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Abstract: Rapid and accurate crop chlorophyll content estimation is crucial for guiding field manage-
ment and improving crop yields. This study explored the potential for potato chlorophyll content
estimation based on unmanned aerial vehicle (UAV) multispectral imagery. To search the optimal
estimation method, three parts of research were conducted as following. First, a combination of
support vector machines (SVM) and a gaussian mixture model (GMM) thresholding method was
proposed to estimate fractional vegetation cover (FVC) during the potato growing period, and the
proposed method produced efficient estimates of FVC; among all the selected vegetation indices
(VIs), the soil adjusted vegetation index (SAVI) had the highest accuracy. Second, the recursive
feature elimination (RFE) algorithm was utilized to screen the VIs and texture features derived from
multispectral images: three Vis, including modified simple ratio (MSR), ratio vegetation index (RVI)
and normalized difference vegetation index (NDVI); three texture features, including correlation
in the NIR band (corr-NIR), correlation in the red-edge band (corr-Red-edge) and homogeneity in
the NIR band (hom-NIR), showed higher contribution to chlorophyll content estimation. Finally, a
stacking model was constructed with K-Nearest Neighbor (KNN), a light gradient boosting machine
(light-GBM), SVM algorithm as the base model and linear fitting as the metamodel, and four machine
learning algorithms (SVM, KNN, light-GBM and stacking) were used to build the chlorophyll content
estimation model suitable for different growing seasons. The results were: (1) The performance of the
estimation model could be improved based on both VIs and texture features over using single-type
features, and the stacking algorithm yielded the highest estimation accuracy with an R? value of 0.694
and an RMSE value of 0.553; (2) When FVC was added, the estimation model accuracy was further
improved, and the stacking algorithm also produced the highest estimation accuracy with R? value
of 0.739, RMSE value of 0.511 (3) When comparing modeling algorithms, stacking algorithms had
greater advantages in the estimation chlorophyll content with potato plants than using single machine
learning algorithms. This study indicates that taking into account the combination of VIs reflecting
spectral characteristics, texture features reflecting spatial information and the FVC reflecting canopy
structure properties can accomplish higher chlorophyll content estimation accuracy, and the stacking
algorithm can integrate the advantages of a single machine learning model, with great potential for
estimation of potato chlorophyll content.

Keywords: chlorophyll content estimation; UAV multispectral remote sensing platform; combination
of SVM and GMM thresholding method; stacking

1. Introduction

Potato is the fourth largest food crop [1], and the healthy development of the potato
industry is of great significance to national food security and personal living standards. The
potato planting area of China ranks first in the world, but its yield per unit is lower than
the world average [2]. The potato industry is facing huge challenges in how to meet the
increasing demand for potato production with limited soil resources. Chlorophyll content

Agronomy 2022, 12, 2318. https://doi.org/10.3390/agronomy12102318

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy12102318
https://doi.org/10.3390/agronomy12102318
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-0822-1436
https://doi.org/10.3390/agronomy12102318
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12102318?type=check_update&version=1

Agronomy 2022,12, 2318

20f16

is closely related to the ability of crops to intercept incoming photosynthetically active
radiation, a key variable in photosynthesis, respiration and transpiration [3], which is com-
monly applied to crop management. Therefore, achieving rapid and accurate estimation of
chlorophyll in potato plants is the key to guide field management and improve yield.

The traditional measurement of chlorophyll content in crop plants based on physical
and chemical experiments has the disadvantages of being time-consuming, laborious and
limited because of the large amount of crop plants [4,5]. Recently, many studies have
obtained crop chlorophyll contents using handheld chlorophyll sensors such as SPAD 502,
which is an effective tool for rapidly measuring plant chlorophyll content, and a SPAD
reading is confirmed to have significant correlation to the chlorophyll content measured by
physicochemical experiments [6,7]. However, the SPAD sensor is not suitable for field-scale
chlorophyll content measurements, thus, a SPAD reading generally is taken as the truth
value to evaluate other methods suitable for field-scale chlorophyll content measurements.
In addition to the handheld chlorophyll sensor, RGB cameras and spectrometers are also
commonly used to estimate chlorophyll content in crop plants. For example, Widjaja
Putra et al. and Gupta et al. [8,9] successfully estimated the chlorophyll content of crops
based on color characteristics derived from an RGB image. However, RGB images include
less image information and usually lead to low robusticity estimation model. Compared
with RGB images, the spectrometer can obtain a large amount of reflectivity information
from the leaves, which can better build the chlorophyll content estimation model for crop
plants [10,11]. However, spectral data include a lot of redundant information, which leads
to more complex processing. In addition, similar to the handheld chlorophyll sensor, RGB
cameras and spectrometers are also not suitable for large-scale crop chlorophyll estimation.
Thus, it is necessary to develop methods for chlorophyll content estimation within field-
scale crops with procedures that require less time and are non-destructive to crops.

