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Cotton aphid infestation
monitoring using Sentinel-2 MSI
imagery coupled with derivative
of ratio spectroscopy and
random forest algorithm

Hancong Fu1, Hengqian Zhao1,2*, Rui Song1, Yifeng Yang1,
Zihan Li1 and Shijia Zhang1

1College of Geoscience and Surveying Engineering, China University of Mining and Technology
(Beijing), Beijing, China, 2State Key Laboratory of Coal Resources and Safe Mining, China University
of Mining and Technology (Beijing), Beijing, China
Aphids are one of the main pests of cotton and have been an important disaster

limiting cotton yield. It is important to use satellite multispectral data tomonitor

the severity of cotton aphids in a timely and accurate manner on regional scale.

Based on the combination of derivative of ratio spectra (DRS) and random

forest (RF) algorithm, this study researched the quantitative monitoring model

of cotton aphid severity based on Sentinel-2 data. First, the cotton area was

extracted by using a supervised classification algorithm and the vegetation

index threshold method. Then, the DRS algorithm was used to analyze the

spectral characteristics of cotton aphids from three scales, and the Pearson

correlation analysis algorithm was used to extract the bands significantly

related to aphid infestation. Finally, the RF model was trained by ground

sampling points and its accuracy was evaluated. The optimal model results

were selected by the cross-validation method, and the accuracy was

compared with the four classical classification algorithms. The results

showed that (1) the canopy spectral reflectance curves at different grades of

cotton aphid infestation were significantly different, with a significant positive

correlation between cotton aphid grade and spectral reflectance in the visible

band range and a negative correlation in the near-infrared band range; (2) The

DRS algorithm could effectively remove the interference of the background

endmember of satellite multispectral image pixels and enhance the aphid

spectral features. The analysis results from three different scales and the

evaluation results demonstrate the effectiveness of the algorithm in

processing satellite multispectral data; (3) After the DRS processing, Sentinel-

2 multispectral images could effectively classify the severity of cotton aphid

infestation by the RF model with an overall classification accuracy of 80% and a

kappa coefficient of 0.73. Compared with the results of four classical
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classification algorithms, the proposed algorithm has the best accuracy, which

proves the superiority of RF. Based on satellite multispectral data, the DRS and

RF can be combined to monitor the severity of cotton aphids on a regional

scale, and the accuracy can meet the actual need.
KEYWORDS

cotton aphid infestation, Sentinel-2 image, derivative of ratio spectroscopy, random
forest, Pearson correlation analysis
1 Introduction

Cotton aphid (Aphis gossypii L.) has always been one of the

important disasters limiting cotton yield. It has the

characteristics of large-scale outbreaks and is widely

distributed in major cotton regions all over the world (Ali

et al., 2016; Allen et al., 2018; Chen et al., 2018);. At present,

aphis gossypii is still mainly controlled by pesticides, but blindly

spraying pesticides not only causes waste of resources but also

causes serious pollution to the ecological environment (Lu et al.,

2012; Xie et al., 2019; Heydari et al., 2020; Alengebawy et al.,

2021). Therefore, timely and accurate monitoring of the location

and severity of aphis gossypii is important for its precise control

(Zhang et al., 2017; Lou et al., 2018; Lin et al., 2021).

Traditional crop pest monitoring methods are mainly based

on manual detection, although the accuracy is high, it is usually

labor intensive. It is time-consuming and laborious in large-scale

monitoring, and there is an inevitable time lag and strong

subjectivity, which cannot meet the need for accurate pesticide

application. Remote sensing technology has the advantages of

timely, effective, synchronous and rapid acquisition, and can

obtain continuous surface information, which has become an

important tool in the field of crop pest monitoring (Yuan et al.,

2017; Yang, 2020; Zhao et al., 2020).

At present, some scholars have studied the growth of cotton

under stress at the leaf scale and canopy scale by using near-

ground hyperspectral and UAV hyperspectral data, and the

results show that the spectral characteristics of cotton under

different stress grades have changed, indicating that

hyperspectral remote sensing has great application potential in

crop monitoring (Nagasubramanian et al., 2018; Yu et al., 2018a;

Guo et al., 2021). Hyperspectral remote sensing has been widely

used in small and medium-scale crop detection (Liu et al., 2020;

Terentev et al., 2022). However, due to the difficulty of obtaining

hyperspectral data, there are still deficiencies in large-scale crop

monitoring. Therefore, regional scale monitoring by satellite

multispectral images is also the current research trend (Su

et al., 2018; Zhang et al., 2019).

In recent years, the multispectral satellite sensor represented

by Sentinel-2 has provided users with remote sensing data of
02
higher spectral resolution and large-scale spatial range, which

has great potential for the quantitative analysis of cotton pests

(Liu et al., 2018; Zheng et al., 2018; Li et al., 2020). However, due

to the limitation of spatial resolution, the cotton pest

information contained in satellite multispectral data is the

result of the comprehensive action of two factors, the

abundance of cotton pests and the pest degree. Therefore,

traditional qualitative analysis is difficult to meet the accuracy

requirements of cotton pest monitoring. At present, it is still a

challenge to eliminate the interference of factors other than pest

information in the spectral feature extraction of remote sensing

images. The derivative of ratio spectroscopy (DRS) algorithm is

an innovative spectral processing algorithm, which can

effectively eliminate the influence of the background spectrum

from the mixed pixels, enhance spectral contrast and improve

the extraction accuracy of target feature information. It has been

applied in many fields and has achieved good results (Philpot,

1991; Zhao et al., 2013; Guo et al., 2021). The random forest (RF)

algorithm is an integrated machine learning algorithm, which

uses multiple decision trees as the basic classifier to discriminate

and classify, and selects different training samples and different

features to improve the accuracy and generalization

performance of the model, which has the advantages of fast

speed, strong anti-noise, and ability to process big data, and has

been widely used in the field of remote sensing image

classification (Yu et al., 2018b; Zhang et al., 2020).

In this study, ground-truthed hyperspectral data combined

with Sentinel-2 satellite multispectral data were used to remove

healthy cotton spectra by the DRS algorithm, and the spectral

characteristics of different grades of cotton aphid infestation

were studied at three different scales. The sensitive bands of

aphid infestation were extracted by the Pearson correlation

analysis method, and a quantitative analysis model of cotton

aphid infestation based on Sentinel-2 data was established based

on the RF algorithm, which was used to enhance the application

capability of satellite multispectral data in cotton pest

monitoring and precision agriculture.

The main work of this study is as follows: (1) Based on the

multitemporal Sentinel-2 satellite data, the cotton area in the

study area was extracted by using the supervised classification
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algorithm and vegetation index (VI) threshold method to

remove unnecessary disturbing factors for the classification of

aphid infestation severity; (2) The DRS algorithm was used to

process and analyze the ground hyperspectral data, ground

hyperspectral resampling data and Sentinel-2 multispectral

image sampling point data. The sensitive bands associated

with aphid infestation were extracted by Pearson correlation

analysis, and the effectiveness of the DRS algorithm was verified;

(3) The RF algorithm was trained and accuracy validated by

multispectral image sample data for Sentinel-2 image

classification and compared with four classification algorithms,

spectral angle matching (SAM) (Kruse et al., 1993), support

vector machine (SVM) (Pujari et al., 2016), decision tree (DT)

(Marin et al., 2021) and BP neural network (Xu et al., 2020).
2 Materials and methods

2.1 Experimental study and materials

Xinjiang has very superior climate resources for agricultural

production, and is especially suitable for cotton cultivation.

