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Abstract: Aboveground biomass (AGB) is an important indicator to evaluate crop growth, which
is closely related to yield and plays an important role in guiding fine agricultural management.
Compared with traditional AGB measurements, unmanned aerial vehicle (UAV) hyperspectral
remote sensing technology has the advantages of being non-destructive, highly mobile, and highly
efficient in precision agriculture. Therefore, this study uses a hyperspectral sensor carried by a UAV
to obtain hyperspectral images of potatoes in stages of tuber formation, tuber growth, starch storage,
and maturity. Linear regression, partial least squares regression (PLSR), and random forest (RF) based
on vegetation indices (Vis), green-edge parameters (GEPs), and combinations thereof are used to
evaluate the accuracy of potato AGB estimates in the four growth stages. The results show that (i) the
selected VIs and optimal GEPs correlate significantly with AGB. Overall, VIs correlate more strongly
with AGB than do GEPs. (ii) AGB estimates made by linear regression based on the optimal Vs,
optimal GEPs, and combinations thereof gradually improve in going from the tuber-formation to the
tuber-growth stage and then gradually worsen in going from the starch-storage to the maturity stage.
Combining the optimal GEPs with the optimal VIs produces the best estimates, followed by using the
optimal VIs alone, and using the optimal GEPs produces the worst estimates. (iii) Compared with the
single-parameter model, which uses the PLSR and RF methods based on VIs, the combination of VIs
with the optimal GEPs significantly improves the estimation accuracy, which gradually improves in
going from the tuber-formation to the tuber-growth stage, and then gradually deteriorates in going
from the starch-storage to the maturity stage. The combination of VIs with the optimal GEPs produces
the most accurate estimates. (iv) The PLSR method is better than the RF method for estimating AGB
in each growth period. Therefore, combining the optimal GEPs and VIs and using the PLSR method
improves the accuracy of AGB estimates, thereby allowing for non-destructive dynamic monitoring
of potato growth.

Keywords: potato; above-ground biomass; vegetation indices; green-edge parameters; partial least
squares regression; random forest
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1. Introduction

As the basis of organic matter accumulation, aboveground biomass (AGB) is often
used to evaluate crop growth and farmland productivity [1,2]. As a result, knowing
the spatial-temporal dynamic variations in AGB is critical for field decision-making and
yield prediction [3]. Fast and accurate access to AGB information not only helps to tap
into production potential and boost crop yield [4,5] but also helps to formulate macro
agricultural trade policies and implement digital agriculture [6]. AGB measurement is
traditionally done mostly by manual destructive sampling, which requires significant time
and effort, is only applicable to small areas, and is difficult to scale up [7,8].

Because of its high throughput, rapidity, and wide sensing range, remote-sensing
technology offers a new technical method for nondestructive dynamic monitoring of crop
growth over large areas. It can establish a relationship between the acquired crop canopy
spectral information and growth parameters, which allows for the analysis of periodic
quantitative variations in crop parameters, which has become a hot spot in agricultural
quantitative remote-sensing research [9,10]. In recent years, remote-sensing platforms based
on the ultralow-altitude unmanned aerial vehicles (UAVs) carrying various microsensors
have been widely implemented in precision agricultural management because of their
high mobility, low cost, high operational efficiency, and capacity to acquire crop canopy
images with higher temporal and spatial resolution beneath cloud cover [11-13]. Currently,
hyperspectral imaging spectrometers carried by UAVs can capture copious detailed spectral
information of crop canopies due to their vast number of wavebands, allowing them to
better monitor crop-growth metrics [14,15].

The crop growth model, the semi-mechanical model, and the empirical statistical
model are the three main models for estimating AGB [16—-18]. Crop-growth models, such
as WOFOST [19], CROPSYST [20], and CERES [21], are extremely mechanistic. However,
these models require as input a large number of parameters that affect crop growth, such
as soil moisture, meteorological data, physiological and biochemical parameters, and
other indicators, which are often difficult to obtain, limiting the wide application of the
model in crop AGB monitoring [22,23]. The semi-mechanical model (also known as the
parametric model) involves the light-energy utilization model [24]. Variations in AGB
are obtained by simulating crop growth based on photosynthesis in the canopy leaves,
but this model is affected by geographical restrictions and some parameters are difficult
to simulate quantitatively [25]. The empirical statistical model directly establishes the
regression relationship between remote sensing factors and crop parameters. Because of
its simple form, easy operation, and high efficiency, it is widely applicable in crop growth
monitoring. For example, Yuri et al. [26] and Mansaray et al. [27] used vegetation indices
(VIs) to estimate the AGB of sugarcane and rice.