Unmanned aerial vehicles (UAVs) have emerged as promising platforms for crop
monitoring due to their rapid and cost-effective manner, which makes it easier to collect
high-resolution remote sensing images of field-scale crops under adequate weather condi-
tions [5]. Studies have proven the feasibility of using a UAV hyperspectral system for the
estimation of crop chlorophyll content, such as in the potato [12], Spartina alterniflora [13],
corn [14] and soybean [15]. However, hyperspectral cameras are expensive, and the process-
ing of crop spectral information is complex; they are not accessible for individual farmers.
Moreover, there was also related research based on the airborne RGB camera’s ability to
obtain the visible light image of the crop canopy and then extract the image features to
construct the estimation model of the chlorophyll content [16]. However, the amount of
information in the image restricts the accuracy and robustness of the RGB camera in esti-
mating the chlorophyll content. Airborne multispectral camera systems are a compromise
that takes into account the cost of the sensor and the amount of image information.

In general, vegetation indices (VIs) derived from the UAV multispectral imagery
reflecting the spectral characteristics of crop canopy show great potential in the monitoring
of the crop chlorophyll content [17]. For example, Mao et al. [18] estimated the chlorophyll
content of maize in Zhuozhou City, Hebei Province, China, with the highest coefficient of
determination (R?) value of 0.8402. Gaurav Singhal [19] estimated the chlorophyll content
of turmeric in Northeast Hilly Region, India, with an R? value of 0.7452 and RMSE value of
0.10 mg/g. Nevertheless, most VIs only take into account the spectral characteristics of the
crop canopy, which may be affected by soil background, moisture content and disease stress.
To investigate the impact of soil background on crop chlorophyll content estimates, the soil-
adjusted vegetation index was applied to remove the effects of soil background and provide
more accurate estimates of chlorophyll content at the canopy level [18]. However, these Vls
tend to lose sensitivity when the chlorophyll content exceeds a certain amount. Due to the
limitation of VIs in chlorophyll content estimation, introducing texture features to estimate
the crop chlorophyll content may be a great way to improve estimation accuracy [20].
Regrettably, texture features are often applied for ground classification and rarely used for
crop growth monitoring [21].
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Fractional vegetation cover (FVC), defined as the proportion of green vegetation
on the surface per unit area [22], is one of the most widely used crop structural traits
and is taken as a key factor in predicting crop growth and estimating water [23] and
fertilizer stress [24]. There is a close relationship between FVC and chlorophyll content;
as FVC increased, the chlorophyll content showed a trend of increasing first and then
decreasing [25]. Unfortunately, less consideration is given to FVC information for crop
chlorophyll content estimation in existing studies. In addition, machine learning is often
used to build estimation models of chlorophyll content. For example, Tang et al. [26]
built a model to estimate the chlorophyll content of soybeans based on four machine
learning algorithms, and radial basis function (RBF) showed the best estimation accuracy
with an R? value of 0.873. Zhang et al. [27] estimated the chlorophyll content of corn
in multiple growth stages with methods including a back propagation neural network
(BP-NN), support vector regression (SVR) and partial least squares regression (PLS), and
results showed that SVR had the greater potential to estimate the chlorophyll content.
However, most of the chlorophyll content estimation models established by the above
studies were based on a type of machine learning method. Each machine learning method
has its own advantages and disadvantages, and a single machine learning method has
certain limitations for chlorophyll content estimation.

We considered the fact that few existing studies estimate the chlorophyll content of
potato plants through the combination of vegetation index, texture feature and FVC, and
that chlorophyll content estimation based on a single machine learning algorithm was
insufficient. Therefore, the main goal of this study was to (1) use SVM to select samples and
fit the samples selected by SVM based on a gaussian mixture model (GMM) to determine
the classification threshold for estimating FVC; (2) construct a stacking algorithm and
execute significance analysis on the chlorophyll content in potato plants; and (3) estimate
the chlorophyll content for potato plants based on vegetation index, texture features and
FVC with the stacking algorithm constructed in this study.