Xinjiang is currently the main cotton growing area in China,

accounting for 78.9% of the total cotton growing area and 87.3%

of the total cotton production in the country in 2020. Due to the

long growth period of cotton, the pest infestation effect is very

obvious, resulting in many yield losses. There are four main

species of cotton pests in Xinjiang, namely cotton aphid, cotton

bollworm, cotton red spider and cotton plant bug (as shown in

Figure 1). The cotton aphid cause leaves to shrink and secrete

honeydew on leaves, which can easily cause the leaves to wither

and fall off, affecting the cotton quality. The impact of cotton

bollworms on cotton is mainly to eat leaves, flowers, and also to

arch the boll. The cotton red spider causes the entire cotton plant

to redden and dry out, resulting in the loss of flowers and bolls.
Frontiers in Plant Science 03
The cotton plant bug causes black spots on plants that lose their

green color sucking the growing points of the cotton as well as

causing the bolls to die or fall off. Among them, the cotton aphid

is a long-lasting, heavy and fast breeder, prone to drug resistance

and is harmful throughout the cotton reproductive process,

especially at the seedling and boll stages. In this study, the

cotton aphid was chosen as the research object.

Korla is the capital of Bayingolin Mongolian Autonomous

Prefecture in Xinjiang, with east longitude 85°14′10″-86°34′21″
and north latitude 41°10′48″-42°21′36″. It is located in the

central part of Xinjiang, the southern foot of Tianshan

Mountain, the northeast edge of the Tarim Basin, south of the

world’s second largest desert - Taklimakan desert. As shown in

Figure 2. Korla has a warm climate, sufficient light, and

abundant water, heat, and soil resources, providing suitable

growth conditions for long staple cotton that loves warmth

and light. It is an important high-quality cotton producing

area in China. The cotton planting area accounts for more

than 90% of the total planting area of local crops.
2.2 Data collection and processing

2.2.1 Ground survey data collection of
aphid infestation

This study was carried out in the cotton field of Korla

Experimental Station of the Plant Protection Research Institute

of the Chinese Academy of Agricultural Sciences in Korla,

Xinjiang. The tested cotton was sown in mid to late April, spot

sown on the film. The cotton aphid stress naturally occurred in

the field. Cotton aphids in Korla generally migrate during

seedling emergence and boll period. The field experiments was

performed during July 3rd-11th, 2018, when the cotton was in

boll period, the peak occurrence period of cotton aphids in the

study area. At this time, cotton aphids migrate in summer,
B C DA

FIGURE 1

The main pests of cotton in Xinjiang and their harm to cotton. (A) Cotton aphid, (B) cotton bollworm, (C) cotton red spider, (D) cotton plant bug.
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causing significant decline in cotton yield in Xinjiang. The

ground data were investigated to obtain the hyperspectral data

of the cotton canopy and judge the infestation grade of aphids.

The ground aphid infestation grade was judged according to the

aphids on the back of cotton leaves and the characteristics of the

leaves. The cotton leaves damaged by aphids shrink to the back,

and the leaves grow deformed. The honeydew secreted by aphids

causes the leaves to show oily light. The classification standards

of cotton aphid infestation degree refer to the Chinese national

standard (GB/T 15799-2011), see Table 1. According to the

classification standards, the aphid infestation in the study area

was divided into five grades, and a total of 60 ground sample

points were selected, including 20 healthy cotton sample points,

20 grade 1 aphid infestation sample points, 10 grade 2 aphid

infestation sample points, 6 grade 3 aphid infestation sample
Frontiers in Plant Science 04
points, and 4 grade 4 aphid infestation sample points, to ensure

the uniform distribution of sample points. Trimble geoexplorer

6000 series equipment was used to connect RTK terminals, the

Chihiro location service was used to record the GPS information

of each sample point, and the error was less than 2 cm.

2.2.2 Ground spectrum acquisition
and processing

The experimental period was the boll stage of cotton, when

the cotton field was basically closed, which was conducive to

the acquisition of cotton spectral information. The Field Spec

Handheld portable non-imaging spectrometer was used to

collect hyperspectral data of the cotton canopy. The

wavelength range of the spectrometer is 325 nm-1075 nm

and the spectral resolution is 1.4 nm. The spectral acquisition
TABLE 1 Severity grading standards for cotton aphids.

Severity of aphid infestation Standard

Y0 No aphids on the leaves, and the leaves are flat

Y1 There are a few aphids on the leaves, but the leaves are not infested

Y2 There are some aphids on the leaves and the most severely infested leaves are wrinkled or slightly rolled, nearly semicircle

Y3 The leaves have more aphids and the most severely infested leaves are curled up to half a circle or even more

Y4 The leaves are heavily infested with aphids, and the most severely infested leaves are completely curled and spherical
B

C

A

FIGURE 2

Location of the study area and Sentinel-2 imagery. (A) China map, (B) Korla city, Bayingolin Mongolian Autonomous Prefecture, Xinjiang,
(C) Sentinel-2 satellite multispectral image of the study area, note, Red: B4 band; Green: B3 band; Blue: B2 band.
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was carried out in sunny, windless, cloudless and well-lit

weather. The acquisition time was between 10:00-16:00

Beijing time. The range of each sampling point was 4 m2,

and the five-point sampling method was used to collect spectral

data five times. Each measurement generated 10 spectral data,

that is, the collection of ground spectral data of one sample

point was completed. The collection of cotton canopy spectral

data of 60 sampling points was completed according to

this standard.

The abnormal spectrum was removed from the cotton

canopy hyperspectral data collected at each sampling point,

and the average hyperspectral data of each sampling point

were obtained. All the obtained hyperspectral data were

classified according to different aphid infestation grades, and

then the average value was calculated. Finally, the average

spectrum of aphid infestation at different grades of cotton was

obtained, as shown in Figure 3A)

In this study, the Sentinel-2B spectral response function was

used to resample the ASD hyperspectral data to obtain the

Sentinel-2B simulated spectrum of the ground sampling point.

The resampling formula is:

R =
Z r _ ln

r _ l1
f (r)dr (1)

where R is the reflectivity of a channel of the simulated

wideband sensor; r is the relative reflection value of the

wavelength of the narrow band sensor; r_ln and are the band

range corresponding to the ith band of the broadband sensor;

and f(r) is the spectral response function corresponding to the

broadband sensor (Sentinel-2B in this study).

The specific operation method was to establish the average

spectral data of each sampling point as a spectral library file in

ENVI, and then resample the spectral library using the Sentinel-

2B spectral response function of ENVI software to convert the
Frontiers in Plant Science 05
narrow band spectrum into a wide band spectrum. The

spectrum after resampling is shown in Figure 3B).

