-band crop growth monitoring equipment equipped with red, red
edge, and near-infrared bands is more consistent with the needs of crop growth monitoring.

To the CGMD, the red spectral band was added to the two bands of the CGMD-302, and as a result,
the new instrument can simultaneously obtain the reflectance of red, red edge, and near-infrared spectral
bands. According to the modeling needs of the growth indices of different crops, the appropriate
vegetation index was then able to be selected, which allows for more flexibility and applicability in
practical applications. Based on CGMD, the canopy reflectance values of wheat in red, red edge,
and near-infrared spectral bands were obtained in this paper. A series of two-band and three-band
vegetation indices was constructed, and the fitting relationship between vegetation indices and growth
parameters was studied. A method of constructing the wheat-growth-index spectral monitoring
models that were defined according to the growth periods is proposed in this study.

2. Materials and Methods

2.1. Design of Field Experiments

Wheat field experiments were conducted from November 2018 to April 2019 at the demonstration
base of the National Engineering and Technology Center for Information Agriculture in Rugao City,
Jiangsu Province, China (120°46” E, 32°16” N). The experimental cultivar used was Shengxuan No.
6. The three nitrogen fertilizer levels used in the experiment were the following: NO (0 kg/hm?), N1
(180 kg/hm?), and N2 (360 kg/hm?). The ratio of base fertilizer to fertilizer at the jointing stage was
5:5. Two types of base fertilizer were applied simultaneously (135 kg/hm2 of P,O5 and 220 kg/hm2
of K;O). Three planting densities were used, with line spacings of D1 (20 cm), D2 (35 cm), and D3
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(50 cm). A split-plot design was used in this experiment, with the density level as the main plot and
the nitrogen fertilizer level as the secondary plot. There were nine treatments and three replicates, for
a total of 27 plots. The length and width of each plot was 6 m and 5 m, respectively, for a total plot area
of 30 m?. Spectral data and growth indices were obtained simultaneously as four of the growth stages
of wheat: jointing, booting, heading, and flowering. Pest and other management procedures followed
local standard production practices in wheat.

2.2. Equipment

2.2.1. Portable Three-Band CGMD Instrument

The CGMD instrument consisted of multi-spectral crop growth sensor, processor system, sensor
holder, level, shielded cable and other components, as shown in Figure 1. Compared with other
instruments, the monitor was cost-effective, easy to carry, and suitable for field operation. The
parameters of some common instruments are shown in Table 1. The sensor size of CGMD was smaller
than other instruments, which made it easier to carry in the field. Although CGMD weighs about
1.6 kg, the support bar allows the user to put the instrument on the ground during test instead of
holding it at all times. The support bar could adjust the height of the sensor to meet the monitoring
requirements at different growth periods, and the level equipped on the support bar could calibrate
the angle of the sensor lens in time. The unique structure of the CGMD made its operation simple
and labor-saving.

Figure 1. Portable three-band instrument of crop-growth monitoring and diagnosis: @ Multi-spectral
crop sensor; @ Sensor support; @ Processor system; @ Shielded cable; ® Level.

The multi-spectral crop sensor was structurally divided into an upward light sensor and a
downward light sensor. The upward light sensor could receive sunlight radiation information at 660,
730, and 815 nm bands; the downward light sensor is composed of three detector lenses for detection
at characteristic wavelengths of 660, 730 and 815 nm, respectively. The design of the upward light
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sensor and the downward light sensor could correct the spectral reflectance in real time, avoiding the
influence of sunlight on the monitoring accuracy. Each detector lens consists of a spectral filter and
photoelectric detectors. To obtain the reflectance values of the crop canopy at 660, 730 and 815 nm
bands, the radiation information is processed after being converted to electrical signals through the
photoelectric detector. Multispectral sensors are shown in Figure 2. The simple and unique structural
design of CGMD led it to exhibit a better cost performance than other commercial instruments, so this
instrument has high application potential.

Table 1. The parameters of some instruments of crop-growth monitoring.

Instrument Sensor Size Weight Price Waveband Light

(mm) (kg) (CNY) (nm) Source

CGMD 54 x 38 x 38 1.6 About 4000 660, 730, 815 Sunlight

ASD Handheld 2 215 x 140 x 90 12 Over 150,000 325-1075 Sunlight
Crop Circle ACS-470 201 x 89 x 48 3.6 Over 100,000 450, 550, 650, 670, 730, 760 LED

GreenSeeker

Handheld 277 x 86 x 15 1.02 Over 100,000 656, 774 LED
SPAD-502 164 x 78 x 49 0.23 Over 10,000 650, 940 LED
Dualex 4 205 x 65 x 55 0.22 Over 100,000 375, 655, 710, 850 LED

CGMD: a portable three-band instrument for crop-growth monitoring and diagnosis.

C -
" for CroP

Figure 2. Multispectral sensor.

2.2.2. ASD FieldSpec HandHeld2 Spectroradiometer

ASD FieldSpec HandHeld2 spectroradiometer (Analytical Spctral Devices Inc., Boulder, CO, USA)
was used to evaluate the data acquisition performance of the portable three-band CGMD instrument.
This device has a 512-element photodiode array (PDA) detector, which uses sunlight as a light source,
with a wavelength range of 325-1075 nm, a scanning time of 17 ms, and a spectral sampling interval of
approximately 1.5 nm. The measuring site of the instrument was 1 m above the canopy, the field angle
of the spectrometer was 25°, and the measurement range was a circular plane. The measured data
were calibrated by a white Spectralon reference panel to obtain the reflectance data. The monitor uses
sunlight as the light source, and the measurement should be conducted at noon under a clear sky or
scattered clouds. This spectroradiometer has the advantages of having a high resolution, narrow wave
band, and good continuity, and it is currently recognized as a good CGMD instrument on the market.
This instrument is shown in Figure 3.
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Figure 3. ASD FieldSpec HandHeld2 spectrophotometer.

2.2.3. LAI-2200C Plant Canopy Analyzer

The LAI-2200C plant canopy analyzer (Li-Cor, Lincoln, NE, USA) was used to acquire observed
LAIL The device uses a “fisheye” optical sensor (148° vertical field-of-view and 360° horizontal
field-of-view) to measure transmitted light at five angles above and below the vegetation canopy. The
canopy structure parameters, such as LAI, mean leaf inclination angle, void ratio, and aggregation
index were calculated. The LAI-2200C is based on the mature LAI-2000 technology platform and
has a built-in GPS module. It can integrate GPS information and perform scattered light calibration,
allowing the LAI-2200C to be suitable for the canopy measurement under any weather conditions.
This instrument is shown in Figure 4.

Figure 4. LAI-2200C plant canopy analyzer.

2.3. Measurement Method

2.3.1. Measurement of Spectral Data

Spectral measurement requires the measurement environment to be in good light conditions and
the measured object to remain stationary. Therefore, the measurements in this paper were conducted
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at noon with no wind. The measurement times at the following stages, i.e., early jointing, late jointing,
booting, heading, and flowering, and the canopy reflectance spectra were obtained at three bands
(660, 730, and 815 nm). In the experiment, the ASD FieldSpec HandHeld2 spectroradiometer was
used to simultaneously monitor the crop canopy reflectance spectra. Three sites were selected for
monitoring in each plot, and the average of the monitoring results in each plot was calculated. More
detailed data are available in the supplementary material.

