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Rapid and accurate distinction between young and old leaves of Toona sinensis in the 
wild is of great significance to the selection of T. sinensis varieties and the evaluation of 
relative yield. In this study, UAV hyperspectral imaging technology was used to obtain 
canopy hyperspectral data of biennial seedlings of different varieties of T. sinensis to 
distinguish young and old leaves. Five classification models were trained, namely Random 
Forest (RF), Artificial Neural Network (ANN), Decision Tree (DT), Partial Least Squares 
Discriminant Analysis (PLSDA), and Support Vector Machine (SVM). Raw spectra and six 
preprocessing methods were used to fit the best classification model. Satisfactory 
accuracy was obtained from all the five models using the raw spectra. The SVM model 
showed good performance on raw spectra and all preprocessing methods, and yielded 
higher accuracy, sensitivity, precision, and specificity than other models. In the end, the 
SVM model based on the raw spectra produced the most reliable and robust prediction 
results (99.62% accuracy and 99.23% sensitivity on the validation set only, and 100.00% 
for the rest). Three important spectral regions of 422.7~503.2, 549.2, and 646.2~687.2 nm 
were found to be highly correlated with the identification of young leaves of T. sinensis. 
In this study, a fast and effective method for identifying young leaves of T. sinensis was 
found, which provided a reference for the rapid identification of young leaves of T. sinensis 
in the wild.

Keywords: machine learning, preprocessing, classification, Toona sinensis young leaves, variable selection

INTRODUCTION

T. sinensis, with rapid growth rate, straight trunks and beautiful texture (Liao et  al., 2007), 
has been cultivated for more than 2000 years in China and widely used for its medicinal 
value and edible young leaves (Chen et  al., 2017; Cao et  al., 2019; Peng et  al., 2019). The 
young leaves of T. sinensis are rich in nutrients such as trace elements and B vitamins, 
making it an ideal green food with high market value (Zhai and Granvogl, 2020). At 
present, the yield of young leaves is generally assessed by picking and weighing, which is 
time and labor consuming and not applicable to large-scale measurement. Therefore, a 
real-time high-throughput method is needed to identify young leaves from the old leaves 
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and evaluate the relative yield of young leaves in the field, 
which is of great significance to the breeding and production 
of T. sinensis.

Although low-cost passive image sensors such as visible 
(RGB) have been successfully applied to the young leaf 
identification in some plants, higher spectral fidelity may 
be  required, which can be  provided by hyperspectral imaging 
(Adão et  al., 2017; Wang et  al., 2018; Bojie et  al., 2019). 
Hyperspectral imaging is the imaging of the spectral bands, 
through which the reflectivity of the target traits in hundreds 
of consecutive different narrow bands can be  obtained 
(Bohnenkamp et  al., 2019). With the continuous development 
of optical technology, it is possible to distinguish young and 
old leaves with difference colors. Therefore, spectroscopic 
techniques have the potential to automatically measure the 
spatial distribution of young leaves (Chen et al., 2019). Compared 
with traditional methods, hyperspectral imaging technology is 
a faster and relatively lower-cost method to identify and assess 
the relative yield of young leaves, and it collects samples in 
a non-destructive and non-invasive manner.

With the advent of unmanned aerial vehicles (UAVs), aerial 
imaging has gradually become a common method for data 
acquisition. In recent years, advances in unmanned aerial vehicle 
(UAV) technology have brought new opportunities for agricultural 
and forestry monitoring. Compared with satellite remote sensing, 
UAV remote sensing has the advantages of low cost, flexibility, 
versatility, and providing dynamic macroscopic observations, 
making it popular in scientific exploration and commercial 
applications (Zhang and Kovacs, 2012). Due to the lower flying 
altitude of the UAV, higher spatial resolution can be  provided 
(Sothe et  al., 2019). UAVs can be  equipped with RGB, 
multispectral and hyperspectral sensors. With hyperspectral 
sensors, which have more bands, more spectral data related 
to plant phenotype can be obtained, allowing better identification 
of young leaves. In addition, UAV hyperspectral image technology 
contains information in two dimensions, i.e., spectrum and 
space (Feng et  al., 2016). The detection process is efficient 
and non-destructive, and can realize in situ detection (Adam 
et al., 2017). At present, UAV hyperspectral imaging technology 
is widely used in forestry, agriculture and other fields. For 
example, some studies have successfully applied UAV 
hyperspectral imaging technology in biomass estimation (Fu 
et  al., 2021), crop health monitoring (Deng et  al., 2020) and 
forest protection (Chen et  al., 2018). However, research on 
the identification of young leaves is still limited.