2.2.3 Sentinel-2 satellite image processing
Sentinel-2 satellite data are from the ESA’s official website

(https://scihub.copernicus.eu/), including two satellites A and B,

which can cover 13 spectral bands, from visible near-infrared to

short wave infrared, with different spatial resolutions. The two

satellites complement each other, and the revisit period is 5 days.

Sentinel-2 is the only data with three bands in the red edge

range, which is very effective for monitoring vegetation health

information. The images used in this paper are Sentinel-2B L1C

data. The specific parameters are shown in Table 2 below.

Sentinel-2B L1C is an atmospheric apparent reflectance

product with geometric fine correction. Therefore, it is

necessary to conduct radiometric calibration and atmospheric

correction, convert the data product into surface reflectance and

eliminate the influence of clouds on surface reflectance. The

Sentinel-2B L1C products were processed using Sen2cor

software. Since the study area is composed of two images, it is

necessary to splice the remote sensing images, and then subset

the remote sensing images through the vector map of the

study area.

Because the spatial resolution of Sentinel-2B is different in

different bands, the cubic convolution algorithm was used to

resample the resolution of all bands to 10 m. To be consistent

with the ASD spectral range (325 nm~1075 nm), ten bands of

B1, B2, B3, B4, B5, B6, B7, B8, B8A and B9 were selected for the

satellite band, and the spectral range was 442.3 nm-943.2 nm.

According to the spectral acquisition time of the cotton

ground canopy, the Sentinel-2B image data of two scenes on

June 3 and July 13 were selected. Among them, the satellite

image on June 3 is the auxiliary data. The cotton planting area

was extracted from the multitemporal satellite data, and the
BA

FIGURE 3

(A) The original ASD hyperspectral curve of aphid infestation at different grades in the cotton canopy. (B) The simulated ASD hyperspectral
resampling curve of aphid infestation at different grades in the cotton canopy.
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satellite image on July 13 is the corresponding time data

collected by the ground spectrum for processing and analysis.
2.3 Method

2.3.1 Extraction of cotton areas
To more accurately study the spectral feature extraction

algorithm of different grades of cotton aphid infestation and

avoid the interference of other ground objects, it is necessary to

extract the cotton planting area in the study area. First, vegetated

and non-vegetated areas need to be separated, according to the

feature types on the satellite images of the study area, five ground

types, including vegetation, buildings, roads, bare lands and

clouds, were selected as supervised classification samples.

Then, the SVM classification algorithm was used to classify

the Sentinel-2 images in the study area on July 13. According to

the classification results, vegetation areas were extracted and

made into masks. As the main vegetation in the Korla region

includes cotton and fragrant pear trees, according to the

difference of NDVI values of cotton and fragrant pear, the

Sentinel-2 image on June 3 was used to extract the fragrant

pear planting area by using the VI threshold method (the NDVI

threshold value is 0.45, the fragrant pear trees were larger than

0.45, and the cotton trees were smaller than 0.45) to make a

mask. The cotton planting area mask in the study area was

obtained by subtracting the fragrant pear mask extracted on June

3 from the vegetation area mask extracted on July 13. Finally, the

mask was used to subset the Sentinel-2 image on July 13 to

obtain the cotton planting area in the study area. The main

process is shown in Figure 4. SVM is a classical supervised

classification algorithm, which shows many unique advantages

in solving small sample, nonlinear and high-dimensional pattern

recognition. Therefore, this study selects SVM as the method to

extract cotton planting areas.
Frontiers in Plant Science 06
2.3.2 DRS algorithm
The DRS algorithm is a special spectral processing method

based on the linear mixing model. The purpose of using the

algorithm is to eliminate the influence of other features in

multiple features to obtain the correspondence between the

mixed spectra of the target feature and multiple features and

finally extract the band that is sensitive to the spectral

information of the target feature. First, the ratio of two

continuous spectra is calculated band by band, and then the

ratio spectrum is differentiated to obtain the DRS curve (Philpot,

1991). Assuming that the spectrum contains n components, the

linear spectral mixing model can be expressed by formula (2).

g (li) =on
j=1Fj � gi(li) + x(li) (2)

where i=1, 2, 3, …, m is the spectral band, j=1, 2, 3, …, n is the

endmember component, and Fj is the proportion of each

endmember in the mixed pixel. Under the premise of

neglecting the error term, assuming that there are only two

substances in the mixed pixel, the linear spectral mixing model

can be simplified into formula (3).

g (l) = F1 � g1(l) + F2 � g2(l) (3)

Both sides of formula (3) are divided by the spectrum of the

second component at the same time, which becomes formula

(4).

g (l)
g2(l)

= F2 +
F1 � g1(l)

g2(l)
(4)

Derive from both sides of formula (4) to obtain formula (5).

d
dl

g (l)
g2(l)

� �
= F1 �

d
dl

g1(l)
g2(l)

� �
(5)

It can be seen from formula (5) that the derivative spectrum

is already independent of the content of the second component
TABLE 2 Spectral characteristics of Sentinel-2B from the European Space Agency.

Sentinel-2B band Center wavelength (mm) Spatial resolution (m)

Band 1 - Coastal aerosol 442.3 60

Band 2 - Blue 492.1 10

Band 3 - Green 559.0 10

Band 4 - Red 665.0 10

Band 5 - Vegetation Red Edge 703.8 20

Band 6 - Vegetation Red Edge 739.1 20

Band 7 - Vegetation Red Edge 779.7 20

Band 8 - NIR 833.0 10

Band 8A - Narrow NIR 864.0 20

Band 9 - Water vapour 943.2 60

Band 10 - SWIR - Cirrus 1376.9 60

Band 11 - SWIR 1610.4 20

Band 12 - SWIR 2185.7 20
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F2, that is, the spectrum after derivation is only linearly related to

the abundance of the first component, but not to the abundance

of the material component as a divisor.

In this study, each pixel in the Sentinel-2 satellite

multispectral image can be considered a mixed pixel of

background plant and pest-stressed plant canopy spectra.

Among them, the background plants are relatively healthy

cotton plants that are not affected by pests, and aphid

infestation is the main stress. To remove the interference of

the background healthy plant information, the healthy cotton

spectrum was selected as the background endmember, and the

Sentinel-2 imaging spectral data were subjected to DRS

processing pixel by pixel with it as the denominator, so as to

obtain the spectral features that only reflect the stress degree of

the cotton aphid, and then the effective band that can reflect the

cotton aphid infestation was extracted.
Frontiers in Plant Science 07
2.3.3 RF classification algorithm
RF is an integrated machine learning algorithm based on

multiple decision trees proposed by Leo Breiman (Breiman,

2001), which is suitable for solving high-dimensional

nonlinear classification problems, can handle a large number

of input variables and effectively avoids overfitting. It has good

accuracy, generalization and robustness in the classification

process (Rodriguez-Galiano et al., 2012). The RF algorithm

uses the bootstrap sampling technique to randomly sample the

input sample data with put back to form the data training sample

set, and the remaining samples are collectively called Out of Bag

Data (OOB), which can be used to test the model fitting

accuracy. The decision trees corresponding to the sample

subsets are constructed according to the feature splitting rules,

and finally, the RF classification results are obtained by

combining all the decision tree classification results through
FIGURE 4

Flowchart of cotton aphid infestation classification at different grades based on Sentinel-2 multispectral images.
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the simple voting method (Gu et al., 2016). The main flow of the

algorithm is as follows:

(1) Suppose that the original sample set has N training samples,

each sample has M features, and in the process of model training, n

(n<N) sample subsets are extracted from the training samples with

replacement through the bootstrap method.