2.3.2. Determination of Growth Indices

While the spectral data were acquired, the growth indices of wheat were obtained by destructive
sampling. In each plot, 50 cm representative wheat plants were selected, and samples were divided
indoors according to plant organs. The LAI-2200C was used to obtain the LAI at the time of sampling.
Three sites were selected to be monitored in each plot, and the average of the monitoring results for
each plot was calculated. The samples were fixed at 105 °C for 30 min, then the plants were dried to
constant weight at 80 °C, and the sample was weighed to obtain leaf dry weight (LDW). Each sample
was pulverized, and its LNC was determined by the Kjeldahl method [27]. LNA was calculated using
the following equation.

LNA = LNC x LDW (1)

2.4. Data Analysis Methods

2.4.1. Vegetation Index Calculation

The two-band vegetation indices selected in this study included the Normalized Vegetation Index
(NDVI), Ratio Vegetation Index (RVI), and Difference Vegetation Index (DVI) [28-30]. Additionally,
this study independently constructed two three-band vegetation indices: TVI-1 and TVI-2.

The construction of the three-band vegetation indices was based on the common construction
form of two-band vegetation indices. An additional band was added to the original vegetation index
to make it retain the physical characteristics and increase the amount of information. Among them, the
construction of TVI-1 used the construction principle and a form of NDVI as a reference, replacing the
red band of light in NDVI with (Rred + Rred-edge) and multiplying the near-infrared band by 2 to
make it numerically equivalent to (Rred + Rred-edge). In developing TVI-2, the construction principle
was used as well as a form of DVI as a reference. Additionally, (Rred + Rred-edge) replaced the red
band of light in DVI, and the near-infrared band was multiplied by 2 to make it numerically equivalent
to (Rred + Rred-edge). The equation of the above vegetation indices are as follows.

NDVI = (Rp1 — Rp2)/ (Rp1 + Rp2) @

RVI = Ry1 /Ry, ®)

DVI = R, — Ry )

TVI-1= (2XRp1 —Rp2 —Rp3)/(2XRp1 + Roa + Rps) ®)
TVI-2 = 2% Ry; — Ryy — Ry ©)

2.4.2. Data Analysis

Regression analysis was used to construct the model for LAI, LDW, LNC, and LNA estimation
using the Excel 2016 software (Microsoft Inc., Redmond, WA, USA). Seventy percent of the datasets was
used to construct monitoring models, and the remaining 30 percent was used to verify the prediction
accuracy of the models. The data of the training set and the verification set came from different plots.
The vegetation indices constructed from the obtained crop canopy spectral information were fitted
to agronomic parameters based on least square method, and crop growth monitoring models were
constructed by exponential regression analysis. The coefficient of determination (R?) and relative root
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mean square error (RRMSE) were used to comprehensively evaluate the performance of the model.
The range of R? is between 0 and 1; the larger the value, the higher the prediction accuracy of the
model; the smaller the RRMSE value, the smaller the data difference and the higher the prediction
accuracy of the model. The R? values were evaluated by Excel 2016 software, and the RRMSE values
were evaluated by MATLAB R2017b software (The Math Works Inc., Natick, MA, USA). The equations

used for data analysis are as follows:
»  SSR

~ SST @
n 2
1 (Pi=01)" 100
RRMSE = ot ) S X — 8
- ) (8)

where SSR, SST, P;, O;, and n are the sum of regression squares, sum of residual squares, predicted
value, observed value, and number of samples, respectively.

3. Results

3.1. Evaluation of Data Acquisition Performance of the Portable Three-Band CGMD Instrument

To evaluate the performance of the CGMD instrument in obtaining vegetation indices, regression
analysis was performed on the corresponding values of NDVI, RVI, DVI, TVI obtained by the CGMD
instrument in each growth period. To facilitate the comparison and analysis of the fitting accuracy of
the combined vegetation indices of different wavebands, the vegetation indices obtained by FieldSpec
HandHeld2 and CGMD were normalized. As shown in Figure 5, the fitting results of the vegetation
indices obtained by CGMD and the corresponding values obtained by the commercial instrument
FieldSpec HandHeld2 have a linear relationship, but some differences can be seen in the fitting accuracy
of different vegetation.

(a) y =0.3824x+0.4961 (b) y=0.778x+ 0.2275 (a) y =0.7097x+ 0.0523 (b) y =0.7782x - 0.0044

1.0 4 R*=0.56 R:=0.67 1.0 - R:=053 R?=0.66 o ﬁg
RRMSE=0.13 R 35 A > 2% RRMSE=0.33 RRMSE=0.35 0,
(c) y = 1.0664x - 0.09F° o9 (¢) y =1.0228x - 0.0668 oo D% ©
08 R=083 O o 608 08 4 R*=0.82 len 0/
RRMSE=0.16 ¢ RRMSE=0.07 o .
=] % ¢
50.6 4 D00 | y 3 ;0.6 -
z L3N o.-"o& S &~
o) ® o .‘.006 OD [a]
D04 {,° 0o o°F <04 |
< o > 5 o
(l:)." < Bé @
’ o/ 2
02 + & oo 02 -+
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Og gb owee NDVI (Rggq, Ryys) DQb D T— RVI (Resg, Rure)
N th- o 0=+ NDVI Ry, Ryzs) B O=— + RVI Ry, Re1s)
0.0 T or T T Y 0.0 T T T J
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
CGMD-NDVI CGMD-RVI
(A) (B)

Figure 5. Cont.
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Figure 5. (A) Fitting curve of CGMD-NDVI and ASD-NDVI; (B) Fitting curve of CGMD-RVI and
ASD-RVI (C) Fitting curve of CGMD-DVI and ASD-DVT; (D) Fitting curve of CGMD-TVI and ASD-TVI.

The correlation of fitting of each vegetation index with different band combinations was compared.
The fitting results of NDVI (Ry39, Rg15) were better than those of NDVI (Rego, Rg15) and NDVI (Rge0, Ry30)-
The R? values were 0.83, 0.67, and 0.56, respectively, and the RRMSE values were 0.16, 0.10, and 0.13,
respectively; the combination of 660 and 730 nm and 660 and 815 nm showed severe dispersion at
low values. There were similar patterns for different band combinations for RVI and DVI. For the
660 nm/730 nm, 660 nm/815 nm, and 730 nm/815 nm combinations, the R? values of RVI were 0.53,
0.66, and 0.82, respectively, and the RRMSE values were 0.33, 0.35, and 0.07, respectively; the R2
values of DVI were 0.21, 0.60, and 0.79, respectively, and the RRMSE values were 0.21, 0.60, and 0.79,
respectively. The accuracies of vegetation indices of different bands obtained by CGMD were in a
descending order of 730 nm/815 nm, 660 nm/815 nm, and 660 nm/730 nm. This result was caused
by the accuracy difference of the sensor at each band. The three-band vegetation indices TVI-1 and
TVI-2 obtained by CGMD also showed a relatively high accuracy, with R? values of 0.78 and 0.69,
respectively, and RRMSE values of 0.10 and 0.27, respectively. The correlation of fitting of CGMD with
FieldSpec HandHeld2 was relatively high, the R? values were above 0.5 (except for DVI (Reeo, R730)),
and CGMD could be used to obtain wheat canopy reflectance.