VIs are usually combined mathematically with two or more spectral bands to reduce
or eliminate the impact of background noise on crop canopy spectral information, thereby
enhancing estimates of vegetation structure [28,29]. For example, Zhang et al. [30], Devia
etal. [31], and Han et al. [32] estimated the AGB of winter wheat, maize, and rice at different
growth stages using five, six, and seven vegetation indices, respectively. Although these
studies use UAV remote-sensing technology to obtain accurate AGB estimates, there are
some shortcomings. The model easily saturates when only the original spectral information
of the crop canopy is used to build the VIs to estimate AGB in multiple growth periods of
crops [33,34]. To solve this problem, researchers use three main methods to improve the ac-
curacy of AGB estimates: (i) Various regression techniques are used, such as multiple linear
regression [35], partial least squares regression (PLSR) [36], random forests (RF) [28], sup-
port vector machines [37], and artificial neural networks [38]. (ii) Spectral transformation
techniques are used, such as spectral differentiation [39], wavelet analysis [40], band-depth
analysis [41], and Fourier transforms [42]. (iii) Finally, to improve AGB estimates, new
model factors are introduced such as crop height [43,44], texture features [45-47], crop
coverage [48,49], and red-edge parameters [15].
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Previous research has thus used UAV remote-sensing technology to estimate the
growth parameters of wheat, rice, corn, soybean, and other crops in different phases. How-
ever, the structure and dry-matter accumulation process of potatoes differs significantly
from that of other common crops, so additional research is required to accurately esti-
mate potato AGB. Multiband crop canopy spectral information can be obtained through
hyperspectral sensors with many narrow bands carried by UAVs, and the sensitivity of
reflectance information and growth parameters varies across the different spectral bands.
Therefore, AGB can be estimated by extracting characteristic spectral parameters. Due to
the influence of the characteristics and the internal structure of crop leaves, the spectral re-
flectance of the crop canopy slowly increases and peaks within the 502-554 nm green-edge
region, which differs significantly from the background features. Therefore, the sensitivity
of characteristic spectral parameters in this area should be thoroughly examined to improve
the accuracy of growth-parameter estimates.

No research has yet been conducted to extract the green-edge parameters (GEPs)
from potato canopy hyperspectral images, nor to combine them with traditional VIs and
apply regression techniques to evaluate the accuracy of AGB estimates for multiple growth
periods, as is required for monitoring potato growth. The main purpose of this study is thus
to evaluate the applicability of VIs, GEPs, and combinations thereof to estimate potato AGB
over multiple growth stages. Specifically, we evaluate the use of PLSR and RF techniques
to estimate AGB based on VIs, GEPs, and combinations thereof and determine the best
model for AGB estimation in each growth period.

2. Experiment and Methods
2.1. Overview of Study Area and Experimental Design

From March to July 2019, experimentation was carried out in the experimental potato
field of the National Precision Agriculture Research Demonstration Base in Xiaotangshan
Town, Changping District, Beijing, China. This area is located in the east of Xiaotangshan
Town (40°10'34"N, 116°26'39"”E), with an average altitude of about 36 m, an average
annual precipitation of about 600 mm, an average annual temperature of about 11 °C,
and an average annual frost-free period of 200 days. The climate of the study area is
warm temperate semi-humid continental monsoon. The location of the test area is shown
in Figure 1.
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Figure 1. Location of experimental area.

Two early maturing potato varieties, Zhongshu 5 (Z5) and Zhongshu 3 (Z3), were
planted in the experimental field at different planting densities and with different treatments
of nitrogen and potassium fertilizers. The planting density test area had 18 plots, which
were planted at three densities: 60,000 plants/ hm? (T1), 72,000 plants/ hm? (T2), and
84,000 plants/ hm? (T3). There were 24 plots in the nitrogen test area, which underwent four
fertilization treatments: 0 kg/hm? urea (N0), 244.65 kg/hm? urea (N1), 489.15 kg /hm? urea
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(N2, normal treatment, 15 kg pure nitrogen), and 733.5 kg/ hm? urea (N3). There were six
plots in the potassium fertilizer test area, which underwent two potassium fertilization
treatments: 0 kg/hm? potassium fertilizer (K0) and 1941 kg/hm? potassium fertilizer (K2).
A treatment of 970.5 kg/hm? potassium fertilizer (K1) was applied to the planting density
and nitrogen test area. There was a total of 48 test plots, each with an area of 32.5 m?.
Eleven ground control points were uniformly arranged around the test area to calibrate the
hyperspectral images acquired by UAVs. The specific test scheme appears in Figure 2.
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Figure 2. Experimental design.

2.2. Ground Data Acquisition and Processing

AGB data were obtained during the four key stages of potato growth: tuber formation
(28 May 2019), tuber growth (10 June 2019), starch storage (20 June 2019), and maturity
(3 July 2019). The specific process of AGB acquisition in each growth period was to select
three plant samples in each plot that represent the growth level of the entire plot. After
artificial destructive sampling, they were packaged and then quickly taken to the laboratory.
After separating the stems and leaves, they were washed in running water, then placed in
an oven for one hour at 105 °C, then at 80 °C to dry for over 48 h until obtaining constant
mass. The dry mass of stems and leaves was weighed by using a high-precision balance
(accuracy of 0.001 g). The dry mass of the stems was added to that of the leaves to obtain
the dry mass of the sample. Finally, the potato AGB in each plot was obtained based on the
population density and the dry mass of the sample.