(2) The decision tree model is constructed by using N

training samples extracted each time and randomly selecting

m (m<M) features at each node. The information of each feature

is used to calculate and determine the growth direction of the

decision tree at the split node.

(3) After K rounds of training, the results of each decision

tree form a base evaluator sequence and then use a simple voting

method to determine the results of the integrated evaluator.

H(x) = arg  maxyok
i=1I(hi(X) = Y (6)

whereH(x) represents the final classification result of the model;

I(.) is a property function; hi is a single decision tree classifier

(base evaluator); and Y is the output target variable (target

variable). The upper bound of the generalization error is:

PE* ≤
�r(1 − S2)

S2
(7)

where PE* is the model generalization error; �r is the correlation

between decision trees; and S is the classification strength of the

decision tree.

2.3.4 Model construction and
accuracy evaluation

In this study, the cotton planting area was extracted based on

the SVM supervised classification and the VI threshold method

through multitemporal Sentinel-2 data. Then, the DRS was

processed on the cotton aphid spectrum at three scales, and the

differences in spectral characteristics were analyzed and compared,

which proved the effectiveness of the proposed algorithm. The

Pearson correlation analysis algorithm was used to extract the

bands significantly related to aphid infestation. Finally, combined

with the RF classification algorithm, the multispectral image data

samples after DRS processing were divided into training samples

and test samples according to the ratio of 2:1 for model training.

According to the model result, the Sentinel-2 image was classified

into aphid severity grades, and the classification accuracy was

calculated. To prove the superiority of this algorithm, we

compared it with four commonly used classification algorithms.

The confusion matrix algorithm was used as the evaluation

standard of the stability and prediction ability of the constructed

model, and the effect of the DRS algorithm was evaluated. The

main process of this study is shown in Figure 4.

The confusion matrix, also known as the error matrix, is a

standard format for accuracy evaluation in the form of a matrix

with n rows and n columns. The specific evaluation indexes

include four kinds: overall accuracy (OA), producer’s accuracy
Frontiers in Plant Science 08
(PA), user’s accuracy (UA) and kappa coefficient, which reflect

the accuracy of image classification from different aspects (Lewis

and Brown, 2001; Luque et al., 2019).

Assuming that n represents the total number of samples in

the classification accuracy evaluation, K represents the total

number of classification categories in the classification

accuracy evaluation, nii represents the number of samples

correctly classified, and nij represents that they belong to class

j and are wrongly classified into class i, the evaluation index

formula is as follows:

OA = o
nii
n

(8)

PA = o
njj

onij
(9)

UA = o
nii

onij
(10)

K =
nok

i=1nii −ok
i=1onijonij

n2 −ok
i=1onijonij

(11)
3 Results

3.1 Extraction results and precision
evaluation of cotton planting areas

Using Sentinel-2 images of the study area, the cotton

planting areas extracted by a combination of SVM supervised

classification algorithm as well as VI thresholding method are

shown in Figure 5C). And the red points are the sample points of

cotton spectral field collection (60 sample points), which are

used to verify the accuracy of cotton planting area extraction.

Figure 5A) shows the Sentinel-2 true color map of the study area,

with the red, green, and blue bands corresponding to the 4, 3 and

2 bands of the Sentinel-2 image, respectively. Figure 5B) shows

the sample map used for supervised classification in the study

area. The samples were divided into five major categories based

on feature: vegetation, buildings, roads, bare lands, and clouds,

and the sample edges were bolded by 0.5 times for display

purposes. It could be seen from Figure 5C) that the cotton

planting area has been accurately extracted, and the background

features such as buildings, roads, bare lands and clouds have

been effectively removed. The accuracy of the cotton planting

areas extracted results was verified by the longitude and latitude

coordinates of the ground sample data in the study area. The

results showed that 60 ground sample points were within the

extracted planting areas, which showed the effectiveness of

the extraction results, and laid the foundation for the next

cotton aphid infestation severity classification.
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3.2 Spectral feature analysis of cotton
aphid infestation at different scales based
on the DRS algorithm

3.2.1 Ground ASD hyperspectral
spectral features

According to formula (4) in subsection 2.3.2, the ground

ASD hyperspectral cotton canopy aphid infestation spectra of

different grades in Figure 3A) were processed by the ratio

algorithm, with the healthy cotton plants spectral as the

divisor and the aphid infestation stress spectra as the dividend,

and the results are shown in Figure 6A). After the ratio

algorithm treatment, the spectral features of cotton plants

under aphid-stressed were highlighted, and the higher the

aphid severity, the more obvious the spectral features, and the

lower the aphid severity, the flatter the spectral features and

tended to the healthy plant spectra.

The spectra in Figure 6A) were derived according to formula

(5) to obtain the DRS shown in Figure 6B). As described in

subsection 2.3.2, the spectrum after derivation is only linearly

related to the abundance as a divisor, but not to the component as

a divisor. Figure 6B) shows the DRS obtained by taking the healthy

cotton plant spectrum as the divisor. At this time, the spectral
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curve is no longer related to healthy vegetation information, but

only to vegetation stress information. As seen from the figure, the

peaks of the ratio spectral curves for different aphid severities

appear in the visible and red-edge regions commonly used to

characterize vegetation spectral features, which are similar to the

results of a large number of existing studies (Guo et al., 2021).

With the higher aphid severity grade, the absolute values of the

spectra after the DRS treatment are larger, and the peaks appear at

the 513 nm, 573 nm and 701 nm bands.