3.2. Fitting Results of Vegetation Indices With Growth Indices

3.2.1. Fitting Results of Vegetation Indices with LAI

LAl refers to the total area of plant leaves per unit of land area, which is related to the size and
structure of the plant canopy and is a comprehensive index reflecting the growth status of plants [31].
The fitting results of vegetation indices obtained by CGMD with LAI are shown in Figure 6. The
number of samples used for the regressions was 63. Comparing the fitting results of each vegetation
index with LAI, the correlation of fitting of the three-band vegetation indices TVI-1 and TVI-2 with
LAI was high, with R? values of 0.71 and 0.83, respectively, and RRMSE values of 0.33 and 0.24,
respectively. Among them, the retrieval accuracy of TVI-2 on LAI was higher than those of most
two-band vegetation indices. The fitting results of the two-band vegetation indices of different band
combinations with LAI were different. The correlation of fitting of 730 nm/815 nm combination with
LAI was the highest, and the R? values were above 0.74. Among them, the fitting of DVI (Ry30, Rg15)
was the best (R2 = 0.83, RRMSE = 0.23). The correlation of fitting of the 660 nm/815 nm combination
was generally lower than that of the 730 nm/815 nm combination, and the fitting of DVI (R0, Rg15)
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was good (R% = 0.81, RRMSE = 0.25); the 660 nm/730 nm combination showed the lowest correlation of
fitting with LAI, the R? values were lower than 0.68, and the RRMSE values were relatively high. In
addition, the retrieval results of different types of vegetation indices exhibited differences. The fitting
of DVI with LAI was better than that of NDVI and RVI in general (R? > 0.68, RRMSE < 0.34).
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Figure 6. Fitting curve of NDVI (A), RVI (B), DVI (C) and TVI (D) to LAI of wheat.

The LAI prediction model was verified, and the verification result is shown in Figure 7. The
prediction results of the two-band vegetation indices of the combinations of 660 nm/815 nm and
730 nm/815 nm and the three-band vegetation indices were relatively good. Among them, the prediction
accuracy of DVI (Rego, Rg15), DVI (R730, Rg15), and TVI-2 were higher than those of other vegetation
indices; the corresponding R? values were 0.64, 0.62, and 0.64, respectively, and the RRMSE values
were 0.29, 0.30, and 0.29, respectively. The red spectral band is a strong chlorophyll absorption band,
and its reflectance can reflect the LAl information. The DVI (Rgg0, Rg15) and TVI-2 including the red
spectral band improved the prediction accuracy of LAIL
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Figure 7. The relationships between observed and predicted LAI values of wheat varieties based on
NDVI (A), RVI (B), DVI (C) and TVI (D) models.

The predicted value of each monitoring model deviated from the 1:1 line when the LAI value was
large, and the prediction accuracy was low. The fitting results of vegetation indices and LAI showed
(Figure 6) that the scattered point distribution of the vegetation indices was close to a straight line when
the LAI was less than 3. As the LAI value increased, the magnitude of increase in vegetation index was
less than that of LAI and there was a saturation phenomenon, which reduced the monitoring accuracy
of the monitoring model when the LAI value was large.

3.2.2. Fitting Results of Vegetation Indices with LDW

LDW refers to the dry weight of leaves per unit area and is an important index of plant growth.
The fitting results of vegetation indices obtained by CGMD with LDW are shown in Figure 8. The
number of samples used for the regressions was 63. The experimental results showed that the fitting
accuracy of the vegetation indices constructed in this paper with LDW were relatively high (R > 0.65).
The correlation of fitting of the three-band vegetation indices TVI-1 and TVI-2 with LDW was higher
than that of most two-band vegetation indices; R? values were 0.77 and 0.78, respectively, and the
RRMSE values were 0.30 and 0.27, respectively. Comparing the retrieval results of LDW using the
two-band vegetation indices, the 660 nm/815 nm band combination and the 730 nm/815 nm band
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combination showed good fitting results with LDW; R? values were above 0.72. Among them, the
fitting result of DVI (Rg60, Rg15) with LDW was the best; the R? value was 0.78, and the RRMSE value
was 0.26. The red spectral band effectively improves the accuracy of CGMD to retrieve LDW.
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Figure 8. Fitting curve of NDVI (A), RVI (B), DVI (C) and TVI (D) to LDW of wheat.

The verification results of the LDW monitoring model are shown in Figure 9. The number of
samples used for the verification was 28. The three-band vegetation indices and the two-band vegetation
indices of 660 nm/815 nm and 730 nm/815 nm combinations showed relatively high prediction accuracy
for LDW, with all R? values being above 0.71 and RRMSE values being less than 0.32. Among them,
the prediction accuracy of TVI-2 was the best; the R? value reached 0.84, and the RRMSE value was
0.26. The LDW index reflects the number of leaves in a unit area. The red spectral band also contains
the LDW information, and the addition of TVI-1 in the red spectral band effectively improves the
monitoring accuracy of LDW. The wheat LDW monitoring model also produced saturation under the
large value condition. The verification results showed that the monitoring model had a low prediction
value when the LDW value was greater than 200 g/m? and the accuracy of the LDW prediction for
large groups needs to be improved.
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Figure 9. The relationships between observed and predicted LDW values of wheat varieties based on
NDVI (A), RVI (B), DVI (C) and TVI (D) models.

3.2.3. Fitting Results of Vegetation Indices with LNC

LNC is an important nutrient index reflecting crop growth, and obtaining crop LNC in real time
can help guide variable-rate fertilization in the field. The fitting results of vegetation index obtained
by CGMD with LNC are shown in Figure 10. The number of samples used for the regressions was
63. The correlation of fitting of vegetation indices with LNC was lower than those of other growth
indices. The fitting results of three-band vegetation indices TVI-1 and TVI-2 with LNC did not improve
the retrieval accuracy; the corresponding R? values were 0.62 and 0.55, respectively, and the RMSE
values were 0.15 and 0.17, respectively. Comparing the correlation of fitting of the two-band vegetation
indices with LNC, the 660 nm/730 nm band combination had a poor fit with LNC, with R? values of
below 0.49, which was not suitable for LNC monitoring. The fitting results of the vegetation indices of
660 nm/815 nm and 730 nm/815 nm band combinations with LNC were relatively good; the range of
R? was 0.53-0.64, and the range of RRMSE was 0.15-0.17. Among them, the correlation of fitting of
NDVI (R730, Rg15) with LNC was the highest (R = 0.64, RRMSE = 0.15).
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Figure 10. Fitting curve of NDVI (A), RVI (B), DVI (C) and TVI (D) to LNC of wheat.