2. Materials
2.1. Study Site and Management

The experiment was carried out on a field in Caoxinzhuang farm, Yangling Demon-
stration Area, Shaanxi Province (34°18'10” N, 108°5'14.33" E). The potato planting area was
approximately 1666.6 m?; was divided into 25 plots with 5 nitrogen (N) fertilization rate
replications including: Al: (nitrogen 0 kg ha—!), A2: (nitrogen 75 kg ha™!), A3: (nitrogen
150 kg ha™1), A4: (nitrogen 225 kg ha~!), A5: (nitrogen 300 kg ha™!); and each plot had the
dimensions of 7.5 m x 7.5 m (Figure 1). The potato mother for the test was Jinshu 16 with
a plant spacing of 0.6 m, a row spacing of 0.5 m and a planting depth of 10 cm. The soil
pH, organic matter and N content were 7.21, 27.31 g/Kg and 1.96 g/Kg. The potato crop
was planted on 1 May 2021, emerged on 29 May, and harvested on 8 September 2021 with a
102-day lifespan.

2.2. Data Collection
2.2.1. Measurement of Potato Chlorophyll Content

A SPAD meter (SPAD-502Plus, Konica Minolta, Osaka, Japan) was used to measure
the chlorophyll content of potato plants 50 and 70 days after potato planting. Initially,
50 days after the planting of the potato crop, the number of leaves was small, and 3 leaves at
the top and bottom of the potato plant canopy were selected for measurement, respectively
(Figure 2a). Then, 70 days after the potato crop was planted, 3 leaves at the top, middle and
bottom of the potato plant canopy were selected for measurement, respectively. To make
the sampling point correspond with the UAV multispectral imagery, the sampling marker
was inserted into soil at the right of the plant sample to be measured (Figure 2b). Every leaf
was measured 5 times, and the mean was taken as the chlorophyll content of corresponding
leaves. The measurement process followed the instruction manual for measuring the crop
(KONICA MINOLTA, Inc., Tokyo, Japan).
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Figure 1. Location and division of the research field based on N fertilizer rates: (a) location of the
research field in China; (b) aerial view of research field indicating the control of N fertilizer rate, the
location of the ground control points and sampling plots.

(a)

Figure 2. The location of the leaves measured for chlorophyll content. (a) The location of the
leaves measured for chlorophyll content 50 days after potato planting; (b) The location of the leaves
measured for chlorophyll content 70 days after potato planting. Note: (D, @ and @) represent the first
leaf, the second leaf and the third leaf at the top of the canopy, respectively; @, ® and ®) represent
the first leaf, the second leaf and the third leaf at the bottom of canopy, respectively; @), ® and @
represent the first leaf, the second leaf and the third leaf at the top of the canopy, respectively;
10, @ and @3 represent the first leaf, the second leaf and the third leaf at the middle of the canopy,
respectively; and {3, 13 and (O represent the first leaf, the second leaf and the third leaf at the bottom
of the canopy, respectively.

2.2.2. Acquisition and Pretreatment of UAV Multispectral Images

On the same day as the measurement of the chlorophyll content in the potato plants,
multispectral images were obtained by a self-developed UAV multispectral system with
the RedEdge-M (MicaSense, Inc., Seattle, WA, USA) camera lens vertically downward.
The RedEdge-M camera is a multispectral sensor that allows for the capture of imagery at
5 specific bands within the visible and infrared electromagnetic spectrum: red (668 nm),
green (560 nm), blue (475 nm), red-edge (717 nm), and near infrared (840 nm).