2.3. UAV Hyperspectral Data Acquisition and Processing

UAV hyperspectral remote-sensing operation and ground data acquisition were carried
out simultaneously. A six-rotor electric UAV equipped with a UHD185 Firefly imaging
spectrometer was used to obtain canopy hyperspectral data during the four potato growth
periods (Figure 3). The UHD185 sensor is a non-scanning, full frame, real-time-imaging
airborne spectrometer that measures 195 mm X 67 mm x 60 mm, weighs 470 g, and detects
over a spectral range of 450-950 nm with 125 spectral channels, 4 nm per spectral sampling
interval, 8 nm spectral resolution, and 12-bit digital resolution. All UAV flights were
conducted under windless and cloudless conditions from 11:30 to 12:30 because the sun
shines directly on the ground at this time and the light intensity is stable. The UAV flew at
20 m (the transect width was 6 m) and had a speed of about 1.5 m/s. To obtain high-quality
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hyperspectral images, the UAV’s heading and lateral overlap rates were 85% and 93%,
respectively. The image capture interval was set to one second. The ground resolution of
the resulting images was about 1.3 cm. Before each UAV took off, a black and white panel
was used to radiometrically correct the canopy spectral reflectance.

‘P" R .
six-rotor

i

¢ Calibration
whiteboard

s m«msi

Figure 3. Components of the UHD 185 hyperspectral system.

UAV hyperspectral image data processing mainly includes four parts: geometric
correction, image stitching, image fusion, and spectral extraction. Before stitching, we
radiometrically calibrated the image digital values to surface reflectance. First, the selected
grayscale images and 11 ground control points in the flight zone were imported into the
PhotoScan software, and the three-dimensional coordinate information of the ground
control points was used to correct the images for the terrain. The correction error in each
period was less than 2 cm. Second, the grayscale images were stitched through the dense
point cloud generated by the motion structure algorithm. Hyperspectral cube and grayscale
images were then fused by using Cubert-Pilot software to obtain complete hyperspectral
images. Finally, vector data for each plot were plotted based on the maximum boundaries
by using ArcGIS 10.2 software, and ENVI 5.3 software was used to extract the average
hyperspectral reflectance from the region of interest (Figure 4). To evaluate the performance
of different spectra to estimate AGB, we analyzed the correlation between potato canopy
spectra and AGB (Figure 5). Finally, we found that the spectral regions sensitive to AGB
were mainly located in the red edge and near-infrared range, which provided a basis for a
reasonable selection of Vls.
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Figure 4. Canopy spectral reflectance of potato in four key growth stages.
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Figure 5. Correlation coefficient between potato canopy spectra and AGB.

2.4. Selection of Vegetation Indices

According to previous research results, fifteen VIs were selected for this study. The
specific names and mathematical expressions are shown in Table 1.

Table 1. VIs used in this study.

Vegetation Indices Definition References

MSR (modified simple ratio index) (R800/R670 — 1)/(R800/R670 + 1)1/2 [15]
2

MSAVI (modified soil adjusted vegetation index) 052 X><R(8185(5)01(L) 17}2(720>)<)$/820]0 vi7-8 [34]
OSAVI (optimizing soil adjusted vegetation index) 1.16 x (R800 — R670)/(R800 + R670 + 0.16) [15]
PSRI (plant senescence reflectance index) (R680 — R500)/R750 [46]
RDVI (renormalized difference vegetation index) (R800 — R670)/(R800 + R670)1/2 [15]
TCARI (transformed chlorophyll absorption ratio index) 3 x [(R710 — R680) — 0.2 x (R700 — R560)(R710/R680)] [15]
TVI (triangular vegetation index) 0.5 x [120 x (R750-R550) — 200 (R670 — R550)] [15]
SPVI (spectral polygon vegetation index) 0.4 x [3.7 x (R800-R670) — 1.2x IR550 — R6701] [34]
DVI (difference vegetation index) R890-R670 [15]
MCARI (modified chlorophyll absorption ratio index) ((R700 — R670) — 0.2 x (R700-R550))(R700/R670) [34]
NDVI (normalized difference vegetation index) (R800 — R680)/(R800 + R680) [29]
PBI (plant biochemical index) R810/R560 [38]
LCI (linear combination index) (R850 — R710)/(R850 + R670)1/2 [38]
SRI (simple ratio vegetation index) R800/R680 [45]
SAVI (soil adjusted vegetation index) (1 +0.5) x (R800 — R670)/(R800 + R670 + 0.5) [45]

2.5. Selection of Green-Edge Parameters

This work uses the maximum reflectivity of the green edge (Rmax), the sum of the
reflectance of the green edge (Rsum), the area of the green edge (SDr), the amplitude of
the green edge (Dr), the minimum amplitude (Drmin), and the ratio Dr/Drmin. Rmax
and Rsum are the maximum reflectance and total reflectance of the original spectrum of
the green edge area, respectively. SDr is the sum of the first-order differential spectral
reflectance of the green edge area, and Dr is the maximum of the first-order differential
spectrum of the green-edge region. Drmin is the minimum of the first-order differential
spectrum of the green-edge region.

2.6. Analysis Methods

PLSR is a combination of multiple linear regression and principal component analysis.
It can provide a many-to-many regression model on the basis of fully considering the mul-
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ticollinearity between independent variables. Especially when the number of independent
variables is large, and there is a certain degree of autocorrelation with a small number
of dependent variables, the model built by PLSR is more accurate than the traditional
regression analysis, which allows us to make estimates based on a small number of factors.
RF was first proposed by Breiman as a machine-learning algorithm [15]. Through bootstrap
sampling, some of the original samples are recycled for multiple sampling to form a training
set, then multiple decision trees are combined to predict the dependent variables, and the
prediction results are determined by voting. In this study, PLSR and RF were implemented
by using MATLAB2018a software.