3.2.2 Ground ASD hyperspectral resampling
spectral feature

Through formula (4), the spectral curves of cotton aphid

infestation at different grades after ASD hyperspectral

resampling were processed by the DRS algorithm. Similarly,

using the healthy cotton plant spectra as the divisor and the

aphid infestation stress spectra as the divisor (Figure 7A), the

DRS results are shown in Figure 7B). From the results, it can be

seen that in the spectral range of 442 nm to 943 nm, the

waveforms of ASD resampled spectra are similar to those of

the DRS results before ASD resampling, with three peaks in the

blue, green and red-edge bands, and the peaks correspond to the

bands of 492.1 nm, 559 nm, and 703.8 nm, respectively.
B

C

A

FIGURE 5

Sentinel-2 true color map, supervised classification sample map and cotton planting area extraction map of the study area. (A) True color map
of Sentinel-2 multispectral image with red, green and blue bands corresponding to 4, 3 and 2 bands, respectively. (B) Supervised classification
sample map of the study area, including five categories: vegetation, buildings, roads, bare lands, clouds. (C) Cotton planting area extraction
results from Sentinel-2 multispectral images in the study area and location of cotton spectral sampling points.
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3.2.3 Sentinel-2 multispectral imagery
spectral features

Based on the ground truth point coordinates of different

grades of cotton aphid infestation, the multispectral data were

extracted from the Sentinel-2 image, and then the average values

were obtained to obtain the standard spectral curves of different

grades of aphid infestation in the study area. Finally, taking the

healthy cotton plant spectra as the divisor and the aphid

infestation stress spectra as the divisor (Figure 8A), the DRS

results of cotton aphid infestation based on Sentinel-2

multispectral data were obtained, as shown in (Figure 8B). The

spectral characteristics of aphid infestation were significantly

enhanced with the same three peaks, in which the peak bands

corresponding to the grade 2, 3 and 4 aphid infestation were

492.1 nm, 559 nm and 665 nm, respectively, and the peak bands
Frontiers in Plant Science 10
corresponding to the grade 1 aphid infestation were 492.1 nm,

559 nm and 703.8 nm, respectively.

3.2.4 Spectral feature extraction of cotton
aphid infestation

After DRS algorithm processing, there are nine band features

remain in the Sentinel-2 satellite multispectral image, as shown

in Figure 8B). To avoid the interference of unnecessary

information, feature extraction was performed on the bands

processed by the DRS algorithm to extract sensitive bands that

are highly correlated with the severity of aphid infestation.

Pearson’s correlation analysis was performed by using the

aphid severity class values of 60 sample points with the DRS

values of Sentinel-2 images, and the coefficient correlation plots

were obtained as shown in Figure 9. The results showed that
B

A

FIGURE 6

DRS results of ASD hyperspectral of cotton aphid infestation at different grades. (A) Ratio spectra of cotton plants infested by different grades of
aphids to healthy plants. (B) DRS of cotton plants infested by different grades of aphids to healthy plants.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1029529
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Fu et al. 10.3389/fpls.2022.1029529
there was a positive correlation between the cotton aphid

infestation grade and the spectral value treated by the DRS at

the B2, B4, B5 and B6 bands, of which the B2 band was

significantly correlated at 0.01 level, and the B4, B5, B6 bands

were significantly correlated at 0.001 level. There was a negative

correlation at bands B3 and B8, of which the B8 band was

significantly correlated at 0.01 level, and the B3 band was

significantly correlated at 0.001 level. There was no correlation

at the B1 and B7 bands. When there is significant correlation

between variables (in Figure 9, the “*” represents significant at

the 0.05 level, the “**” represents significant at the 0.01 level, the

“***” represents significant at the 0.001 level), it indicates a

statistically significant correlation between the variables, the

correlation coefficient R represents the closeness of the

correlation. Generally, the R value between 0.2 and 0.4

indicates a general relationship, between 0.4 and 0.7 indicates
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a close relationship, and above 0.7 indicates a very close

relationship. On this basis, B2, B3, B4, B5, B6, and B8 bands

were selected as the input features of the random forest model.
3.3 Classification results and accuracy
analysis based on the RF algorithm

Based on the extraction results of cotton planting areas in

Section 3.1 and the results of DRS algorithm analysis and

spectral feature selection in Section 3.2, the Sentinel-2

multispectral images were used to classify cotton pest severity

at the regional scale by the RF algorithm model. First, 60 ground

sample points were divided into a training group and a test

group at a ratio of 2:1, including 40 samples for training and 20

samples for verification. Then, the RF algorithm model was
B

A

FIGURE 7

DRS results of ASD hyperspectral resampling of cotton aphid infestation at different grades. (A) Ratio spectra of cotton plants infested by
different grades of aphids to healthy plants. (B) DRS of cotton plants infested by different grades of aphids to healthy plants.
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trained by training samples, and the optimal model results were

selected by the cross validation method to classify the severity of

aphids in Sentinel-2 multispectral images. The pest classification

standard was based on the severity of cotton aphids (Table 1),

and the classification results are shown in Figure 10. It can be

seen from the figure that there are great differences in the study

area under aphid infestation stress. The areas with serious aphid

infestation stress were mainly distributed at the edge of the study

area, while other areas were less or not under aphid infestation

stress, and most cotton was in a healthy state. The classification

accuracy of the model is shown in Table 3. The OA is 80%, and

the kappa coefficient is 0.73, thus obtaining excellent

classification results.
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3.4 Results and precision comparison of
different classification algorithms for
cotton aphid infestation

To verify the superiority of the RF algorithm, four classical

classification algorithms were selected to compare with the

proposed algorithm. Among the four comparison algorithms

selected, the SAM algorithm is a hyperspectral image analysis

technology, which judges the similarity between the two spectral

curve vectors by comparing the cosine between them and is

commonly used in satellite hyperspectral image classification.

The DT, SVM and BP algorithms are three commonly used

machine learning classification algorithms. All four algorithms
B

A

FIGURE 8

DRS results of Sentinel-2 multispectral of cotton aphid infestation at different grades. (A) Ratio spectra of cotton plants infested by different
grades aphids to healthy plants. (B) DRS of cotton plants infested by different grades of aphids to healthy plants.
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were performed in the same environment as the RF algorithm,

and all of them were classified by the feature band selection

results processed by the DRS algorithm. The highest accuracy

was taken as the final classification accuracy using multiple

cross-validation, and the classification results are shown in

Figure 11. To facilitate comparison, the classification result

accuracies of the four algorithms on the test dataset were

presented in the form of a confusion matrix (Figure 12), and

the overall classification accuracies and Kappa coefficients are

shown in Table 4.
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From the direct comparison between the classification

results of the four algorithms and the proposed algorithm, it

can be seen that the classification results of the SAM, DT, SVM,

BP and RF algorithms are not intuitively different, but there are

differences in details. For example, the SVM algorithm has more

classification for grade 2 aphids, and the BP algorithm has more

classification for grade 4 aphids. The comparison of the accuracy

evaluation results shows that the overall classification accuracies

of the five algorithms, RF, SAM, SVM, DT and BP, are 80%, 75%,

65%, 70% and 65%, respectively, and the Kappa coefficients are
FIGURE 10

RF classification results of cotton aphid infestation at different grades.
FIGURE 9

Pearson correlation analysis results of aphid infestation severity and DRS value in Sentinel-2 multispectral images. (* represents significant at the
0.05 level; ** represents significant at the 0.01 level; *** represents significant at the 0.001 level).
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0.73, 0.67, 0.52, 0.59 and 0.53, respectively. From the comparison

of the overall accuracy and Kappa coefficients, RF has the

highest classification accuracy among the five algorithms,

which proves the superiority of the algorithm proposed in

this paper.
3.5 Effect evaluation of the
DRS algorithm

To verify the effect of the DRS algorithm on the classification

accuracy, the Sentinel-2 original bands that have not been

processed by the DRS algorithm were classified directly and

compared with the final classification accuracy of the five

algorithms proposed in this paper. The results are shown in
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Figure 13. Among the five classification algorithms, all obtained

better performance after the DRS algorithm. The overall

accuracy of the five algorithms increased by 13% on average,

and the kappa coefficient increased by 0.176 on average. The

overall accuracy of the RF algorithm was increased by 15%, and

the kappa coefficient was increased by 0.2, which proves that the

spectral features processed by the DRS algorithm can effectively

improve the extraction accuracy.
3.6 Effect of VI features on
classification accuracy

VI is a linear or nonlinear combination of visible and near-

infrared wavelength reflectance based on the vegetation spectral
FIGURE 11

Classification results of four algorithms for cotton aphid infestation at different grades in the study area. (A) SAM, (B) DT, (C) SVM, (D) BP.
TABLE 3 RF classification accuracy of cotton aphid infestation at different grades.