Multispectral imagery acquisition should follow the experience of previous studies
and related data acquisition rules [28]. Before the operation of the UAV multispectral plat-
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form, the multispectral imagery of the radiation correction plate was first collected, which
guaranteed reliable spectral values of ground objects. The data were obtained at 11:30 noon
with sunny weather. At this time, the sunlight was perpendicular to the experimental
field, which can reduce the influence of shadows on data processing. The Pix4D Capture
(Pix4D Inc., Lausanne, Switzerland) was used for planning the operation route, with a
height of 30 m, a speed of 3 m/s, a forward and side overlap of 85% and 75% and the
camera looking downwards. Detailed information about the multispectral camera and the
UAV system are given in Table 1. A too small route planning area led to a low density of
point clouds in the boundary area of the experimental field, which did affect the quality
of the digital orthophoto map (DOM) within the experimental field. Therefore, complete
coverage of the experimental field by the route area should be ensured. According to [29],
five ground control points were determined for georeferencing in multi-period images,
regularly distributed around the experiment field. Pix4DMapper software (Pix4D Inc.,
Lausanne, Switzerland) was applied to the performed image mosaic processing, which was
designed to process UAV imagery based on the structure from motion (5fM) algorithm.
The main flow of processing included: (1) Initializing geolocation images captured within
each flight mission based on an automatic feature point matching algorithm; (2) Importing
five ground control points into the software for correcting image geographic coordinates,
and then ultrahigh precision point cloud data were generated with a 7 x 7 pixels window
size; (3) Generating the DOM using the inverse distance weighting method.

Table 1. Specific parameter list of mobilenetv2 network.

UAV Camera
Parameters Values Parameters Values
Global shutter and all spectral
Product type Quadcopter Color output bands aligned
Longest flight time/min 27 Focal length/mm 5.5
Maximum takeoff weight/kg 6.140 Field of view/(°) 47.2
Operating temperature/°C —20-45 Pixels 1280 x 960
Digital communication distance/km 7 Wavelength/mm 400-900
Maximum withstand wind speed (m/s) 12 Capture rate (time/s) 1

3. Methodology

The process consisted of six parts (Figure 3). First, 250 multispectral images were
captured by the UAV multispectral remote sensing system, then DOM spliced with Pix4D
software were cropped to obtain the experimental area. Second, the common five VIs
and eight texture features were calculated. Third, the combination of the GMM threshold
method and SVM was applied to estimate the FVC of the potato plants, and a confusion
matrix was used to validate the FVC estimates, and furthermore, the best FVC estimation
results were taken as input to build the chlorophyll content estimation model. Fourth, a
significance analysis was performed to determine the positions of leaves with significant
differences to increasing N application rate and taking them as model outputs. Fifth, the
VIs and texture features were filtered based on the RFE algorithm to reduce the complexity
of the model. Finally, texture features and VIs screened by RFE and FVC were applied to
build estimation models of chlorophyll content based on KNN, light-GBM, SVM and the
stacking algorithm. For the convenience of readers, the definitions of abbreviations that
appear more frequently are explained in Table 2.
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Figure 3. Process for (A): The estimation of FVC in potato plants from UAV multispectral imagery,
and (B): The estimation of potato plant chlorophyll content.

Table 2. Explanation of abbreviations.

Nomenclature Definition
UAV unmanned aerial vehicle
SVM support vector machines
GMM gaussian mixture model
FVC fractional vegetation cover
VI vegetation index
SAVI soil-adjusted vegetation index
RFE recursive feature elimination
MSR modified simple ratio
RVI ratio vegetation index
NDVI normalized difference vegetation index
correlation-NIR correlation in NIR band
corr-Red-edge correlation in red-edge band
hom-NIR homogeneity in NIR band
KNN K-Nearest Neighbor
light-GBM light gradient boosting machine
OSAVI optimized soil-adjusted vegetation index
PCA principal component analysis

ROI region of interest




Agronomy 2022,12, 2318

7 of 16

3.1. Estimation of FVC with the Combination of SVM and GMM Thresholding Method

It was confirmed that the experimental field objects conform to a gaussian mixture
distribution in a certain band, and great classification accuracy was achieved based on
the fixed threshold method [23]. However, the GMM threshold method needs to select a
large number of samples for GMM fitting, which becomes time-consuming and leads to
inaccuracy in the results. Thus, introducing SVM for sample selection can improve the
accuracy and speed of the GMM threshold method; furthermore, the FVC of potato per unit
area was calculated. The detailed process mainly included: First, the DOM on the 50th day
after potato planting was divided into small areas (Figure 3A(a)). Then, we calculated the
vegetation indices of the small area and performed SVM classification. GMM was applied
to fit the classification results, and DOM classification thresholds were determined for the
entire experimental field at 50 and 70 days after potato planting (Figure 3A(b)). Finally, the
FVC of potato per unit area was calculated (Figure 3A(c)).