To estimate the potato AGB for each growth stage, this study used repeat 2 and repeat
3 data (32 groups) as the calibration set, and repeat 1 data (16 groups) as the validation set.
The coefficient of determination (R?), root mean square error (RMSE), and normalized root
mean square error (NRMSE) were used to evaluate the accuracy of the model.

3. Results and Analysis
3.1. Correlation between VIs, GEPs, and AGB

Table 2 shows the correlation coefficients between (i) fifteen VIs and six GEPs and
(ii) the AGB for each potato growth period. According to Table 2, most of the correlations
between twenty-one spectral parameters and AGB reach a significance level of 0.01. The cor-
relation coefficient between spectral parameters and AGB in each growth stage fluctuates,
and the difference is obvious. The correlation increases in going from the tuber-formation
stage to the tuber-growth stage and decreases in going from the starch-storage stage to the
mature stage. Overall, the VIs are more strongly correlated with AGB than are the GEPs.

Table 2. Correlation coefficients between (i) VIs and GEPs and (ii) AGB for the four potato
growth stages.

Spectral AGB
Parameters Tuber Form Stage Tuber Growth Stage  Starch Store Stage Maturity Stage
0.636 0.733 0.724 —0.237
MSAVI 0.651 0.748 0.729 —0.266
OSAVI 0.655 0.742 0.717 —-0.291
—0.727 —0.682 —0.696 0.396
RDVI 0.642 0.746 0.731 —0.270
TCARI 0.410 0.686 0.641 —0.304
0.659 0.741 0.714 —0.314
Vis 0.673 0.756 0.728 —0.256
0.650 0.742 0.733 —0.302
MCARI 0.220 0.676 0.581 —0.197
NDVI 0.580 0.733 0.729 —0.255
0.654 0.757 0.745 —0.047
0.661 0.725 0.751 —0.284
0.662 0.726 0.715 —0.238
0.639 0.746 0.731 —0.270
Rmax —0.367 —0.613 —0.546 —0.311
Rsum —0.342 —0.668 —0.644 —0.236
0.023 0471 0.462 —0.447
GEPs —0.284 0321 0.401 ~0415
Drmin —0.545 —0.509 —0.382 0.196
Dr/Drmin 0.122 0.581 0.491 —0.260

Note: A correlation coefficient with an absolute value greater than 0.361 indicates a significance level of 0.01.

During tuber formation, the most highly correlated VIs and GEPs are PSRI and Drmin,
respectively. In the tuber-growth stage, VIs and GEPs are more strongly correlated with
AGB than in the other three growth stages, and the most strongly correlated VIs and GEPs
are PBI and Rsum, respectively. During the starch-storage period, all spectral parameters
and the AGB reach a significance level of 0.01, but the correlation weakens. The VIs
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and GEPs most strongly correlated with AGB are LCI and Rsum, respectively. During
the mature stage, the correlation between spectral parameters and AGB is the weakest.
Only six VIs (PSRI, TVI, TCARI, DVI, OSAVI, and LCI) and two GEPs (SDr and Dr)
reach a significance level of 0.01 with AGB, with the best VIs and GEPs being PSRI and
SDr, respectively.

3.2. Relationship of Optimal VIs and GEPs with AGB
3.2.1. Relationship between Optimal GEPs and AGB

Based on the optimal GEPs selected in each growth period (Table 2), the AGB estima-
tion models for the four growth periods were established by using linear regression, and
the R2, RMSE, and NRMSE of the models in each growth period were obtained through
modeling and validation (Table 3). From the tuber-formation stage to the tuber-growth
stage, the modeling set R? increases from 0.31 to 0.37, the RMSE decreases from 325.37 to
332.83 kg/ hm?, and the NRMSE decreases from 25.24% to 22.94%. Similarly, the validation
set R? increases continuously from 0.40 to 0.52, and the RMSE and NRMSE decreases
continuously. The accuracy of the AGB estimation model gradually increases in these
two growth periods. From the starch-storage stage to the mature stage, the R? range of
the modeling set ranges from 0.23 to 0.21, and the RMSE and NRMSE range from 404.96
to 428.87 kg/hm? and 29.11% to 35.12%, respectively. The variation in the precision ob-
tained with the validation set is consistent with that of the modeling set. R? continues
to decrease (from 0.38 to 0.27), and RMSE and NRMSE continue to increase (from 259.51
to 279.39 kg/hm? and 28.57% to 32.39%, respectively). The precision obtained from the
models for these two growth periods gradually decreases, and the estimates worsen.

Table 3. Linear regression between optimal GEPs and potato AGB for the four growth stages.