The verification results of the LNC prediction model are shown in Figure 11. The number
of samples used for the verification was 28. The three-band vegetation indices and the two-band
vegetation indices of 660 nm/730 nm and 660 nm/815 nm combinations showed low prediction accuracy
for LNC. All R? values were below 0.5, the RRMSE values were large, and the trend line deviated
from the 1:1 line, so they were not suitable for LNC prediction and measurement. The 730 nm/815 nm
combination had relatively high prediction accuracy for LNC. Among them, the prediction accuracy
of NDVI (Ry39, Rgis) for LNC was the highest, with R? of 0.60 and RRMSE of 0.17. There was no
saturation problem in the wheat LNC monitoring model, but the dispersion of scattered points of
the model was relatively high, and the prediction accuracy was lower than those of other vegetation
indices. When the LNC was lower than around 3%, the predicted value was higher than the measured
value; when it was greater than around 3%, the predicted value was lower than the measured value,
and the fitted curve deviated from the 1:1 line. The red spectral band is the main absorption band of
chlorophyll and can indirectly reflect the nitrogen status of leaves in theory. However, the results in
this paper demonstrate that the red spectral band does not improve the retrieval accuracy of LNC, and
further research on LNC monitoring is needed.
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Figure 11. The relationships between observed and predicted LNC values of wheat varieties based on
NDVI (A), RVI (B), DVI (C) and TVI (D) models.

3.2.4. Fitting Results of Vegetation Indices with LNA

LNA is a growth index obtained through the calculation using LDW and LNC, and it reflects
both the nitrogen status of crop leaves and the growth characteristics of crop population. The fitting
results of the vegetation indices obtained by CGMD with LNA are shown in Figure 12. The number
of samples used for the regressions was 63. The experimental results showed that the correlation of
fitting of three-band vegetation indices TVI-1 and TVI-2 with LNA was high. The R? values were 0.83
and 0.85, respectively, but the model training error was relatively large, and the RRMSE values were
0.37 and 0.32, respectively. Comparing the results of the two-band vegetation indices on the retrieval
of LNA, the fitting results of the 660 nm/815 nm and 730 nm/815 nm band combinations were better
than that of the 660 nm/730 nm combination, with R? values being above 0.73. Among them, NDVI
(R730, R815)1 RVI (R730, R815)/ DVI (R66Or R815)r and DVI (R730, R815) showed gOOd fitting results with
LNA, with R? values of 0.83, 0.82, 0.85, and 0.84, respectively, and RRMSE values of 0.36, 0.37, 0.33,
and 0.31, respectively.
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Figure 12. Fitting curve of NDVI (A), RVI (B), DVI (C) and TVI (D) to LNA of wheat.

The verification results of the LNA monitoring model are shown in Figure 13. The number of
samples used for the verification was 28. The accuracies of the three-band vegetation indices and the
two-band vegetation indices of 730 nm/815 nm for the prediction of LNA were relatively high, and R?
values were above 0.73. However, some monitoring models had large errors, and the RRMSE range
was 0.30-0.51. Among them, the prediction accuracy of NDVI (Ry3, Rg;5) was the best, with an R?
of 0.82 and an RRMSE of 0.30. LNA is a growth index obtained by multiplying LDW and LNC. The
fitted curve showed a similar saturation phenomenon as that of LDW. The prediction accuracy of the
monitoring model decreased when the LN A value was greater than 10 g/m?. The experimental results
show that the vegetation indices of the combination of red edge and near-infrared band are more
suitable for the prediction of wheat LNA.
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Figure 13. The relationships between observed and predicted LNA values of wheat varieties based on
NDVI (A), RVI (B), DVI (C) and TVI (D) models.
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3.3. Spectral Monitoring Model of Wheat Growth

From the fitting of the vegetation index with the growth index, under the condition that the
wheat canopy population was large, the vegetation index was saturated, which led to poor prediction
accuracy of each vegetation index with high biomass. As shown in Figures 6, 8 and 10, as the value of
growth indices increased, the distribution of scattered points became more discrete, and this problem
was difficult to solve with a single spectral monitoring model. According to the pattern of wheat
growth, various growth indices in the vegetative growth stage tended to increase rapidly, and after
the shift from vegetative growth to reproductive growth, the trend of increase was flat, and some
indices even decreased. Based on the differences of wheat growth indices in different phenological
periods, the samples could be classified, which could reduce the gap between the values of scattered
points with high biomass in each model. Therefore, this paper proposes a method for constructing a
wheat-growth-index spectral monitoring model based on the growth stages. The data were divided
into periods I and Il according to the characteristics of wheat growth, and a growth spectral monitoring
model was independently constructed to solve the problem of impact of vegetation index saturation
on the prediction accuracy of the model.

The dynamic changes of wheat growth indices from the jointing stage to the flowering stage are
shown in Figure 14. The value of LAI before the heading stage increased over the growth period;
the increase rate from the jointing stage to the booting stage was relatively small, the average value
increased from 1.75 to 2.06, and the value ranges were 0.55-2.87 and 0.69-3.88, respectively. The value
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from the booting stage to the heading stage varied greatly; the average value increased to 2.80, and
the value at the heading stage ranged from 0.80 to 5.48. After the heading stage, the wheat LAI value
changed slightly, the average value at the flowering stage was 2.98, and the value range was 1.02-5.54.
Therefore, the period from the jointing stage to the booting stage was defined as period I, and the
period from the heading stage to the flowering stage was defined as period IL
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Figure 14. LAI (A), LDW (B), LNC (C) and LNA (D) of wheat at different growth stages.

The LDW value of wheat increased greatly from the jointing stage to the booting stage; the average
value increased from 112.13 g/m? to 191.48 g/m?, and the value range increased from 36.56-199.52 g/m?
to 53.35-371.49 g/m?. The value from the booting stage to the flowering stage was relatively stable, the
value from the booting stage to the heading stage decreased, and the average value decreased from
191.48 g/m? to 144.05 g/m?. The value range at the booting stage was 27.83-302.18 g/m?. The value
from the booting stage to the flowering stage remained the same. The average value at the flowering
stage was 143.03 g/m?, with a range of 46.64-330.31 g/m?2. Therefore, the jointing stage alone was
defined as period I, and the booting stage to the flowering stage was defined as period IL

The differences of LNC in the wheat phenological stages were small, and the average values from
the jointing stage to the flowering stage were 2.93%, 2.77%, 2.82%, and 2.84%, respectively. The range of
the jointing stage was close to that of the booting stage, and the value range was mostly distributed at
1.7%-3.5%, while the value ranges of the heading stage and the flowering stage were more consistent,
and the value range was mostly distributed at 1.8%—4.0%. Therefore, the jointing stage and the booting
stage were defined as period I, and the heading stage and flowering stage were defined as period II.