3.2. The Calculation of Vegetation Indices and Texture Features

The common VIs were calculated by the low reflectance of green plants in the red and
blue bands and the high reflectance in the near-infrared band, and band operation was
applied to expand the difference between the green vegetation and the background [5].
Commonly, multispectral VIs include NDVI [30], SAVI [31], OSAVI [32], MSR [33] and
RVI [34]. Texture features include the commonly used mean, variance, homogeneity,
contrast, dissimilarity, entropy, angular second moment and correlation extracted by a
gray-level cooccurrence matrix [35]. A total of five vegetation indices and eight texture
features were used for analysis to build the chlorophyll content estimation model for potato
plants. Their detailed calculation formulas can be found in the corresponding literature.

3.3. RFE Feature Selection

Various potential covariates are available for chlorophyll content estimation, but all
available covariates are applied, becoming time consuming and computationally expensive.
Therefore, it is necessary to filter out important features prior to building the estimation
models. Recursive feature elimination (RFE) was commonly used to select related covari-
ate groups due to its simple and accurate features belonging to the backward selection
algorithm, which eliminates the predictors from the model based on the initial predictor
importance [36].

3.4. Fusion of VIs and Texture Features Based on Principal Component Analysis

Principal component analysis (PCA) is essentially a Box-Cox transformation, that is, a
small number of features are used to describe the sample for reducing the features [37]. VIs
and texture features that are significant correlated with chlorophyll content are fused by
using PCA to build the chlorophyll content estimation model for potato plants, which we
referred to as “PCA datasets”.

3.5. Estimation of the Chlorophyll Contents Using Machine-Learning Techniques

To precisely predict the chlorophyll contents of potato plants, the advanced machine
learning regression algorithms KNN [38], light-GBM [39] and SVM [40] were applied to
estimate the chlorophyll content of potato plants. At the same time, a stacking algorithm
was constructed based on the above three algorithms to improve the estimation accuracy
for the chlorophyll content. As shown in Figure 4, the modelling of stacking contained
three parts: (1) We divided the samples into five subsets by using 5-fold cross-validation;
selected a basic learner to build a model with the samples with Cy, C3, Cy4, Cs as the training
set; and predicted the samples in C; and P, denoted as x1 and y;. (2) We repeated the above
steps to obtain the predicted value X; of the training sample C obtained by column merging
of x1, X3, x3, x4 and x5; the predicted value Y; of the validation sample P obtained by taking
the mean of y1, y2, y3, ¥4 and ys. (3) We selected other base learners and repeated parts
(1) and (2) to obtain X», X3, Y3, Y3, etc., respectively. Group X included X, X; and X3 and
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group Y included Y7, Y5 and Y3. X and Y were used as the training set and the validation
set, respectively. The chlorophyll content of C and the chlorophyll content of P were used
as output features, and the metamodel was applied to generate the final results for the
chlorophyll content estimates for potato plants. To evaluate the application potential of the
four algorithms, VIs, texture features and FVC were applied to estimate the chlorophyll
content, and measurements were used to evaluate the model performance.
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G || G - Cy | G
olola cs
alalc|a @

Chlorophyll

X, X X3} content of C

NN/
l

Chlorophyll
innY
' content of P

7 UOTJEPI[RA-SSOID P[OI-§

Figure 4. The building process of the stacking learning model.

3.6. Statistical Analysis

Statistical analyses were carried out on the data acquired from potato experiments to
estimate the chlorophyll content of potato plants. ENVI software (Exelis, Inc., Boulder, CO, USA)
was used to calculate the vegetation indices and select the region of interest (ROI) for the
potato plant and statistic information from the vegetation indices of the experimental plot.
Python 3.6 libraries (Scikit-Learn package) were used to implement RFE feature selection
and the chlorophyll content estimation algorithm.

4. Results
4.1. The Estimation Results of FVC for Potato Plants

Due to the limitations in manual selection of a large number of samples, it is of great
significance to introduce a machine learning algorithm to extract the classification threshold
with the GMM threshold method. Twenty ROI of soil and plant samples were selected
for SVM classification, then the gaussian distribution of potato plants and soil VIs were
counted within a 7.5 m x 7.5 m area, respectively. As shown in Figure 5, NDVI, MSR,
OSAVI, SAVI fit gaussian mixture distributions with corresponding classification thresholds
of 0.3329, 0.5598, 0.2796, 0.2337, respectively, while considering RVI, it had two thresholds
that were not applicable for the determination of classification thresholds.