Modeling Validation
Growth Stages Optimal GEPs
R? RMSE (kg/hm?)  NRMSE (%) R2 RMSE (kg/hm?)  NRMSE (%)
Tuber form Drmin 0.31 325.37 25.24 0.40 256.15 25.16
Tuber growth Rsum 0.37 332.83 22.94 0.52 229.96 21.39
Starch store Rsum 0.23 404.96 29.11 0.38 259.51 28.57
Maturity SDr 0.21 428.87 35.12 0.27 279.39 32.39

3.2.2. Relationship between Optimal VIs and AGB

The model for estimating potato AGB at different growth stages was established by
linear regression, and the R2, RMSE, and NRMSE of each model are shown in Table 4.
AGB estimates gradually improve in going from the tuber-formation to the tuber-growth
stage. R? for the modeling set ranges from 0.43 to 0.48, and the RMSE and NRMSE range
from 301.88 to 300.51 kg/hm? and 23.42% to 20.71%, respectively. R? for the validation set
increases from 0.59 to 0.62, and the RMSE and NRMSE decrease gradually from 226.59 to
207.16 kg/hm? and 22.24% to 19.27%, respectively. In going from the starch-storage stage
to the mature stage, AGB estimates gradually deteriorate. The modeling set R? decreases
from 0.38 to 0.26, and the RMSE and NRMSE increase from 349.76 to 376.33 kg/ hm? and
25.14% to 30.82%, respectively. The validation set R? also decreases continuously from 0.46
to 0.36, and the RMSE and NRMSE increase from 208.98 to 240.49 kg/ hm? and from 23.01%
to 27.88%, respectively. Analysis of the four growth-stage model accuracy-evaluation
indicators (Tables 3 and 4) shows that the optimal-VIs estimate of potato AGB is more
accurate than the optimal-GEPs estimate.
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Table 4. Linear regression relationship between optimal VIs and AGB of potato for the four

growth stages.
Modeling Validation
Growth Stages Optimal VI
R?  RMSE (kg/hm?) NRMSE(%) R?  RMSE (kg/hm?) NRMSE (%)
Tuber form PSRI 0.43 301.88 23.42 0.59 226.59 22.24
Tuber growth PBI 0.48 300.51 20.71 0.62 207.16 19.27
Starch store LCI 0.38 349.76 25.14 0.46 208.98 23.01
Maturity PSRI 0.26 376.33 30.82 0.36 240.49 27.88
3.2.3. Relationship of Optimal VIs and Optimal GEPs with AGB
Table 5 shows the accuracy of AGB estimates made by using linear regression com-
bined with the optimal VIs and the optimal GEPs for each growth period. The results
show that the optimal VIs combined with the optimal GEPs significantly improves the
accuracy of AGB estimates in each growth period (Tables 3-5). The increase during the
tuber-formation stage and the tuber-growth stage is small: R? increases by 16% and 20%
at the highest, and NRMSE decreases by 35% and 31% at the highest. During the starch
accumulation and maturity stages, R? increases by 25% and 29% at the highest, and NRMSE
decreases by 43% and 33% at the highest.
Table 5. Linear regression between (i) optimal VIs and optimal GEPs and (ii) potato AGB over the
four growth stages.
Optimal Modeling Validation
Growth Stages
VIs, GEPs R2 RMSE (kg/hm?)  NRMSE (%) R? RMSE (kg/hm?)  NRMSE (%)
Tuber form PSRI, Drmin 0.48 279.46 21.68 0.62 197.43 19.39
Tuber growth PBI, Rsum 0.54 277.03 19.09 0.65 187.70 17.46
Starch store LCI, Rsum 0.40 321.64 23.12 0.55 191.33 21.07
Maturity PSRI, SDr 0.39 331.29 27.13 0.48 221.88 25.71

It can be seen from the comprehensive modeling set and verification set (Tables 3-5)
that the variation in the accuracy of AGB estimates throughout the growth stage is consistent
with the optimal VIs and the optimal GEPs. The estimation effect gradually improves
from the tuber-formation stage to the tuber-growth stage. The modeling-set R? increases
from 0.48 to 0.54, and the NRMSE decreases from 21.68% to 19.09%. R? for the verification
set increases from 0.62 to 0.65, and the NRMSE decreases from 19.39% to 17.46%. The
estimation effect thus worsens in going from the starch-storage stage to the maturity stage.
R? for the modeling set ranges from 0.40 to 0.39, and the NRMSE ranges from 23.12%
to 27.13%. The accuracy of AGB estimates based on the validation set is like that of the
modeling set. R2 continues to decrease, RMSE and NRMSE continue to increase, and the
model accuracy worsens.

3.3. Estimation of AGB Using VIs, Optimal GEPs Combined with PLSR and RF Methods

To improve the accuracy and stability of the AGB estimation model, this study selects
the top six VIs and optimal GEPs based on the correlation ranking in Table 2. For example,
ranking correlation from best to worst in the tuber-formation stage gives PSRI, SPVI, SRI,
LCI, TVI, OSAV], and Drmin. Doing the same in the tuber-growth stage gives PBI, SPVI,
MSAVI, RDVI, SAVI, OSAV], and Rsum. Doing the same in the starch-storage stage gives
LCI, PBI, DVI, RDVI, SAVI, MSAV], and Rsum. Finally, doing the same in the mature stage
gives PSRI, TVI, TCARI, DVI, OSAVI], LCI, and SDr. Based on the spectral parameters
obtained at different growth stages, the PLSR and RF methods are used to estimate the
potato AGB over the different growth stages.