At present, UAV hyperspectral imaging technology has been 
widely used, but there are some problems (Zhu et  al., 2019a). 
Spectra contain a lot of information, also some interfering 
ones, such as noise and redundancy caused by interference 
from chemical or physical factors (Zhang et  al., 2021). The 
reason for the occurrence of these interfering information is 
that the spectrum can be  affected by nonlinearities introduced 
by light scatter (Rinnan et al., 2009). The interfering information 
may affect the accuracy and precision of spectral prediction 
models (Xu et  al., 2008; Liu et  al., 2020). However, proper 
preprocessing can largely eliminate these effects. Some frequently 
used preprocessing methods are standard normal variate (SNV), 

Savitzky–Golay, and first and second derivatives (Gholizadeh 
et  al., 2016).

Traditional discriminant models are based on linear/non-linear 
statistical regression models that have been developed between 
vegetation-related parameters and spectral data (Zhu et  al., 
2019b). In recent years, many studies have found that machine 
learning methods are more suitable for estimating vegetation 
parameters, particularly the multi-source fusion data (Zhu et al., 
2019b; Liu et  al., 2021a). Machine learning has the advantage 
of high-performance computing and is the key to analyzing 
spectral information and exploring the relationship between 
spectral information and predicted features (Zhu et al., 2019c). 
In recent years, methods such as partial least squares discriminant 
analysis (PLS-DA), support vector machine (SVM) and random 
forest (RF) have been widely used in agriculture and forestry, 
specifically seed variety classification, crop disease detection 
and tree species classification (Näsi et  al., 2018; Fabiyi et  al., 
2020; Rahman et al., 2020; Sothe et al., 2020). These classification 
methods have shown a powerful and promising result. However, 
few studies have combined machine learning methods and 
UAV hyperspectral to classify plant leaves with difference colors.

In this study, the classification of young and old leaves of 
T. sinensis using UAV hyperspectral imaging technology combined 
with different preprocessing methods and machine learning 
algorithms was studied. The objectives of this study were (1) 
testing NIR hyperspectral combined with random forest (RF), 
artificial neural network (ANN), decision tree (DT), partial 
least squares discriminant analysis (PLS-DA) and support vector 
machine (SVM) ability to establish an optimal model for 
discriminating young and old leaves of T. sinensis; (2) when 
establishing RF, ANN, DT, PLSDA and SVM models, finding 
out the effects of various preprocessing methods on the effects 
of near-infrared hyperspectral; and (3) identifying the most 
important wavelengths associated with the classification of 
young and old leaves of T. sinensis in model calibration.

MATERIALS AND METHODS

Study Area and Plants
The experimental field (E 119°57′, N 30°03′) is located in 
Xinsha Island, Fuyang District, Hangzhou City, Zhejiang Province, 
China. T. sinensis seeds of different varieties from all over 
China were planted in the experimental field, which covers 
an area of 3,330 square meters. The test materials were biennial 
T. sinensis seedlings grown from these seeds. The row spacing 
of T. sinensis seedlings is 10 × 20 cm. As shown in Figure  1, 
the young leaves of T. sinensis are all fuchsia, and the young 
and old leaves can be  clearly distinguished by the human eye.

Hyperspectral Image Acquisition
Trials were conducted in September 2021. Image acquisition 
was performed using a MATRICE600 Pro UAV (Shenzhen 
DJI Innovation Technology Co., Ltd.) equipped with a GaiaSky-
Mini2-VN (JiangSu Dualix Spectral Image Technology Co. Ltd., 
China) airborne hyperspectral imager with 1,392 × 1,040 pixels. 
The GaiaSky-mini2 airborne hyperspectral imager has a spectral 
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range between 400 and 1,000 nm, a total of 176 spectral bands, 
and a spectral resolution of 3 ± 0.5 nm. The hyperspectral UAV 
flew at around 12:00 noon, with a flight speed of 5 m/s, and 
a total flight time of 4 min and 41 s. Images were collected at 
a flight altitude of 50 m, and the photo-taking interval was 
set to be  equidistant at 20 m. The weather was partly cloudy 
during the flight. A total of 83 images were acquired.