A total of 125 soil and potato plant samples were selected separately, following the
5-point sampling method, to evaluate classification results based on the confusion matrix.
As shown in Tables 3 and 4, the threshold value of 50 days after potato planting determined
by the combination of the SVM and GMM threshold methods could better estimate the
FVC of potato after 50 and 70 days of potato planting. The four VIs could estimate the FVC
of potato plants with high precision and efficiency; in comparison, SAVI had the highest
classification accuracy, followed by OSAVI, MSR and NDVI. Then, the ratio of the number
of potato plant pixels to the number of all pixels in the area of 26 x 26 pixels was calculated,
and furthermore, the FVC of the potato plants was estimated, and the FVC estimated by
SAVI was used as an input to establish a model for estimating the chlorophyll content of
potato plants.
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Figure 5. Threshold determination based on the combination of the SVM and GMM threshold
methods. Thresholds were determined by using NDVI (a); MSR (b); OSAVI (c); SAVI (d).
Table 3. Confusion matrix validation for FVC estimated based on a combination of SVM and GMM
threshold classification 50 days after potato planting.
Vegetation Typical Objects OveralloAccuracy Kappa Coefficient Producef) Accuracy User Accuracy (%)
Index (%) (%)
Potato plants 99.05 98.92
MSR soil 99.67 0.99 99.79 99.82
Potato plants 98.76 99.01
NDVI soil 99.64 0.99 99.81 99.76
Potato plants 99.38 99.28
OSAVI soil 99.78 0.99 99.86 99.88
Potato plants 99.65 99.20
SAVI soil 99.81 0.99 99.85 99.93

4.2. Response of Leaf Chlorophyll Content to N Application Rate in Potato Plants

Only the chlorophyll content of the third leaf at the bottom of the canopy was sig-
nificantly different (p < 0.05). As shown in Figure 6a, 50 days after the planting of the
potato plants, with the increase in N fertilizer application, the chlorophyll content of potato
plant leaves showed an increasing trend. The leaf position exhibited significant differences,
and response law of the chlorophyll content to N fertilizer application 70 days after the
planting of the potato plants was the same as 50 days after the planting of the potato plants
(Figure 6b). In contrast, the chlorophyll content for the potato plants decreased at 70 days
after the planting of the potato plants. According to the leaf position exhibiting significant
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differences, the chlorophyll content for the third leaf at the bottom of the canopy was
regarded as the output for building models.

Table 4. Confusion matrix validation for FVC estimated based on a combination of SVM and GMM
threshold classification 70 days after potato planting.
Vegetation . . Overall Accuracy . Producer Accuracy o
Lndex Typical Objects (%) Kappa Coefficient (%) User Accuracy (%)
Potato plants 99.88 97.70
MSR 99.34 0.98 99.14 99.96
Potato plants 99.91 97.63
NDVI 99.32 0.98 9911 99.97
Potato plants 99.90 98.21
OSAVI 99.49 0.99 9933 9996
Potato plants 99.90 98.84
SAVI 99.66 0.99 99.57 99.96
50+

504

Chlorophyll content (mg/g)
] (5] I
] =
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[=]
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=3 L oy
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Figure 6. The response of the chlorophyll content to the N application rate for potato plants at
different growth stages. (a). The effect of the N application rate on chlorophyll content 50 days after
the planting of the potatoes. (b). The effect of the N application rate on the chlorophyll content
70 days after the planting of the potatoes. Different letters represent significant differences (p < 0.05).

4.3. The Results of Feature Selection

When considering VIs, the screening results of the RFE algorithm showed MSR had
the highest contribution rate, followed by RVI, NDVI, OSAVI and SAVI. Many features led
to redundant models, and VIs with importance higher than 0.14 were selected (Figure 7a).
Compared with the VIs, there were a total of 40 texture features, which cannot be displayed
in full, and texture features with importance higher than 0.050 were selected (Figure 7b).
Finally, three VIs, including MSR, RVI and NDVI; three texture features, including corr-
NIR, corr-Red-edge and hom-NIR, were selected to establish the model for estimating the
chlorophyll content of the potato plants.