Health Grade 1 Grade 2 Grade 3 Grade 4 total UA OA Kappa

Health 6 1 7 85.7% 80.0% 0.73

Grade 1 5 1 1 7 71.4%

Grade 2 3 3 100.0%

Grade 3 1 1 2 50.0%

Grade 4 1 1 100.0%

total 6 6 4 2 2

Drawing accuracy 100% 83.3% 75% 50% 50%
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features, to measure the state of surface vegetation and simplify

spectral information (Zeng et al., 2022). In this section, ten

vegetation indices related to crop pests were selected on the basis

of original features, including normalized difference vegetation

index (NDVI), green normalized difference vegetation index

(GNDVI), triangular vegetation index (TVI), soil adjusted

vegetation index (SAVI), atmospheric resistance vegetation index

(ARVI), renormalization difference vegetation index (RDVI),

enhanced vegetation index (EVI), red normalized difference

vegetation index (NDVI705), modified red edge simple ratio

index (mSR705), and modified red edge normalized difference

vegetation index (mNDVI705), which were used to increase the

features of the machine learning model and improve the

classification accuracy. The classification accuracy of cotton

aphid infestation before and after adding VI features is shown in

Figure 14. From the OA and Kappa coefficients, it can be seen that

the accuracy improvement after adding VI features is not obvious.

The overall accuracy of the five algorithms increased by 1% on

average, and the Kappa coefficient improved by 0.028 on average.

The accuracy of BP algorithm is improved the most, which may be

related to the model structure.
4 Discussion

The effectiveness of the DRS algorithm was demonstrated by

the results of ground hyperspectral data processing, which lays a
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foundation for hyperspectral resampling and satellite

multispectral data analysis. After the hyperspectral data were

resampled by the Sentinel-2 spectral response function, although

the number of bands and spectral information were greatly

reduced, the key spectral features of pests were effectively

retained, indicating that the spectral features of pests can also

be characterized through limited bands, which lays a foundation

for pest classification using satellite multispectral data. By

comparing the DRS algorithm results of Sentinel-2

multispectral data with ground hyperspectral resampling, it

could be found that the waveforms were roughly the same,

and there were three peaks, which also confirms that the

processed Sentinel-2 multispectral data can effectively retain

the spectral information of pests, laying a foundation for the

following classification. The threat of cotton aphids to cotton

plants is mainly reflected in two aspects. On the one hand, it

sucks the juice from the back or tender head of leaves, resulting

in a decrease in leaf activity and a change in chlorophyll and

water content, making the cotton leaves curl up towards the

back. On the other hand, the excreta of Aphis gossypii easily

breeds mould and affects leaf photosynthesis, which leads to

spectral changes in the range of visible and near-infrared

wavelengths with the increase of aphid infestation grade (Tang

et al., 2022). Due to the limitation of satellite multispectral image

resolution, although the influence of the background

endmember can be effectively removed by DRS algorithm

processing, there are still some uncertainty reasons that lead to
B

C D

A

FIGURE 12

Confusion matrix of classification results of four algorithms for cotton aphid infestation at different grades in the study area. (A) SAM, (B) DT, (C) SVM, (D) BP.
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some discrepancies. In the Sentinel-2 multispectral DRS results,

the peaks of grade 2, 3 and 4 aphids at the red edge shifted to the

visible part and appeared in the red band part, while the peak of

grade 1 aphids remained unchanged.

It is a trend to monitor plant pests on a large regional scale

by satellite multispectral images (Ruan et al., 2021). Based on

the combination of the DRS algorithm and RF algorithm, this

study used Sentinel-2 images to classify the severity of cotton

aphids. It is important to point out potential areas for further

improvements. The previous experiment used only the original

feature of the Sentinel-2 image processed by the DRS. From the

perspective of improving classification accuracy and referring

to existing research, in addition to adding VI features related to

pests in the model (Joalland et al., 2017), the texture features

(Zhu et al., 2017) and mathematical statistical features

(Vishnoi et al., 2022) will also be considered, which may

have a certain impact on the classification accuracy.

Therefore, it is necessary to study the fusion strategy of

various features to improve the classification accuracy. In

addition to feature extraction, the factors that affect the

accuracy of pest classification are also related to the selection

of classification methods. At present, machine learning

algorithms have been applied in many fields and achieved

good results (Lu et al., 2022; Maia et al., 2022). In this study,
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five machine learning algorithms were selected for comparison

of classification accuracy, and the best classification

performance was achieved by RF, demonstrating the good

performance of the algorithm in terms of pest classification

potential. Compared with traditional classification algorithms,

RF performs well in terms of accuracy, robustness and

computational requirements compared to traditional

classification algorithms. At present, there are some new

machine learning algorithms and deep learning algorithms

that also perform well, which can be considered later. Due to

the limitation of sample collection time, weather, sunlight and

other factors, the number of sample points collected in this

study was limited (60), especially only 4 sample points for

grade 4 aphid infestation were obtained, which might have

some influence on the accuracy of model evaluation results.

Xinjiang is the main cotton producing area in China, and the

experimental station of the Institute of Plant Protection of the

Chinese Academy of Agricultural Sciences in Korla, central

Xinjiang, was selected as the study area. However, due to the

differences in the natural environment and geographical

location, there could be differences in cotton varieties and

management measures in different cotton production areas,

resulting in significant differences in pest characteristics, which

might affect the accuracy of the proposed method. Therefore, it
BA

FIGURE 13

Accuracy comparison of different algorithms before and after processing by the DRS algorithm. (A) Comparison results of OA. (B) Comparison
results of Kappa.
TABLE 4 Comparison of classification accuracy of four algorithms for cotton aphid infestation at different grades.