Hyperspectral Image Calibration and Data 
Acquisition
In order to reduce the influence of uneven light distribution 
and dark current, the hyperspectral image should be  corrected 
for black and white (Xia et al., 2019). NIR hyperspectral images 
were imported into SpecView software. The lens calibration, 
reflectance calibration and atmospheric correction were 
performed using the image captured after the automatic exposure 
of the diffuse reflection whiteboard with the lens, the dark 
background captured by covering the lens, and the 50% diffuse 
reflection gray cloth image captured. Finally, image stitching 
was performed. The calibration images were imported into 
ENVI 5.3 software, and the region of interest (ROI) was 
extracted using the region of interest tool function in the 
software. Each pixel (i.e., ROI) contained a 176-dimensional 
spectral information. ROI was obtained randomly according 
to the obvious color difference between young and old leaves 
of T. sinensis in hyperspectral images. The old leaves obtained 

1956 ROIs, and the young leaves obtained 2015 ROIs, with a 
total of 3,971 samples. 80% of the samples were randomly 
selected as the training set and 20% of the samples as the 
test set.

Data Analysis
Spectral Preprocessing
There may be  noise in the raw spectral data that can interfere 
with subsequent data analysis, so it is necessary to use appropriate 
methods to preprocess the raw spectral data (Zhang et  al., 
2020). In this experiment, SNV, Savitzky–Golay, first derivative, 
second derivative, SNV + first derivative and SNV + second 
derivative were used for spectral preprocessing.

Model Building and Performance Evaluation
RF, ANN, DT, PLSDA, and SVM algorithms were used to 
build models. RF is an ensemble algorithm composed of multiple 
decision trees proposed by Breiman (2001). The RF algorithm 
has the advantages of good tolerance to data noise, less manual 
intervention, and faster operation speed. ANN, also known as 
Multilayer Perceptron (MLP), consists of an input layer, a 
hidden layer and an output layer (Suchacz and Wesolowski, 
2006). Each layer is fully connected to the previous and 
subsequent layers (Del Frate et  al., 2007). There are a large 
number of nodes between network layers, and the nodes are 
connected by weights. ANN is shown to be a general algorithm 
that can be  used to solve classification problems (Zhang et  al., 
2018). The theoretical structure of DT is a tree diagram. DT 
divides the population or samples into two or more homogeneous 
sets called sub-population based on the most important splitter 
in the input variable (Zhang et  al., 2020). SVM is a statistical 
learning method based on structural risk minimization. SVM 
achieves data classification by finding a segmentation hyperplane 
between the data to maximize the separation or margin between 
samples of different classes (Melgani and Bruzzone, 2004). Its 
decision making function is determined by a small number 
of support vectors, enabling it to avoid the “dimension disaster” 
and “over-learning” problems in a sense. So it has a strong 
generalization ability (Zhao et  al., 2020). PLSDA is a 
discriminative method based on Partial Least Squares Regression 
(PLSR; Chen et al., 2020). PLSDA establishes a linear regression 
between the independent variable matrix (X) and the dependent 
variable array (Y) to calculate the category information matrix 
of the test sample, and then determines the category of the 
samples according to the closeness of the category information 
matrix to the category label (Miaw et  al., 2018).

All data analysis and plotting were performed in the R 
programming language in RStudio. Hyperspectral data 
preprocessing was performed using the prospect (Stevens and 
Ramirez-Lopez, 2014) software package. PLSDA, SVM, RF, DT, 
and ANN classification models were performed with caret 
(Kuhn et  al., 2020), e1071 (Meyer et  al., 2019), ranger (Wright 
and Ziegler, 2017), rpart (Alfaro et  al., 2013) and nnet (Ripley 
et  al., 2016) packages, respectively. Model performance was 
evaluated by the combined accuracy, sensitivity, specificity, and 
precision (Liu et  al., 2020). The equations are as follows:

A B

FIGURE 1 | Toona sinensis pictures. (A) The young leaves pictures; (B) The 
old leaves pictures.
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Accuracy TP TN

TP TN FP FN
=

+
+ + +  

(1)

 
Sensitivity TP

TP FN
=

+  
(2)

 
Specificity TN

TN FP
=

+  
(3)

 
Precision TP

TP FP
=

+  
(4)

where Accuracy is the overall accuracy rate, TN is true negative, 
TP is true positive, FN is false negative, and FP is false  
positive.