4.4. Performance of Different Chlorophyll Content Regression Models

A total of 120 measured chlorophyll content samples were selected through outlier
analysis; among them, we randomly selected 72 samples as the training sample and the
other 48 as the test sample. In this study, three VIs after RFE screening, MSR, RVI and
NDVI, derived from UAV multispectral imagery, were used to establish regression models
for potato chlorophyll content estimation. As shown in Table 4, stacking had the highest
correlations with an R? value of 0.672 and an RMSE value of 0.573, followed by light-GBM,
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and SVM. However, the lowest correlations were observed by using KNN, with R? values
no less than 0.5 and RMSE values more than 0.7. When it came to texture features, light-
GBM had the highest correlations with an R? value of 0.670 and an RMSE value of 0.574,
followed by SVM, stacking and KNN. After estimating chlorophyll content by using VIs or
texture features alone, four machine learning regression analyses were adopted based on
both VIs and texture features. When texture features and VIs were combined, the highest
model accuracy obtained by stacking was improved with an R? value increase of 0.022 and
0.024 and an RMSE value decrease of 0.02 and 0.021, compared with the estimation model
established by VIs alone and texture features alone, respectively. However, compared
with the estimation model established by the combination of texture features and VIs, the
accuracy of the model based on the fusion of texture features and VIs executed with the PCA
algorithm actually decreased. When FVC was added, the performance of the chlorophyll
content estimation accuracy further improved, with an R? value of 0.739 and an RMSE value
of 0.261. In addition, as shown in Figure 8, the estimates of the chlorophyll content with
VIs+texture features+FVC, based on stacking were closest to the chlorophyll measurement.
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5. Discussion

The rapid advances in UAV remote sensing technology have boosted the development
of the estimation of crop growth information [15,41]. Generally, The UAV multi-spectral
remote sensing platform is a compromise because it takes into account the spectral informa-
tion of the image and the price of the sensor and was proven to achieve better chlorophyll
content estimation accuracy [42]. FVC, an important indicator of agroecosystems, usually
provides guidance for field management, such as fertilization [24] and irrigation [23]. Two
methods are commonly used to estimate the FVC of crops, namely, machine learning and
threshold-based methods [23]. Among them, machine learning needs to select a large
number of samples for training [43,44] within large-scale crops and is highly influenced by
human sample selection. Threshold-based methods have the advantage of being simple,
efficient and accurate and, therefore, have successful application in crop FVC estimation
based on UAV remote sensing imagery [17]. Threshold is the key to ensure the accuracy of
FVC estimation. Otsu’s method is a commonly used technique for determining thresholds
and has been widely used in crop classification [45]. However, this method regularly
produces under-segmentation in some circumstances [46]. Moreover, the resolution of UAV
multispectral remote sensing images is low, which is not suitable for the use of Otsu’s
method. Another method widely used to determine the threshold is the GMM threshold
method, which assumes features follow GMM on one color feature, and the intersection
of the GMM is taken as the classification threshold, and it achieves great FVC estimation
results [23]. However, the GMM threshold method also needs suitable samples to deter-
mine the classification threshold and only relying on manual sample selection reduces
the efficiency of the algorithm. Combining machine learning with the GMM threshold
method can quickly estimate FVC and produce higher estimation accuracy (Tables 3 and 4).
Interestingly, the combination of the SVM and GMM methods obtained higher accuracy in
measuring FVC 50 days after potato planting. The main reason for this phenomenon is that
the spectrum of the canopy changed after 70 days of potato planting, and the shaded part of
the field increased, resulting in lower accuracy for FVC estimation. The same phenomenon
was also found in the study of [47]. Chlorophyll content was shown to be significantly
related to nitrogen concentration [48,49]. Therefore, chlorophyll can be used as a diagnostic
indicator of nitrogen stress for nitrogen fertilizer management [50]. When potato plants
are under nitrogen stress, due to the strong ability of cell division in the top and middle
leaves of the potato plant canopy, most of the nitrogen is supplied to the growth of its
upper leaves, resulting in a lower nitrogen concentration in the new leaves at the bottom of
the canopy. Therefore, the chlorophyll content of the new leaves at the bottom of the potato
canopy is lower. This also explains the significant difference in the chlorophyll content of
the third leaf at the bottom of the canopy (Figure 6), similar to that found in [51].