Tables 6 and 7 show the VIs combined with the optimal GEPs using PLSR and RF regres-
sion to estimate the potato AGB over different growth stages, respectively. These results show
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that, based on the VIs, the PLSR and RF methods produce the most accurate potato AGB esti-
mates for the tuber growth stage. For PLSR modeling, R2 = 0.72, RMSE = 254.63 kg/ hm?, and
NRMSE = 17.55%. For RF modeling, R? = 0.69, RMSE = 265.22 kg/hm?, and NRMSE = 18.28%.
However, the use of PLSR or RF regression techniques combined with VIs and optimal GEPs
produce more accurate estimates of potato AGB at each growth stage, with the best estimate
being for the tuber growth stage. The best R? for PLSR is 0.74 (RMSE = 210.55 kg/hm?,
NRMSE = 14.51%), and the best R? for RF is 0.71 (RMSE = 234.92 kg/hm?, NRMSE = 16.19%).
The accuracy of the AGB estimation model constructed by the PLSR or RF method based
on VIs and VIs combined with the optimal GEPs as the variable first increase and then de-
crease with progressing growth periods. The estimates gradually improve in going from
the tuber-formation stage to the tuber-growth stage and then deteriorate in going from the
starch-storage stage to the maturity stage.

Table 6. PLSR-based estimates of potato AGB at different growth stages.

Modeling Validation
Growth Stages Data
R? RMSE (kg/hm?)  NRMSE (%) R? RMSE (kg/hm?)  NRMSE (%)
Tuber f VIs 0.65 275.74 21.39 0.71 187.02 18.37
uber form VIs, Drmin 0.68 244.01 18.93 0.75 169.93 16.68
Tuber erowth VIs 0.72 254.63 17.55 0.74 162.23 15.09
& VIs, Rsum 0.74 210.55 14.51 0.78 131.91 12.27
Starch Vis 0.62 312.03 22.43 0.69 190.38 20.96
tarch store VIs, Rsum 0.66 268.65 19.31 0.72 171.37 18.87
Maturit Vis 0.58 315.55 25.84 0.67 205.12 23.78
y VIs, SDr 0.62 290.98 23.83 0.7 186.49 21.62
Table 7. RF-based estimates of potato AGB at different growth stages.
Modeling Validation
Growth Stages Data
R? RMSE (kg/hm?)  NRMSE (%) R? RMSE (kg/hm?)  NRMSE (%)

Tuber £ VIs 0.63 289.4 2245 0.69 194.35 19.09
uber rorm VIs, Drmin 0.66 263.86 20.47 0.72 175.95 17.27
Tuber exowth VIs 0.69 265.22 18.28 0.71 192.012 17.86
& VIs, Rsum 0.71 234.92 16.19 0.75 152.122 14.15
Starch Vis 0.59 324.27 2331 0.65 196.105 21.59
tarch store VIs, Rsum 0.64 285.9 20.55 0.68 180.37 19.86
Maturit VIs 0.55 327.15 26.79 0.62 216.853 25.14
y VIs, SDr 0.61 300.87 24.64 0.64 197.363 22.88

The validation dataset was used to verify the AGB estimate based on VIs and VIs
combined with optimal GEPs using PLSR and RF. Figures 6 and 7 show the relationship
between measured and estimated AGB at different potato growth stages. The results show
that the accuracy of the model constructed from the PLSR and RF methods is consistent
with the accuracy of the modeling set. The larger the R? value for modeling and verification,
the smaller the NRMSE, indicating that the model gains in stability and fits the data better,
and the estimation accuracy is reasonable. Compared with estimating AGB based only on
VIs (Tables 6 and 7 and Figures 6 and 7), the estimation accuracy obtained by combining VIs
and the optimal GEPs is greater, and the model is more stable. Compared with estimating
AGB by using only the optimal GEPs (Table 3), optimal VIs (Table 4), or VIs combined
with the optimal GEPs (Table 5), the estimation accuracy obtained by using the PLSR
and RF methods is significantly improved. In addition, the comprehensive analysis and
comparison of the evaluation indexes of model accuracy for the four potato growth stages
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show that using the PLSR method produces more accurate AGB estimates than using the

RF method.
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Figure 6. Relationship between measured and PLSR-estimated potato AGB (kg/ hm?) at different
growth stages: (a) VIs, (b) VIs and optimal GEPs (tuber form stage); (c) VIs, (d) VIs and GEPs
(tuber growth stage); (e) VIs, (f) VIs and GEPs (starch storage stage); (g) VIs, (h) VIs and GEPs

(maturity stage).
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Figure 7. Relationship between measured and RF-estimated potato AGB (kg/ hm?2) at different
growth stages: (a) VIs, (b) VIs and optimal GEPs (tuber form stage); (c) VIs, (d) VIs and optimal GEPs
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(tuber growth stage); (e) VIs, (f) VIs and optimal GEPs (starch storage stage); (g) VIs, (h) VIs and
optimal GEPs (maturity stage).