Model Inversion
The Normalized Difference Vegetation Index (NDVI) is a band 
transformation, which was proposed by Kriegler et  al. (1969). 
NDVI is effective for expressing vegetation status and quantified 
vegetation attributes (Huang et  al., 2020). There is a difference 
between the NDVI of the T. sinensis leaves and the NDVI 
of the background in the photographed pictures, so the 
background was removed by screening NDVI. The 848.4 nm 
and 666.7 nm bands were selected for NDVI calculation, and 
the formula is as follows:

 
NDVI NIR R

NIR
=

−
+

848 4 666 7

848 4 666 7

. .

. .R  
(5)

The data with NDVI < 0.8  in the captured pictures were 
excluded. The spectrum extracted from the background-removed 
image was inverted using the selected model.

RESULTS

Average Spectrum of Original and First 
Derivative
The Toona sinensis representative spectra were averaged into 
two groups (O: old leaves, Y: young leaves) plotted in 
Figure 2 based on the original and first derivative processing 
methods. Although the two groups had very similar shapes 
in the original and first derivative spectra, clear differences 
between the two groups of leaves were observed. The spectral 
differences that distinguish young and old leaves are not 
easily discernible in the first derivative spectra, but  
there are clear differences in the original spectra. Three 
important regions were identified: 422.7–503.2, 549.2, and 
646.2–687.2 nm.

Model Evaluation Based on Full 
Wavelength
In order to choose the best combination method for preprocessing 
and model, the original data and the spectral data preprocessed 
by SNV, Savitzky–Golay, first derivative, second derivative, 
SNV + first derivative and SNV + second derivative were input 
into DT, ANN, SVM, PLSDA, and RF models, respectively. 
The accuracy, sensitivity, precision, and specificity of methods 
based on different preprocessing methods and five model 
combinations are plotted in Figure  3. It can be  seen that 
using the original spectrum had higher accuracy, sensitivity, 
precision, and specificity than using other preprocessings in 
the same model, and their values were all >95.01%. When 
the same preprocessing method was used, the accuracy, sensitivity, 
precision and specificity of the SVM model were higher than 
those of the other four models, and their values were all above 
96.43%. Among the different preprocessing methods and five 
model combinations, the SVM model using raw spectra was 
the best, yielding the highest accuracy, sensitivity, precision 
and specificity (only the validation set had an accuracy value 
of 99.62% and a sensitivity value of 99.23%, and the rest were 
all 100.00%). In conclusion, in terms of classification performance, 
raw spectra consistently outperform other preprocessing methods. 
Compared with DT, ANN, PLSDA, and RF models, SVM can 
produce a reliable and robust classification result in most of 
the preprocessing spectra. Therefore, raw spectra and SVM 
models were chosen for future use.

Important Variables
Non-informative variables may affect the accuracy of the 
modeling. Feature wavelength selection can reduce the 
dimensionality of raw spectral data, retain useful information 
and remove redundant information. The important variable 
values (wavelength) of the original spectrum found by the 
SVM model are shown in Figure  4, and the top  40 important 
spectral variables whose importance value exceeded 0.75 were 
marked. The wavelength of 470.8 nm had a large impact on 
the performance of the SVM model with a value of 0.93, 
followed by 435.5~467.6, 474~493.5, 670.1 and 673.5 nm, which 
were equally important for the SVM model, with a value of 
0.80 ~ 0.82. The wavelengths of 422.7 ~ 432.3, 496.7 ~ 503.2, 549.2, 
646.2 ~ 676.9 and 680.3 ~ 687.2 nm were also important for the 
SVM model, but their values were lower, <0.80. These variables 
were mainly located in the three vital regions (422.7~503.2, 
549.2, and 646.2~687.2 nm) found by the raw spectra (Figure 2).

Evaluation of SVM Model Based on 
Full-Band and Feature-Band
Figure  5 shows the misclassification confusion matrix for 
calibration and validation of the SVM model using full-spectral 
data and feature-spectral data, respectively. The calibration set 
predicted by the SVM model based on full-spectral data had 
no misclassifications, and there were only three misclassifications 
in the validation set. The calibration set predicted by the SVM 
model using the feature variables had no misclassifications, 
and there were only four misclassifications in the validation 
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set. The prediction accuracy of the validation set of the SVM 
model based on full spectrum data and feature variables was 
99.62% and 99.50%, respectively. And the prediction accuracy 
of the calibration set based on full spectrum data and feature 
variables was both 100.00%. The accuracy, sensitivity, precision, 
and specificity (Table  1) of the SVM model based on feature 
variables were lower than those of the SVM model based on 
full spectrum data, but the values were all greater than 99.23%. 
Therefore, the dimensionality-reduced spectrum can also be used 
to accurately identify young and old leaves of T. sinensis. In 
conclusion, the vast majority of young and old leaves of 
T. sinensis can be  accurately classified, which indicates that 
hyperspectral data combined with SVM model is a fast and 
non-destructive method for identifying young and old leaves.