SAM DT SVM BP

OA 75% 65% 70% 65%

Kappa 0.67 0.52 0.59 0.53
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needs to be further tested in other study areas to verify its effects

of monitoring pest grades in large scale areas, which should be

taken into account in subsequent research. The present research

only considers cotton aphid infestation, which is consistent with

the conditions of the experimental area at that time. However,

different insect pests may occur simultaneously in some areas,

and even diseases may also occur simultaneously. The spectral

characteristics of stress caused by different diseases and insect

pests are sometimes very similar, and whether they can be

distinguished by the present method remains to be further

explored, which is also a difficult point in the current crop

disease and pest research.
5 Conclusions

In this study, a classification method of cotton aphid severity

based on the combination of the DRS algorithm and RF algorithm

is proposed, and the results show that the method has great

application potential. The DRS algorithm can effectively remove

the interference of the pixel background endmember of Sentinel-2

multispectral satellite images, enhance the spectral features of

cotton aphids at different grades. On the basis of feature

extraction, five machine learning algorithms were used to

classify aphid infestations. The results show that the RF

algorithm has the highest classification accuracy, which proves

the superiority of the RF algorithm. Combined with the DRS

algorithm and the RF algorithm, using Sentinel-2 satellite

multispectral data can realize the monitoring of cotton aphid

infestation severity on a regional scale, and the accuracy can meet
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the actual needs, thus helping to guide the precise application of

pesticides, control pest development, reduce production costs, and

protect the ecological environment.

The method presented in this paper provides a new

technology for future research, and may also be applicable to

other crops. Future work could consider collecting a wider range

of data from different regions to improve the algorithm.

Compared with the rich spectral information contained in

hyperspectral images, the spectral information of satellite

multispectral images is weak. Therefore, it is necessary to

enhance the spectral features related to pests through the DRS

algorithm to improve the classification accuracy. At the same

time, to avoid the interference of irrelevant information and data

redundancy, it is also necessary to further improve the feature

extraction algorithm and simplify the model as much as possible.

At present, we only consider the DRS processing on the Sentinel-

2 original bands to remove the impact of healthy cotton

background on aphid classification in the pest spectrum. In

the future, it is necessary to further analyze the impact of other

parameters in the background spectrum on the inversion results.

At the same time, it is considered to add pest characteristics to

improve the applicability of the satellite multispectral platform

in large-scale pest monitoring.
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FIGURE 14

Accuracy comparison of different algorithms before and after adding VI features. (A) Comparison results of OA. (B) Comparison results of Kappa.
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Luque, A., Carrasco, A., Martıń, A., and de Las Heras, A. (2019). The impact of
class imbalance in classification performance metrics based on the binary
confusion matrix. Pattern Recognition 91, 216–231. doi: 10.1016/j.patcog.
2019.02.023

Lu, Y., Wu, K., Jiang, Y., Guo, Y., and Desneux, N. (2012). Wide spread adoption
of Bt cotton and insecticide decrease promotes biocontrol services. Nat 487 (7407),
362–365. doi: 10.1038/nature11153

Lu, Y. Z., Young, S., Linder, E., Whipker, B., and Suchoff, D. (2022).
Hyperspectral imaging with machine learning to differentiate cultivars, growth
stages, flowers, and leaves of industrial hemp (cannabis sativa l.). Front. Plant Sci.
12. doi: 10.3389/fpls.2021.810113

Maia, R. F., Lurbe, C. B., and Hornbuckle, J. (2022). Machine learning approach
to estimate soil matric potential in the plant root zone based on remote sensing
data. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.931491

Marin, D. B., Santana, L. S., Barbosa, B. D. S., Barata, R. A. P., Osco, L. P., Ramos,
A. P. M., et al. (2021). Detecting coffee leaf rust with UAV-based vegetation indices
and decision tree machine learning models. Comput. Electron. Agric. 190, 106476.
doi: 10.1016/j.compag.2021.106476

Nagasubramanian, K., Jones, S., Sarkar, S., Singh, A. K., Singh, A., and
Ganapathysubramanian, B. (2018). Hyperspectral band selection using genetic
algorithm and support vector machines for early identification of charcoal rot
disease in soybean stems. Plant Methods 14, 1–13. doi: 10.1186/s13007-018-0349-9

Philpot, W. D. (1991). The derivative ratio algorithm: avoiding atmospheric
effects in remote sensing. IEEE Trans. Geosci. Remote Sens. 29, 350–357.
doi: 10.1109/36.79425
frontiersin.org

https://doi.org/10.3390/toxics9030042
https://doi.org/10.1093/jipm/pmy010
https://doi.org/10.1038/srep24273
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.3390/s18092798
https://doi.org/10.3964/j.issn.1000-0593(2021)05-1543-08
https://doi.org/10.3964/j.issn.1000-0593(2021)05-1543-08
https://doi.org/10.13203/j.whugis20140102
https://doi.org/10.13203/j.whugis20140102
https://doi.org/10.1007/s11356-019-07332-y
https://doi.org/10.1186/s13007-017-0223-1
https://doi.org/10.1016/0034-4257(93)90013-N
https://doi.org/10.1080/01431160152558332
https://doi.org/10.15835/nbha49112163
https://doi.org/10.3390/rs12223811
https://doi.org/10.1016/j.scitotenv.2018.04.415
https://doi.org/10.3390/rs12213504
https://doi.org/10.3390/agronomy8090187
https://doi.org/10.1016/j.patcog.2019.02.023
https://doi.org/10.1016/j.patcog.2019.02.023
https://doi.org/10.1038/nature11153
https://doi.org/10.3389/fpls.2021.810113
https://doi.org/10.3389/fpls.2022.931491
https://doi.org/10.1016/j.compag.2021.106476
https://doi.org/10.1186/s13007-018-0349-9
https://doi.org/10.1109/36.79425
https://doi.org/10.3389/fpls.2022.1029529
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Fu et al. 10.3389/fpls.2022.1029529
Pujari, D., Yakkundimath, R., and Byadgi, A. S. (2016). SVM and ANN based
classification of plant diseases using feature reduction technique. IJIMAI 3, 6–14.
doi: 10.9781/ijimai.2016.371

Rodriguez-Galiano, V. F., Ghimire, B., Rogan, J., Chica-Olmo, M., and Rigol-
Sanchez, J. P. (2012). An assessment of the effectiveness of a random forest classifier
for land-cover classification. ISPRS J. photogrammetry Remote Sens. 67, 93–104.
doi: 10.1016/j.isprsjprs.2011.11.002

Ruan, C., Dong, Y., Huang, W., Huang, L., Ye, H., Ma, H., et al. (2021).
Prediction of wheat stripe rust occurrence with time series sentinel-2 images.
Agriculture 11, 1079. doi: 10.3390/agriculture11111079

Su, J., Liu, C., Coombes, M., Hu, X., Wang, C., Xu, X., et al. (2018). Wheat yellow
rust monitoring by learning from multispectral UAV aerial imagery. Comput.
Electron. Agric. 155, 157–166. doi: 10.1016/j.compag.2018.10.017

Tang, Q., Liang, P., Li, J., and Gao, X. (2022). A sublethal concentration of
afidopyropen suppresses the population growth of the cotton aphid, aphis gossypii
glover (Hemiptera: Aphididae). J. Integr. Agric. 21, 2055–2064. doi: 10.1016/S2095-
3119(21)63714-0

Terentev, A., Dolzhenko, V., Fedotov, A., and Eremenko, D. (2022). Current
state of hyperspectral remote sensing for early plant disease detection: A review.
Sensors 22, 757. doi: 10.3390/s22030757