LNA is a growth index obtained by multiplying LNC and LDW. Its trend of change includes the
characteristics of LDW and LNC. There was a large change in the value from the jointing stage to the
booting stage, the average value increased from 3.45 g/m? to 5.70 g/m?, and the range increased from
0.64-7.13 g/m? to 0.94-13.27 g/m2. The values from the booting stage to the flowering stage tended to
be stable. The average values were 5.70 g/m?, 4.47 g/m?, and 4.51 g/m?, respectively, and the values
ranged from 0.94-13.27 g/m?, 0.55-10.00 g/m?, and 1.03-11.97 g/m?, respectively. Therefore, the jointing
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stage alone was defined as period I, and the period from the booting stage to the flowering stage was
defined as period IL

The vegetation indices with the highest prediction accuracy corresponding to different wheat
growth indices of periods I and II were screened out to construct the crop growth monitoring model
(Figure 15). The number of samples used for constructing models and the verification was 63 and 28,
respectively. The vegetation index corresponding to LAI with the highest prediction accuracy was
TVI-2, the vegetation index corresponding to LDW was TVI-1, the vegetation index corresponding to
LNC was NDVI (R739, Rg15), and the vegetation index corresponding to LNA was NDVI (R739, Rg15).
The monitoring model and verification results are shown in Figure 15. The fitting accuracies of LAI,
LDW, and LNA in period II increased, R? values increased to 0.94, 0.85, and 0.87, respectively, and the
RRMSE values were 0.13, 0.08, and 0.32, respectively, showing that the saturation problem caused by
large groups in the late growth stage was eliminated to some extent. However, the fitting result of
period I was not considerably improved compared with that of the original monitoring model, and
the quality of fitting results of the growth indices, except for LAI and LNC, decreased to a certain
extent. The reason may be that the data range and coefficient of variation of the early growth stage are
small, and under the same conditions, the required accuracy of the monitoring instrument is higher.
Additionally, the reduction in the number of training samples for modeling in different periods also has
a certain impact on the accuracy of the model. Therefore, in this study, we still chose the monitoring
model of the whole growth period when predicting the values of the growth indices LDW and LNA
in period L. The trend lines, R? values, and RRMSE values of LNC in period I and period IT were
consistent, indicating that the change in the numerical characteristics of LNC in different phenological
periods is small, and segmentation modeling cannot improve the accuracy of LNC fitting.

The verification results showed that the prediction accuracy of the LAl monitoring model increased
the most, R? increased from 0.64 to 0.79, and RRMSE decreased from 0.29 to 0.22. The prediction
accuracy improved to a certain extent when the population was large, and the trend line was closer to
the 1:1 line. The prediction accuracies of LDW and LNA improved slightly, the R? values increased to
0.85 and 0.85, respectively, and the RRMSE values were 0.23 and 0.28, respectively. The prediction
result of LNC was the same as that of the original monitoring model, and the segmentation modeling
could not improve its monitoring accuracy. The above finding shows that the wheat growth monitoring
model constructed based on the growth stages in this study greatly improves the monitoring accuracy
of LAI, but the prediction accuracy of LDW, LNC, and LNA were not able to be substantially improved.
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Figure 15. Fitting curves of vegetation index to LAI (A), LDW (C), LNC (E) and LNA (G) of wheat at
periodl and periodll; The relationships between observed and predicted LAI (B), LDW (D), LNC (F)
and LNA (H) values based on the multi-stage monitoring model of wheat.
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4. Discussion

With the development of non-destructive monitoring technologies based on feature identification
through reflectance spectra, some research institutes in China and abroad have developed a variety
of crop growth monitoring apparatuses [32,33]. Compared with GreenSeeker and other two-band
spectrophotometers, CGMD can obtain more vegetation indices, and it can choose the corresponding
vegetation index to monitor different growth indices. Although ASD FieldSpec and other hyperspectral
spectrophotometers can obtain more vegetation indices, they are difficult to popularize because of
their large data redundancy and complex data processing. The spectral bands of CGMD are sensitive
to crop growth indices, which makes it easier to operate and more suitable for crop field monitoring.

The addition of a 660 nm band sensor to CGMD increased the degree of freedom of vegetation
index selection, and the three-band vegetation indices constructed in this paper improved the prediction
accuracy of the growth indices LAl and LDW. The red spectral region is a strong chlorophyll absorption
band, and its change in reflectance change can indicate the area of green plants in the field-of-view
to a certain extent. Previous studies have shown that the red and near-infrared bands are more
sensitive to canopy population indices such as LAI and LDW, which is consistent with the results of this
paper [34,35]. Therefore, the addition of the 660 nm band sensor to CGMD is an effective supplement
to the original 730 nm and 815 nm band sensors of CGMD-302. The correlations of fitting the two-band
vegetation indices based on the combinations of 660730 nm and 660-815 nm bands with each growth
index were always lower than those of the 730-815 nm combination. This result may be caused by the
spectral characteristics of red light. The red spectral band is the absorption peak of plant chlorophyll,
and the reflectance value is low. Therefore, the red spectral band requires higher accuracy of the sensor
than the red edge and near-infrared bands. The results of this study also showed that the accuracy
of the reflectance obtained at the 660 nm band was lower than those at other bands, which limits the
ability of the red spectral band to retrieve the growth index to a certain extent. Conversely, the red
spectral band is more prone to saturation when monitoring various growth indices. Yao et al. [36]
found that the NDVI became saturated when biomass reached about 400 g/m? or when plant N uptake
reached about 10 g/m?. Wang et al. [37] found that when LAI was less than 3, the red band was
more sensitive to LAI, while the green band was more sensitive when LAI reached 3. Previously,
researchers have alleviated this issue to some extent by creating a new vegetation index, but there is
still no accepted method to eliminate the saturation phenomenon [38-40]. Therefore, although red is a
sensitive band of many growth indices, there are still many problems to be solved in application.

The canopy reflectance and structure of wheat were affected by nutrition and growth period.
The great difference of growth indices from jointing stage to flowering stage would decrease the
precision accuracy of monitoring model [41-43]. Li et al. [44] found that the canopy structure of winter
wheat had obvious difference between feek 4-7 and feek 8-10, and the prediction accuracy of nitrogen
concentration could be effectively increased through building monitoring models independently at
different growth stages. Yu et al. [45] indicated that growth stages negatively affect hyperspectral
indices in different ways in nitrogen monitoring of rice, and the sensitive band and vegetation index
were different between the before and after heading stages. Zhao et al. [46] found that the monitoring
accuracy of winter wheat LAI increased by dividing the growth period of winter wheat into three
stages and building the monitoring model independently. Li et al. [47] indicated that LAl =3 was a
suitable segmentation value, and the segmented winter wheat monitoring model could improve the
prediction accuracy and alleviate the saturation. A crop growth monitoring model was constructed
for the two periods separately, which effectively improved the prediction accuracy of LAI, but did
not considerably enhance those of LDW, LNC, and LNA. Over the growth period, the gap between
high-nitrogen treatment and low-nitrogen treatment on biomass further increased, and the coefficient
of variation increased. Staged modeling will still be affected by saturation during the late growth stage.
It should be pointed out that the population size of wheat treated with different nitrogen treatments
is greatly different, and the construction of monitoring models for different nitrogen treatments can
theoretically improve the prediction accuracy. However, this method needs the information of the
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nitrogen application level in the area to be tested in advance, and this is complex in practical operation,
so it was not adopted in this study. In addition, LNC is mostly affected by nitrogen level and changes
slightly with phenological period. The results of this study show that the modeling of multiple growth
periods is not suitable for improving the accuracy of LNC monitoring.