Inversion of the Best Model
Two images (i.e., original image 1 and original image 2) were 
randomly selected from the captured images for prediction. 
Figure  6 shows the results of removing the background of the 

captured images after filtered by the NDVI. Comparing with 
the original images in Figures  7B,D, the background in the 
original images can be  more accurately removed by the NDVI 
index. Then, the full spectrum-based SVM model was used for 
inversion, and the results are shown in Figures  7A,C. It can 
be  seen from Figure  7 that the distribution results of young 
and old leaves of T. sinensis predicted by the SVM model are 
mostly the same as their real distribution in the original image. 
The above results show that the SVM model can be  used for 
the identification of young and old leaves of T. sinensis.

DISCUSSION

Although the color difference between young and old leaves of 
T. sinensis is obvious, distinguishing young leaves from old leaves 
by human eyes is generally subjective and uncertain. Moreover, 
evaluating the yield of T. sinensis by picking is not applicable 
in a large area. Among the spectroscopic studies of T. sinensis, 
most studies focus on the estimation of leaf biochemistry (e.g., 

A

B

FIGURE 2 | The average of VIS–NIR original spectra and first derivatives spectra of young and old leaves. O, old leaves; Y, young leaves. (A): average of VIS–NIR 
original spectra; (B): average of first derivatives spectra.
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chlorophyll and nitrogen content) and wood chemicals (e.g., 
heartwood extract content; Li et  al., 2020; Liu et  al., 2021b). 
However, few studies discuss how to quickly distinguish young 
and old leaves of T. sinensis, which plays an important role in 
breeding and estimating relative T. sinensis yield and provides a 
technical basis for machine picking of T. sinensis. In this study, 
six preprocessing methods (SNV, Savitzky–Golay, first derivative, 
second derivative, SNV + 1st derivative, and SNV + 2nd derivative) 
and raw spectra combined with five common machine learning 
methods were compared using UAV hyperspectral data (RF, SVM, 
ANN, DT, and PLSDA) to evaluate their performance in 
distinguishing young and old leaves of T. sinensis. The results 
show that the combination of the original spectrum and the 
SVM model outperforms other combinations in the overall accuracy, 
providing a high-precision and high-efficiency method for the 
identification of young and old leaves of T. sinensis. The convincing 
results of this study show the potential of UAV hyperspectral 
imaging in distinguishing young and old leaves of T. sinensis.

Six preprocessing methods were used in this study, and the 
models built with raw spectra outperformed those built with 
other preprocessing methods. Different NIR hyperspectral 
preprocessing has a great impact on the output performance 
of the SVM model. Wu et  al. (2021) used near-infrared (NIR) 
hyperspectral to compare the performance of different 
pretreatments and model combinations to distinguish waxy 
wheat (Triticum aestivum L.) and three partially waxy wheat 
from wild-type wheat. It was found that the SVM model based 
on the original spectral data had the highest classification 
accuracy (98.51%) for the prediction set. He et  al. (2019) 
employed near-infrared hyperspectral imaging combined with 
multiple preprocessing and classification models to identify 
the vigor of rice seeds. It is concluded that the combined 
method of the original spectrum and least squares support 
vector machines achieves better results, with the classification 
accuracy over 94.00%. which are similar to the experimental 
results of our study. Different preprocessing methods have pros 

FIGURE 3 | Predicting the performance of PLSDA, SVM, ANN, DT, and RF VIS–NIR classification models for young and old leaves of Toona sinensis based on 
seven VIS–NIR spectral preprocessing methods. Original, no preprocessing; S–G. Savitzky–Golay; SNV, standard normal variate; 1st Der, first derivative; 2nd Der, 
second derivative; SNV + 1st Der, Stsandard Normal Variate combined with first derivative; SNV + 2nd Der, Standard Normal Variate combined with second 
derivative.
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FIGURE 4 | Significant values of wavelengths for distinguishing raw VIS–NIR spectra of young and old leaves of Toona sinensis were found by the SVM model.