Vishnoi, V. K., Kumar, K., and Kumar, B. (2022). A comprehensive study of
feature extraction techniques for plant leaf disease detection. Multimedia Tools
Appl. 81, 367–419. doi: 10.1007/s11042-021-11375-0

Xie, H., Wang, X., Chen, J., Li, X., Jia, G., Zou, Y., et al. (2019). Occurrence,
distribution and ecological risks of antibiotics and pesticides in coastal waters
around liaodong peninsula, China. Sci. Total Environ. 656, 946–951. doi: 10.1016/
j.scitotenv.2018.11.449

Xu, Z., Huang, X., Lin, L., Wang, Q., Liu, J., Yu, K., et al. (2020). BP Neural
networks and random forest models to detect damage by dendrolimus punctatus
walker. J. Forestry Res. 31, 107–121. doi: 10.1007/s11676-018-0832-1

Yang, C. (2020). Remote sensing and precision agriculture technologies for crop
disease detection and management with a practical application example.
Engineering 6, 528–532. doi: 10.1016/j.eng.2019.10.015

Yuan, L., Bao, Z., Zhang, H., Zhang, Y., and Liang, X. (2017). Habitat
monitoring to evaluate crop disease and pest distributions based on multi-
Frontiers in Plant Science 19
source satellite remote sensing imagery. Optik 145, 66–73. doi: 10.1016/j.ijleo.
2017.06.071

Yu, K., Anderegg, J., Mikaberidze, A., Karisto, P., Mascher, F., McDonald, B. A.,
et al. (2018a). Hyperspectral canopy sensing of wheat septoria tritici blotch disease.
Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01195

Yu, Y., Li, M., and Fu, Y. (2018b). Forest type identification by random forest
classification combined with SPOT and multitemporal SAR data. J. Forestry Res. 29,
1407–1414. doi: 10.1007/s11676-017-0530-4

Zeng, Y. L., Hao, D. L., Huete, A., Dechant, B., Berry, J., Chen, J. M., et al. (2022).
Optical vegetation indices for monitoring terrestrial ecosystems globally. Nat. Rev.
Earth Environ. 3, 477–493. doi: 10.1038/s43017-022-00298-5

Zhang, J., Huang, Y., Pu, R., Gonzalez-Moreno, P., Yuan, L., Wu, K., et al.
(2019). Monitoring plant diseases and pests through remote sensing technology:
A review. Comput. Electron. Agric. 165, 104943. doi: 10.1016/j.compag.
2019.104943

Zhang, L., Liu, Z., Ren, T., Liu, D., Ma, Z., Tong, L., et al. (2020). Identification of
seed maize fields with high spatial resolution and multiple spectral remote sensing
using random forest classifier. Remote Sens. 12, 362. doi: 10.3390/rs12030362

Zhang, G., Tao, X., Zhang, Z., Du, Y., and Lü, X. (2017). Monitoring of aphis
gossypii using greenseeker and SPAD meter. J. Indian Soc. Remote Sens. 45, 361–
367. doi: 10.1007/s12524-016-0585-2

Zhao, H. Q., Yang, C. H., Guo, W., Zhang, L. F., and Zhang, D. Y. (2020).
Automatic estimation of crop disease severity levels based on vegetation index
normalization. Remote Sens. 12, 1930. doi: 10.3390/rs12121930

Zhao, H. Q., Zhang, L. F., Wu, T. X., and Huang, C. P. (2013). Research on the
model of spectral unmixing for minerals based on derivative of ratio spectroscopy.
Spectrosc. Spectral Anal. 33, 172–176. doi: 10.3964/j.issn.1000-0593(2013)01-
0172-05

Zheng, Q., Huang, W., Cui, X., Shi, Y., and Liu, L. (2018). New spectral index for
detecting wheat yellow rust using sentinel-2 multispectral imagery. Sensors 18, 868.
doi: 10.3390/s18030868

Zhu, H., Chu, B., Zhang, C., Liu, F., Jiang, L., and He, Y. (2017). Hyperspectral
imaging for presymptomatic detection of tobacco disease with successive
projections algorithm and machine-learning classifiers. Sci. Rep. 7 (1), 1–12.
doi: 10.1038/s41598-017-04501-2
frontiersin.org

https://doi.org/10.9781/ijimai.2016.371
https://doi.org/10.1016/j.isprsjprs.2011.11.002
https://doi.org/10.3390/agriculture11111079
https://doi.org/10.1016/j.compag.2018.10.017
https://doi.org/10.1016/S2095-3119(21)63714-0
https://doi.org/10.1016/S2095-3119(21)63714-0
https://doi.org/10.3390/s22030757
https://doi.org/10.1007/s11042-021-11375-0
https://doi.org/10.1016/j.scitotenv.2018.11.449
https://doi.org/10.1016/j.scitotenv.2018.11.449
https://doi.org/10.1007/s11676-018-0832-1
https://doi.org/10.1016/j.eng.2019.10.015
https://doi.org/10.1016/j.ijleo.2017.06.071
https://doi.org/10.1016/j.ijleo.2017.06.071
https://doi.org/10.3389/fpls.2018.01195
https://doi.org/10.1007/s11676-017-0530-4
https://doi.org/10.1038/s43017-022-00298-5
https://doi.org/10.1016/j.compag.2019.104943
https://doi.org/10.1016/j.compag.2019.104943
https://doi.org/10.3390/rs12030362
https://doi.org/10.1007/s12524-016-0585-2
https://doi.org/10.3390/rs12121930
https://doi.org/10.3964/j.issn.1000-0593(2013)01-0172-05
https://doi.org/10.3964/j.issn.1000-0593(2013)01-0172-05
https://doi.org/10.3390/s18030868
https://doi.org/10.1038/s41598-017-04501-2
https://doi.org/10.3389/fpls.2022.1029529
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Cotton aphid infestation monitoring using Sentinel-2 MSI imagery coupled with derivative of ratio spectroscopy and random forest algorithm
	1 Introduction
	2 Materials and methods
	2.1 Experimental study and materials
	2.2 Data collection and processing
	2.2.1 Ground survey data collection of aphid infestation
	2.2.2 Ground spectrum acquisition and processing
	2.2.3 Sentinel-2 satellite image processing

	2.3 Method
	2.3.1 Extraction of cotton areas
	2.3.2 DRS algorithm
	2.3.3 RF classification algorithm
	2.3.4 Model construction and accuracy evaluation


	3 Results
	3.1 Extraction results and precision evaluation of cotton planting areas
	3.2 Spectral feature analysis of cotton aphid infestation at different scales based on the DRS algorithm
	3.2.1 Ground ASD hyperspectral spectral features
	3.2.2 Ground ASD hyperspectral resampling spectral feature
	3.2.3 Sentinel-2 multispectral imagery spectral features
	3.2.4 Spectral feature extraction of cotton aphid infestation

	3.3 Classification results and accuracy analysis based on the RF algorithm
	3.4 Results and precision comparison of different classification algorithms for cotton aphid infestation
	3.5 Effect evaluation of the DRS algorithm
	3.6 Effect of VI features on classification accuracy

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