At present, various VIs based on the red-edge and near-infrared band were con-
structed, and these VIs were proven to have potential to better monitor crop growth under
certain conditions [20]. However, common VIs are greatly affected by the density of the
crop canopy and tend to lose their sensitivity when the crop canopy exceeds a certain
amount [25]. Texture features are a typical spatial feature that can reveal more regional
structural details but are mostly used in forest structure estimation models; a few are used
in the estimation of agricultural physical and chemical parameters [21]. Compared with
other vegetation indices, NDVI had a higher contribution in the estimation of chlorophyll
content (Figure 7a), which was similar to the study in [10]. This study also found the
texture features extracted from the near-infrared band and the red-edge band have a higher
contribution after RFE screening (Figure 7b). The chlorophyll content estimation model
of potato plants based on texture features produced similar accuracy to VIs (Table 5).
Therefore, the texture feature is proven as an effective parameter to estimate the chlorophyll
content of potato plants. Furthermore, both VIs and texture features can further improve
the estimation accuracy of chlorophyll content over using VIs or texture features alone
due to the diversity of the information space. In addition, canopy structure was shown
to influence the performance of crop chlorophyll content estimates. However, existing
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studies rarely consider FVC when establishing chlorophyll estimation models, resulting
in low model stability. Among all the algorithms in this study, adding FVC can better
improve the prediction accuracy of the chlorophyll content. Considering with [52], better
chlorophyll content accuracy was obtained under similar nitrogen application control
with an R? value of 0.77. However, the UAV hyperspectral system used in [52] had the
disadvantage of expensive and complex data processing, which was not suitable for most
scientific researchers.

Table 5. Estimation results of chlorophyll content in potato plants with different sample combinations
based on four above machine learning algorithms.

Regression Algorithms VIs Texture Features VIs+Texture Features PCA Datasets VIs+Texture Features+FVC
Evaluation Indicators R? RMSE R? RMSE R? RMSE R? RMSE R? RMSE
KNN 0485 0718 0.581 0.647 0.642 0.598 0.547  0.673 0.672 0.573
light-GBM 0.637  0.602 0.670 0.574 0.637 0.602 0.608  0.626 0.695 0.552
SVM 0579  0.649 0.616 0.619 0.677 0.568 0.669  0.575 0.689 0.558
Stacking 0.672 0573 0.587 0.642 0.694 0.553 0.627  0.611 0.739 0.511

It is imperative to employ appropriate estimation methods to correlate the extracted
features with crop chlorophyll content. A single machine learning model often has the
disadvantage of poor generalization performance due to individual plant differences and
the canopy changes with the seasons. Some scholars have proposed a stacking method
that integrates multiple weak predictors into a strong predictor to complete high-precision
prediction tasks, and studies have shown that integrating multiple single machine learning
models can effectively improve the estimation accuracy, especially the ensemble learning
model based on the stacking strategy. Currently, although the ensemble learning model
based on the stacking algorithm is widely used in the fields of machine vision and natural
language processing, the ensemble learning model based on the stacking strategy has not
yet explored the application in the chlorophyll content of potatoes. In this study, the stacking
based estimation of chlorophyll content in potato plants produced higher accuracy, with an
R? value of 0.739 and an RMSR value of 0.511, than other three algorithms. Therefore, the
stacking algorithm has great advantages in the estimation of potato chlorophyll content.

6. Conclusions

UAV multispectral imagery was demonstrated to have great application potential for
accurate, rapid and economic chlorophyll content estimation. Our results confirmed that
the combination of the SVM and GMM threshold methods can effectively estimate the FVC
of potato, and SAVI had the highest accuracy among the selected VIs. Three VIs, including
MSR, RVI and NDVI, and three texture features, including corr-NIR, corr-red-edge and
hom-NIR, had greater contributions to the estimation of the chlorophyll content based on
REE screening. In five sample sets, VIs+texture features+FVC had the highest estimation
accuracy based on the stacking algorithm with R? value of 0.739 and RMSR value of 0.511,
followed by VIs+texture features based on the stacking algorithm with an R? value of 0.694
and an RMSR value of 0.553, VIs based on the stacking algorithm with an R? value of 0.672
and an RMSR value of 0.573, texture features based on light-GBM with an R? value of 0.670
and an RMSR value of 0.574, and PCA datasets based on SVM with an R? value of 0.669
and an RMSR value of 0.575. Therefore, the ensemble learning algorithm constructed in
this paper has great potential to produce high chlorophyll estimation accuracy in potato
plants. Furthermore, texture features and FVC contain spatial information and structural
information on crops, respectively, thus, when two features are added, the estimation
accuracy of the chlorophyll content in potato plants can be better improved.
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