A B

C D

FIGURE 5 | The misclassification of young and old leaves of Toona sinensis from calibration and validation the SVM model using raw VIS–NIR spectra and feature 
variable VIS spectrum. (A) The confusion matrix of misclassification for validation data of raw VIS–NIR spectra predicted; (B) The confusion matrix of 
misclassification for calibration data of raw VIS–NIR spectra predicted; (C) The confusion matrix of misclassification for validation data of feature variable VIS 
spectrum predicted; (D) The confusion matrix of misclassification for calibration data of feature variable VIS spectrum predicted.
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and cons. For example, smoothing can remove some noise 
from interfering information and improve the signal-to-noise 
ratio, but may also distort the original signal. The derivative 
can enhance spectral differences, but it tends to reduce the 
signal-to-noise ratio by enhancing the noise. Additionally, models 
obtained using derivative spectroscopy are sometimes less robust 
to instrumental variations (Xu et  al., 2008). In practical 
applications, different spectral preprocessing methods should 
be  selected according to the needs.

Different classification methods, such as PLSDA, SVM, DT, 
RF, and ANN, can achieve classification in different aspects. 
In the classification results of the five models in this study, 
except for the DT model using the second derivative and 
SNV + second derivative, the classification accuracy of the rest 
is above 90.00%. The classification result of the SVM model 
is the best. Lucas et  al. (Domingos et  al., 2021) used visible 
and near-infrared reflectance spectroscopy to effectively 
distinguish young and old leaves of Hevea brasiliensis by PLSDA 
classification, and the established model was robust enough. 
In the results of this paper, the classification accuracy of PLSDA 
(all above 94.08%) is also very high, and it can also be applied 
to the classification of young and old leaves of T. sinensis. 
Castro et  al. (2018) used hyperspectral images to classify 
different stages of coffee rust infection. They used three classifiers 
(DT, SVM, and K-nearest neighbor), and finally the SVM-based 
classifier provided the best performance. Not only that, the 
rapid detection and classification of corn (Zea mays L.) seeds 

by the SVM classification model yielded a high classification 
accuracy of 96.46% (Tao et  al., 2021). The results of these 
studies are consistent with the results of this study, where the 
SVM model shows better classification performance.

The SVM model was used in this study to reduce the high 
dimensionality of hyperspectral data, and three important regions 
were identified to distinguish young and old leaves of T. sinensis. 
The three important regions cover almost the entire visible 
light range: the blue/cyan edge (422.7 ~ 503.2 nm), the green 
peak centered at 550 nm (549.2 nm), and the red reflectance 
minimum (646.2 ~ 687.2 nm). The reflection in the visible band 
is mainly affected by the pigments in the leaves. Previous 
studies have identified the differences in leaf pigment content 
among species as an important factor for classification (Fernandes 
et  al., 2013). Chlorophyll has the greatest effect on visible 
light absorption, followed by anthocyanins and carotenoids 
(Hennessy et  al., 2020). The region of 400 ~ 700 nm has been 
reported to be  sensitive to vegetation biochemical properties 
(such as canopy pigment content and nitrogen content), which 
is important in vegetation identification (Muchow et  al., 1996; 
Fernandes et  al., 2013; Frels et  al., 2018). In particular, the 
band around 680 nm has become the most critical and commonly 
used band for crop identification (Thenkabail et  al., 1999). 
But in this study, the importance value of the band at 470.8 nm 
was the largest (0.93), which may be  related to the fuchsia 
color of its young leaves.

The filtered 40 variables were input into the SVM classifier 
to distinguish young and old leaves of T. sinensis. The SVM 
model using the full spectrum performs better than the SVM 
model using the characteristic wavelengths in our study 
(Figures  2, 5; Table  1). However, the difference between them 
is very small, and the SVM model using characteristic wavelengths 
can also be applied to the classification of young and old leaves. 
Zhu et  al. (2019c) used near-infrared hyperspectral imaging to 
identify seven cotton (Gossypium spp.) seeds and the results 

TABLE 1 | SVM model evaluation of feature variables.