3.4. Spatial Distribution of AGB

Comparing the accuracy indicators of each model (Tables 3-7) allows us to make the
final selection based on VIs combined with the optimal GEPs and using the PLSR method
to obtain the spatial distribution of potato AGB during tuber formation, tuber growth,
starch storage, and maturity (Figure 8). During tuber formation, the AGBs of the plots
differ significantly, with the overall distribution varying from 0 to 2400 kg/hm?. However,
the AGB of most plots falls between 0 and 1600 kg/hm?. Repeat 1 and 2 plots have higher
AGBs than repeat 3 plots, with repeat 2 plots having the highest AGB. During tuber growth,
potato stems and leaves grow wildly, so this stage has the highest AGB of all stages. At
this time, the overall AGB of each plot exceeds 1600 kg/hm?, and the AGB of repeat 1 and
2 plots is even as high as 2400 kg/hm?. Repeat 2 plots have the highest AGB and repeat
3 plots have the lowest. During starch storage, the AGB of each plot begins to decrease,
falling mainly between 800 and 1600 kg/hm?. Similarly, the AGB of the repeat 1 and
2 plots exceeds that of the repeat 3 plot, with the repeat 2 plot having the highest AGB.
During the mature stage, the edge of the experimental area saw relatively good growth,
but the AGB of the three replicate plots is the lowest of all the growth stages (mainly below
1600 kg /hm?). In general, ranking the potato growth over the four growth periods from
strong to weak gives repeat 2, repeat 1, and repeat 3. The spatial distribution of AGB in
Figure 8 is consistent with the measured results, indicating that the selected optimal model
produces good inversion.
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Figure 8. RGB images of potato canopy (left) and distribution (right) of the estimated AGB (kg/ hm?)
in the 48 study plots obtained by combining VIs and the optimal GEPs and using the PLSR method:
(a) tuber formation, (b) tuber growth, (c) starch storage, (d) maturity.

4. Discussion
4.1. AGB Estimation Based on Spectral Parameters

Before building the AGB-estimation model for each potato growth stage, we analyze
the correlation between VIs, GEPs, and AGB. The correlation between these two spectral
parameters (VIs and GEPs) and AGB first increases and then decreases over the growth
period. This is because, from the tuber-formation stage to the tuber-growth stage, to
maintain their own life activities, the vegetative organs such as stem nodes and leaves
grow faster, the potato gradually grows better, and the vegetation coverage of the crop
canopy increases, thus making the extracted canopy spectral information less vulnerable to
the effect of ground soil and more closely linked to AGB. From the starch-storage stage to
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the maturity stage, the assimilates accumulated by photosynthesis must be continuously
transported to the underground tubers. Because of the rainy season, the above-ground
stems and leaves continuously wither and yellow, and the canopy vegetation coverage
gradually decreases. Spectral information is interfered by the soil background, which
worsens the relationship between spectral parameters and AGB. The results also show that
the correlation between GEPs and AGB is weaker than that of the VIs, which is consistent
with the results of Kasim et al. [50]. This result may be related to the range of the bands
and the spectral resolution of the sensor.

Based on the optimal VIs and the optimal GEPs selected at each growth stage, the
optimal VIs at the tuber-formation stage and the maturity stage is PSRI, the optimal GEPs
is Drmin and SDR, respectively, and the optimal VIs at the tuber-growth and starch-storage
stages is PBI and LCI, respectively. The optimal GEPs is Rsum, indicating that the spectral
parameters are closely related to the crop growth stage. However, some spectral parameters
cannot accurately estimate AGB due to saturation [15,34], so it is important to determine
the spectral parameters and AGB sensitivity at different growth stages for monitoring
potato growth.

Estimating AGB in each growth period based on the optimal GEPs is not as accurate
as doing it based on the optimal VIs (Tables 3 and 4), but combining the VIs can improve
the estimation accuracy (Table 5), which is consistent with the results of Zhang et al. [37]
and Zheng et al. [47], who reached the same conclusion from estimating the AGB of sugar
beet and rice, indicating that the GEPs more strongly affects AGB estimates during the
crop growth stage. Therefore, deep mining of the sensitive spectral parameters in the
green-edge region helps improve the accuracy of AGB estimates. The study found that
AGB estimates based on the optimal VIs, the optimal GEPs, and combinations thereof
gradually improve in going from the tuber-formation stage to the tuber-growth stage, and
gradually deteriorate in going from the starch-storage stage to the maturity stage, which
is related to the early spectral parameters being more correlated with AGB than the later
spectral parameters (Table 2). Based on the single-variable estimation model, the maximum
R? in each growth period is less than 0.55, which indicates that AGB estimates based only
on the optimal spectral parameters are insufficient, so multiple sensitive spectral variables
must be combined to improve the accuracy of AGB estimates and thereby monitor the
growth of potato crops.