The ability of CGMD to monitor wheat LNC was always lower than that of the other growth
indices, and the vegetation indices of all combinations of red, red edge, and near-infrared bands did
not effectively improve the monitoring accuracy. Verstraete [48] showed that the best vegetation index
should be more sensitive to the target indices and less sensitive to other indices. The wavebands
used in this paper are similar to the vegetation indices that they constructed and are highly sensitive
to the canopy population size index; they will inevitably be affected by the canopy population size
when performing LNC monitoring. Xue et al. [49] demonstrated that the ratio constructed from a
combination of the green and blue spectral bands and the normalized vegetation index showed a
significant negative correlation with the nitrogen content of rice leaves, and the prediction accuracy
reached 80.09%. Tian et al. [50,51] used blue and green spectral bands to monitor rice and found that the
R? of the new green band vegetation index SR (545, 538) in prediction of wheat LNC reached 0.73, while
the new index showed a low sensitivity to LAIL which eliminated the influence of canopy size on the
prediction of wheat LNC to a certain extent. The R? of three-band vegetation index Ry34/(Rygs + Ryo1)
constructed by the blue spectral band in prediction of rice LNC reached 0.84, and the universality was
also good. Therefore, the selection of sensors with more wavelength combinations such as green and
blue bands can be considered in the development of multi-spectral crop growth sensors in the future.

5. Conclusions

(1) A portable CGMD three-band instrument was used to obtain wheat canopy vegetation indices
at the jointing, booting, heading, and flowering stages and fitted them with a commercially available
instrument by ASD FieldSpec HandHeld2 spectroradiometer. The results showed that the CGMD
instrument could effectively obtain the wheat canopy spectral data, and the measurement results were
accurate and stable. Using CGMD we could effectively predict the LAI, LDW, LNC, and LNA of the
wheat; the R? values were 0.64, 0.84, 0.60, and 0.82, respectively, and the RRMSE values were 0.29, 0.26,
0.17, and 0.30, respectively. The addition of the red spectral band to CGMD, which was in addition
to the existing near-infrared and red edge bands, effectively improved the monitoring of wheat LAI
and LDW. CGMD has the advantages of high monitoring accuracy, multiple invertible growth indices,
simple operation and high cost performance, which is suitable for agricultural production.

(2) Regarding the issue of vegetation index saturation, this study proposed a method for
constructing a wheat-growth-index spectral monitoring model based on the growth stages. The
spectral monitoring model based on the growth stages increased the prediction accuracy, of LAI, LDW,
and LNA; the R? values were 0.79, 0.85, and 0.85, respectively, and the RRMSE values were 0.22, 0.23,
and 0.28, respectively. The method of constructing the growth parameter spectral monitoring model
based on the growth stages of wheat effectively solves the problem of saturation of the vegetation
indices in the late growth stage of wheat, and the CGMD reached a relatively high level of prediction
on the growth indices LAI, LDW, and LNA.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/10/2894/s1.

Author Contributions: J.N., Y.Z., X.]. and W.C. designed the research, ].N. and EP. developed the instrument, H.L.
and W.L. performed the research, H.L. and W.L. analyzed the data, H. L. and J.N. wrote the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Key Research and Development Program of China
(Grant No. 2017YFD0201501), National Natural Science Foundation of China (Grant No. 31871524), Six Talent
Peaks Project in Jiangsu Province (Grant No. XYDXX-049), the Priority Academic Program Development of
Jiangsu Higher Education Institutions (PAPD), the 111 Project (B16026) and the Primary Research & Development
Plan of Jiangsu Province of China (BE2017385).

Acknowledgments: The authors wish to thank all those who helped in this research.


http://www.mdpi.com/1424-8220/20/10/2894/s1

Sensors 2020, 20, 2894 23 of 25

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Matthew, R.; David, B.; Chapman, S.C.; Furbank, R.T.; Yann, M.; Mather, D.E.; Parry, M.A ]. Raising yield
potential of wheat. I. Overview of a consortium approach and breeding strategies. J. Exp. Bot. 2010, 62,
439-452.

Cao, Q.; Cui, Z.; Chen, X.; Khosla, R.; Dao, T.H.; Miao, Y. Quantifying spatial variability of indigenous
nitrogen supply for precision nitrogen management in small scale farming. Precis Agric. 2012, 13, 45-61.
[CrossRef]

Cao, W.X.; Zhu, Y,; Tian, Y.C; Yao, X,; Tang, L.; Liu, X.J.; Ni, J. Development and Implementation of Crop
Precision Cultivation Technology. Sci. Agric. Sin. 2011, 10, 583-595.

Uddling, J.; Gelang-Alfredsson, J.; Piikki, K.; Pleijel, H. Evaluating the relationship between leaf chlorophyll
concentration and SPAD-502 chlorophyll meter readings. Photosynth. Res. 2007, 91, 37—46. [CrossRef]
[PubMed]

Cerovic, Z.G.; Masdoumier, G.; Ghozlen, N.B.; Latouche, G. A new optical leaf-clip meter for simultaneous
non-destructive assessment of leaf chlorophyll and epidermal flavonoids. Physiol. Plant. 2012, 146, 251-260.
[CrossRef] [PubMed]

Zhang, ].Y.; Liu, X,; Liang, Y.; Cao, Q.; Tian, Y.C.; Zhu, Y.; Cao, W.X,; Liu, X.]J. Using a Portable Active Sensor
to Monitor Growth Parameters and Predict Grain Yield of Winter Wheat. Sensors 2019, 19, 1108. [CrossRef]
Osborne, S.L. Utilization of Existing Technology to Evaluate Spring Wheat Growth and Nitrogen Nutrition
in South Dakota. Commun. Soil Sci. Plan 2007, 38, 949-958. [CrossRef]

Cao, Q.; Miao, Y.X,; Shen, ].N.; Yu, W.F; Yuan, F; Cheng, S.S.; Huang, S.Y.; Wang, H.Y.; Yang, W.; Liu, F.Y.
Improving in-season estimation of rice yield potential and responsiveness to topdressing nitrogen application
with Crop Circle active crop canopy sensor. Precis. Agric. 2016, 17, 136-154. [CrossRef]

Cao, Q.; Miao, Y,; Li, E; Gao, X,; Liu, B.; Lu, D.; Chen, X. Developing a new Crop Circle active canopy
sensor-based precision nitrogen management strategy for winter wheat in North China Plain. Precis. Agric.
2017, 18, 2-18. [CrossRef]

Feng, W.; Yao, X.; Zhu, Y,; Tian, Y.C.; Cao, W.X. Monitoring leaf nitrogen status with hyperspectral reflectance
in wheat. Eur. J. Agron. 2008, 28, 394-404. [CrossRef]

Ni, J.; Yao, X.; Tian, Y.C.; Cao, W.; Zhu, Y. Design and experiments of portable apparatus for plant growth
monitoring and diagnosis. Trans. Chin. Soc. Agric. Eng. 2013, 29, 150-156.

Ni, J.; Zhang, ].C.; Wu, R.S,; Pang, ER.; Zhu, Y. Development of an Apparatus for Crop-Growth Monitoring
and Diagnosis. Sensors 2018, 18, 3129. [CrossRef] [PubMed]

Chu, X.; Guo, YJ.; He, ].Y,; Yao, X.; Zhu, Y.,; Cao, W.X.; Cheng, T.; Tian, Y.C. Comparison of Different
Hyperspectral Vegetation Indices for Estimating Canopy Leaf Nitrogen Accumulation in Rice. Agron. . 2014,
106, 1911-1920. [CrossRef]

Yao, X.; Zhu, Y; Tian, Y.C.; Feng, W.; Cao, W.X. Exploring hyperspectral bands and estimation indices for leaf
nitrogen accumulation in wheat. Int. J. Appl. Earth Obs. 2010, 12, 89-100. [CrossRef]

Li, YX,; Zhu, Y,; Dai, T.B.; Tian, Y.C.; Cao, W.X. Quantitative relationships between leaf area index and
canopy reflectance spectra of wheat. Chin. J. Appl. Ecol. 2006, 17, 1443.

Feng, W.; Zhu, Y.; Yao, X.; Tian, Y.C. Monitoring leaf dry weight and leaf area index in wheat with
hyperspectral remote sensing. Chin. J. Plant Ecol. 2009, 33, 34—44.

Tian, Y.C.; Zhu, Y.; Yao, X,; Liu, X.J.; Cao, W.X. Non-destructive monitoring of crop nitrogen nutrition based
on spectral information. Chin. J. Ecol. 2007, 26, 1454-1463.

Feng, W.; Yao, X,; Tian, Y.C.; Cao, W.X_; Zhu, Y. Monitoring leaf pigment status with hyperspectral remote
sensing in wheat. Aust. . Agric. Res. 2008, 59, 748. [CrossRef]

Baret, F.; Champion, I.; Guyot, G.; Podaire, A. Monitoring wheat canopies with a high spectral resolution
radiometer. Remote Sens. Environ. 1987, 22, 367-378. [CrossRef]

Thenkabail, P.S.; Smith, R.B.; De Pauw, E. Hyperspectral Vegetation Indices and Their Relationships with
Agricultural Crop Characteristics. Remote Sens. Environ. 2000, 71, 158-182. [CrossRef]


http://dx.doi.org/10.1007/s11119-011-9244-3
http://dx.doi.org/10.1007/s11120-006-9077-5
http://www.ncbi.nlm.nih.gov/pubmed/17342446
http://dx.doi.org/10.1111/j.1399-3054.2012.01639.x
http://www.ncbi.nlm.nih.gov/pubmed/22568678
http://dx.doi.org/10.3390/s19051108
http://dx.doi.org/10.1080/00103620701277916
http://dx.doi.org/10.1007/s11119-015-9412-y
http://dx.doi.org/10.1007/s11119-016-9456-7
http://dx.doi.org/10.1016/j.eja.2007.11.005
http://dx.doi.org/10.3390/s18093129
http://www.ncbi.nlm.nih.gov/pubmed/30227614
http://dx.doi.org/10.2134/agronj14.0084
http://dx.doi.org/10.1016/j.jag.2009.11.008
http://dx.doi.org/10.1071/AR07282
http://dx.doi.org/10.1016/0034-4257(87)90089-7
http://dx.doi.org/10.1016/S0034-4257(99)00067-X

Sensors 2020, 20, 2894 24 of 25

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bunnik, N.J.J. The multispectral reflectance of shortwave radiation by agricultural crops in relation with
their morphological and optical properties. Ph.D. Thesis, Landbouwhoge School Wageningen, Wageningen,
The Netherlands, 1978.

Zhu, Y,; Yao, X.; Tian, Y.; Liu, X.; Cao, W. Analysis of common canopy vegetation indices for indicating leaf
nitrogen accumulations in wheat and rice. Int. J. Appl. Earth Obs. 2008, 10, 1-10. [CrossRef]

Datt, B. A New Reflectance Index for Remote Sensing of Chlorophyll Content in Higher Plants: Tests using
Eucalyptus Leaves. J. Plant Physiol. 1999, 154, 30-36. [CrossRef]

Rodriguez, D.; Fitzgerald, G.J.; Belford, R.; Christensen, L.K. Detection of nitrogen deficiency in wheat from
spectral reflectance indices and basic crop eco-physiological concepts. Aust. J. Agric. Res. 2006, 57, 781.
[CrossRef]

Wang, W.; Yao, X,; Yao, X,; Tian, Y; Liu, X.; Ni, J.; Cao, W.; Zhu, Y. Estimating leaf nitrogen concentration
with three-band vegetation indices in rice and wheat. Field Crop. Res. 2012, 129, 90-98. [CrossRef]

Zhao, C.J.; Wang, Z.J.; Wang, J.H.; Huang, W.]J. Relationships of leaf nitrogen concentration and canopy
nitrogen density with spectral features parameters and narrow-band spectral indices calculated from field
winter wheat (Triticum aestivum L.) spectra. Int. ]. Remote Sens. 2011, 33, 3472-3491. [CrossRef]

Lennox, L.J.; Flanagan, M.J. An automated procedure for the determination of total Kjeldahl nitrogen. Water
Res. 1982, 16, 1127-1133. [CrossRef]

Rouse, ] W., Jr.; Haas, R.H.; Deering, D.W.; Schnell, J.A.; Harlan, J.C. Monitoring the Vernal Advancement
and Retrogradation (Greenwave Effect) of Natural Vegetation. Technical Report; Texas A&M University, Remote
Sensing Center: College Station, TX, USA, November 1974.

Tan, Y;; Sun, J.; Zhang, B.; Chen, M.; Liu, Y.; Liu, X. Sensitivity of a Ratio Vegetation Index Derived from
Hyperspectral Remote Sensing to the Brown Planthopper Stress on Rice Plants. Sensors 2019, 19, 375.
[CrossRef] [PubMed]

Richardson, A.J.; Wiegand, C.L. Distinguishing Vegetation from Soil Background Information. Photogramm.
Eng. Remote Sens. 1978, 43, 1541-1552.

Myneni, R.B.; Hoffman, S.; Knyazikhin, Y.; Privette, J.L.; Glassy, J.; Tian, Y.; Wang, Y.; Song, X.; Zhang, Y.;
Smith, G.R.; et al. Global products of vegetation leaf area and fraction absorbed PAR from year one of MODIS
data. Remote Sens. Environ. 2002, 83, 214-231. [CrossRef]

Erdle, K.; Mistele, B.; Schmidhalter, U. Comparison of active and passive spectral sensors in discriminating
biomass parameters and nitrogen status in wheat cultivars. Field Crop Res 2011, 124, 74-84. [CrossRef]
Hansen, P.M.; Schjoerring, ].K. 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]

He, J.; Liu, B.E; Guo, Y.; Wang, L.G.; Zheng, G.Q.; Li, ]. Biomass estimation model of winter wheat (L.) using
hyperspectral reflectances. J. Plant Nutr. Fertil. 2017, 23, 313-323.