A sensitivity analysis of the spectral parameters and AGB indicates that the first six VIs
and the optimal GEPs are strongly correlated in each growth period, so these are selected as
model factors to estimate AGB. The selected VIs and potato AGB reach a significance level
of 0.01 in the first three growth stages and a significance level of 0.05 in the mature stage.
However, the optimal GEPs selected at each growth stage reaches a significance level of 0.01
for AGB, but the correlation weakens in the later stage, which is attributed to the potato
crop growth cycle and dry matter distribution [51]. We used PLSR and RF based on VIs
alone and VIs combined with the optimal GEPs to estimate AGB at each growth stage and
analyzed the accuracy of each model. The results show that the accuracy of AGB estimates
obtained from the same model with different variables gradually increases in going from
the tuber-formation to the tuber-growth stage, and then gradually decreases in going
from the starch-storage to the mature stage, which is consistent with the AGB estimates
based on the optimal VIs, the optimal GEPs, and the combination thereof (Tables 3-7).
Estimating AGB based on VIs alone or on VIs combined with the optimal GEPs is more
accurate than doing so based on a single model factor, which is consistent with the results
obtained by Han et al. [32] and Zhu et al. [35] for estimating corn AGB, indicating that it is
particularly important to use multiple VIs with high sensitivity to improve the accuracy of
AGB estimates. Estimating the AGB of each growth period based on VIs and the optimal
GEPs is the most accurate approach, which shows that adding GEPs can improve the
accuracy of the model. The green edge contains special band information for hyperspectral
remote sensing and is highly sensitive to crop parameters, so further research is needed to
understand its relationship with growth parameters.
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4.2. AGB Estimation Based on Regression Technique

We use PLSR and RF based on VIs alone and on VIs combined with the optimal
GEPs to construct AGB estimation models of potatoes at different growth stages, which
produces more accurate AGB estimates (Tables 6 and 7), indicating that it is feasible to
estimate crop parameters by using models based on PLSR and RE. In addition, the PLSR
technique based on VIs combined with the optimal GEPs produces the most accurate
AGB estimates in each growth period, whereas estimating AGB with the RF technique
is relatively inaccurate. Comparing the precision of the validation set and modeling set
(Tables 6 and 7; Figures 6 and 7) shows that the validation results are consistent with
the modeling results, indicating that the AGB estimation model built from the PLSR
technique is more stable and more accurate than the RF model, which is consistent with
the results obtained by Tao et al. [15] and Yue et al. [46] for estimating winter wheat
AGB. This is because there is a certain degree of autocorrelation between input variables.
The PLSR technique uses principal component analysis to better solve the problem of
collinearity between variables. It thus makes full use of spectral information to estimate
AGB [15,46,52]. However, using RF techniques produces inaccurate AGB estimates, mainly
because machine learning methods are designed for larger datasets and perform poorly
with smaller data sets. This study involves 32 modeling-set data and 16 validation-set
data, which are small data sets. Second, the spectral variables selected in this study are
multicollinear, and the RF algorithm is not sensitive to multicollinearity, so models built on
the RF method produce less accurate AGB estimates [11,29].

4.3. Spatial Distribution of AGB

The optimal model constructed by the PLSR method is used to draw the spatial
distribution of AGB for each potato growth period. The AGB over the entire growth
period first increases and then decreases (Figure 8), which is consistent with the measured
results and with the potato growth law. From the tuber-formation to the tuber-growth
stage, the vegetative organs such as stems and leaves develop gradually under their own
metabolic activity, whereas potato AGB is mainly contained in the stems and leaves, so
the AGB of a single potato plant continues to increase in the early stage. From the starch-
storage stage to the maturity stage, the organic matter accumulated on the ground must
be continuously transported to the underground tubers, which limits plant growth. At
the same time, the late-growth stage is subject to continuous rainy weather, resulting in
rapid withering and yellowing of the stems and leaves above the ground, which gradually
reduces the AGB. In the spatial distribution of potato AGB in the four growth stages
(Figure 8), the AGB values of different growth stages differ significantly, as do the AGB
values of different experimental plots in the same growth stage. This result may be related
to the growth of potato plants themselves, differences in the field, and the influence of
external environmental factors. Although this study uses UAV hyperspectral sensors to
obtain crop canopy spectral information which is expensive, and the data structure is
complex compared with multispectral sensors, it can provide more crop canopy spectral
information with the high spectral resolution (narrowband) and multiple bands, which
can provide an opportunity to mine and extract spectral parameters (such as green edges)
related to crop growth information. In this study, the advantages of UAV hyperspectral
remote sensing were used to extract the VIs and GEPs used to characterize crop growth,
and potato AGB monitoring was successfully realized.

5. Conclusions

This study uses linear regression, PLSR, and RF methods to estimate the AGB of
potatoes during tuber-formation, tuber-growth, starch-storage, and maturity stages based
on VIs, GEPs, and combinations thereof. The results show that the correlation between
(i) VIs and GEPs and (ii) AGB gradually increase in going from the tuber-formation stage
to the tuber-growth stage and decrease in going from the starch-storage stage to the mature
stage. In addition, the VIs correlate more strongly with AGB than do the GEPs. AGB
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estimates based on the optimal VIs, the optimal GEPs, and combinations thereof improve in
going from the tuber-formation stage to the tuber-growth stage and worsen in going from
the starch-storage stage to the maturity stage. AGB estimates based on the combination
of the optimal VIs and the optimal GEPs are the most accurate, and estimates based on
the optimal VI and the optimal GEP are the worst. VIs combined with the optimal GEPs
using PLSR and RF methods produce more accurate AGB estimates at each growth stage
than do methods based on a single optimal VlIs, a single optimal GEPs, or combinations
thereof. Using the same method with different variables produces AGB estimates that
gradually improve in going from the tuber-formation stage to the tuber-growth stage and
then gradually worsen in going from the starch-storage stage to the mature stage. The
model constructed by the PLSR method with the combination of VIs and the optimal GEPs
produces the most accurate and stable AGB estimates for each growth period.
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