Tian, X.; Wu, W.B.; Zhou, Q.B.; Zhou, Y. Comparison of two inversion methods for winter wheat leaf area
index based on hyperspectral remote sensing. Trans. Chin. Soc. Agric. Eng. 2013, 29, 139-147.

Yao, Y.; Miao, Y.; Cao, Q.; Wang, H.; Gnyp, M.L.; Bareth, G.; Khosla, R.; Yang, W.; Liu, F,; Liu, C. In-Season
Estimation of Rice Nitrogen Status with an Active Crop Canopy Sensor. IEEE |.-Stars 2014, 7, 4403-4413.
[CrossRef]

Wang, FM.; Huang, J.F; Tang, T.L.; Wang, X.Z. New Vegetation Index and Its Application in Estimating Leaf
Area Index of Rice. Rice Sci. 2007, 14, 195-203. [CrossRef]

Li, D,; Li, F; Hu, Y.C.; Mistele, B.; Schmidhalter, U. Study on the Estimation of Nitrogen Content in Wheat
and Maize Canopy Based on Band Optimization of Spectral Parameters. Spectrosc. Spect. Anal. 2016, 36,
1150-1157. [CrossRef]

Li, E; Mistele, B.; Hu, Y.; Chen, X.; Schmidhalter, U. Optimising three-band spectral indices to assess aerial N
concentration, N uptake and aboveground biomass of winter wheat remotely in China and Germany. Isprs J.
Photogramm. 2014, 92, 112-123. [CrossRef]

Gitelson, A.A. Wide Dynamic Range Vegetation Index for Remote Quantification of Biophysical Characteristics
of Vegetation. J. Plant Physiol. 2004, 161, 165-173. [CrossRef]

He, J.; Liu, B.F,; Li, ]. Monitoring model of leaf area index of winter wheat based on hyperspectral reflectance
at different growth stages. Trans. Chin. Soc. Agric. Eng. 2014, 30, 141-150.


http://dx.doi.org/10.1016/j.jag.2007.02.006
http://dx.doi.org/10.1016/S0176-1617(99)80314-9
http://dx.doi.org/10.1071/AR05361
http://dx.doi.org/10.1016/j.fcr.2012.01.014
http://dx.doi.org/10.1080/01431161.2011.604052
http://dx.doi.org/10.1016/0043-1354(82)90129-4
http://dx.doi.org/10.3390/s19020375
http://www.ncbi.nlm.nih.gov/pubmed/30658494
http://dx.doi.org/10.1016/S0034-4257(02)00074-3
http://dx.doi.org/10.1016/j.fcr.2011.06.007
http://dx.doi.org/10.1016/S0034-4257(03)00131-7
http://dx.doi.org/10.1109/JSTARS.2014.2322659
http://dx.doi.org/10.1016/S1672-6308(07)60027-4
http://dx.doi.org/10.1039/C5JA00477B
http://dx.doi.org/10.1016/j.isprsjprs.2014.03.006
http://dx.doi.org/10.1078/0176-1617-01176

Sensors 2020, 20, 2894 25 of 25

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

He, J,; Liu, B.E; Li, S.M.; Guo, Y.; Wang, L.G.; Zhang, Y.; Li, ]. Winter wheat grain protein content monitoring
model driven by hyperspectral remote sensing images at different growth stages. Chin. . Eco-Agric. 2017, 25,
865-875.

Yao, Y.; Liu, Q.; Liu, Q.; Li, X. LAI retrieval and uncertainty evaluations for typical row-planted crops at
different growth stages. Remote Sens. Environ. 2008, 112, 94-106. [CrossRef]

Li, F; Miao, Y,; Hennig, S.D.; Gnyp, M.L.; Chen, X,; Jia, L.; Bareth, G. Evaluating hyperspectral vegetation
indices for estimating nitrogen concentration of winter wheat at different growth stages. Precis. Agric. 2010,
11, 335-357. [CrossRef]

Yu, K,; Li, E; Gnyp, M.L.; Miao, Y.; Bareth, G.; Chen, X. Remotely detecting canopy nitrogen concentration
and uptake of paddy rice in the Northeast China Plain. Isprs J. Photogramm. 2013, 78, 102-115. [CrossRef]
Zhao, J.; Huang, W.J.; Zhang, Y.H.; Jing, Y.S. Inversion of Leaf Area Index during Different Growth Stages in
Winter Wheat. Spectrosc. Spect. Anal. 2013, 33, 2546-2552.

Li, X.C,; Xu, X.G,; Bao, Y.S.; Huang, W.J.; Luo, ] H.; Dong, Y.Y.; Song, X.Y.; Wang, ].H. Retrieving LAI of
Winter Wheat Based on Sensitive Vegetation Index by the Segmentation Method. Sci. Agric. Sin. 2012, 45,
3486-3496.

Verstraete, M.M.; Pinty, B. Designing optimal spectral indexes for remote sensing applications. IEEE T Geosci.
Remote 1996, 34, 1254-1265. [CrossRef]

Xue, L.H.; Yang, L.Z.; Fan, X.H. Estimation of Nitrogen Content and C/N in Rice Leaves and Plant with
Canopy Reflectance Spectra. Acta. Agronomica Sinica. 2006, 59, 289-302.

Tian, Y.C,; Gu, KJ.; Chu, X;; Yao, X.; Cao, W.X.; Zhu, Y. Comparison of different hyperspectral vegetation
indices for canopy leaf nitrogen concentration estimation in rice. Plant Soil. 2014, 376, 193-209. [CrossRef]
Tian, Y.C.; Yao, X,; Yang, J.; Cao, W.X.; Hannaway, D.B.; Zhu, Y. Assessing newly developed and published
vegetation indices for estimating rice leaf nitrogen concentration with ground- and space-based hyperspectral
reflectance. Field Crop. Res. 2011, 120, 299-310. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.rse.2006.09.037
http://dx.doi.org/10.1007/s11119-010-9165-6
http://dx.doi.org/10.1016/j.isprsjprs.2013.01.008
http://dx.doi.org/10.1109/36.536541
http://dx.doi.org/10.1007/s11104-013-1937-0
http://dx.doi.org/10.1016/j.fcr.2010.11.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design of Field Experiments 
	Equipment 
	Portable Three-Band CGMD Instrument 
	ASD FieldSpec HandHeld2 Spectroradiometer 
	LAI-2200C Plant Canopy Analyzer 

	Measurement Method 
	Measurement of Spectral Data 
	Determination of Growth Indices 

	Data Analysis Methods 
	Vegetation Index Calculation 
	Data Analysis 


	Results 
	Evaluation of Data Acquisition Performance of the Portable Three-Band CGMD Instrument 
	Fitting Results of Vegetation Indices With Growth Indices 
	Fitting Results of Vegetation Indices with LAI 
	Fitting Results of Vegetation Indices with LDW 
	Fitting Results of Vegetation Indices with LNC 
	Fitting Results of Vegetation Indices with LNA 

	Spectral Monitoring Model of Wheat Growth 

	Discussion 
	Conclusions 
	References