Classification
Accuracy 

(%)
Sensitivity 

(%)
Specificity 

(%)
Precision 

(%)

Calibration 100.00 100.00 100.00 100.00
Validation 99.50 99.23 99.75 99.74

A B

FIGURE 6 | Retained graphs with NDVI > 0.8. (A) Original image 1 after NDVI screening; (B) Original image 2 after NDVI screening.
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showed that the classification model using the full spectrum 
performed better than the classification model using the effective 
wavelength. Yanqi et  al. (2020) used hyperspectral imaging 
technology to quickly identify tea varieties. It was found that 
the use of characteristic spectral modeling reduced the accuracy 
of the discriminant model, and the use of the full spectrum 
combined with the SVM model to distinguish different tea 
varieties had an accuracy rate of up to 100%. Studies have 
also shown that when using hyperspectral imaging to quickly 
and accurately identify Chrysanthemum varieties, all models 
using full wavelengths achieved better performance than models 
using characteristic wavelengths (Wu et  al., 2018). These are 
similar to the results in this paper, and the reason may be  that 
the full hyperspectral data contains more information than the 
selected characteristic wavelengths. In this study, the combination 
method of the selected original spectrum and SVM model was 
applied on Toona sinensis in the experimental site, and satisfactory 

results were obtained (Figure 7). Therefore, it is worth considering 
using this combination method in future when UAV hyperspectral 
is applied to the classification of young and old leaves of 
T. sinensis. However, this method requires continuous validation 
in different species of T. sinensis and in different environments.

CONCLUSION

This study uses UAV hyperspectral imaging technology to 
distinguish young and old leaves of T. sinensis through raw 
spectra and six spectral preprocessing methods combined with 
five machine learning models, in order to identify the optimal 
combination method. PLSDA, SVM, ANN, DT, and RF models 
all achieve satisfactory accuracy when using raw spectra. 
Therefore, all the five models can be  used as a non-destructive 
and fast method to classify young and old leaves of T. sinensis. 
Furthermore, the combination of raw spectra with the SVM 
model is a reliable and robust classification method. This 
suggests that hyperspectral imaging may be a promising technique 
for distinguishing young and old leaves of T. sinensis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be  directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

HW conducted the experiment and wrote the manuscript. YL 
designed the study, supervised experiments, and revised the 
manuscript. XN and JL supported the data collection and field 
experiments and revised the manuscript. ZS assisted in data 
collection and experimental operations. JJ supervised experiments 
and performed revisions of the manuscript. All authors contributed 
to the article and approved the submitted version.

FUNDING

This work was funded by the Zhejiang Science and Technology 
Major Program on Agricultural (forest) New Variety Breeding 
(2021C02070-1-1).

 

REFERENCES

Adam, E., Deng, H., Odindi, J., Abdel-Rahman, E. M., and Mutanga, O. (2017). 
Detecting the early stage of Phaeosphaeria leaf spot infestations in maize 
crop using In situ Hyperspectral data and guided regularized random Forest 
algorithm. J. Spectrosc. 2017, 1–8. doi: 10.1155/2017/6961387

Adão, T., Hruška, J., Pádua, L., Bessa, J., Peres, E., Morais, R., et al. (2017). 
Hyperspectral imaging: a review on UAV-based sensors, data processing 
and applications for agriculture and forestry. Remote Sens. (Basel) 9:1110. 
doi: 10.3390/rs9111110

Alfaro, E., Gamez, M., and Garcia, N. (2013). Adabag: An R package for classification 
with boosting and bagging. J. Stat. Softw. 54, 1–35. doi: 10.18637/jss.v054.i02

Bohnenkamp, D., Kuska, M. T., Mahlein, A. K., and Behmann, J. (2019). 
Hyperspectral signal decomposition and symptom detection of wheat rust 
disease at the leaf scale using pure fungal spore spectra as reference. Plant 
Pathol. 68, 1188–1195. doi: 10.1111/ppa.13020

Bojie, Z., Dong, W., Weizhong, S., Yu, L., and Ke, W. (2019). “Research on 
tea bud identification technology based on HSI/HSV color transformation.” 
in 2019 6th International Conference on Information Science and Control 
Engineering (ICISCE), 511–515.

A B

C D

FIGURE 7 | Distribution of young leaves and old leaves of Toona sinensis in 
the prediction map and the original map. Y, young leaves; (A) Prediction map 
of the original image 1; (B) Original image 1; (C) Prediction map of the original 
image 2; (D) Original image 2.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1155/2017/6961387
https://doi.org/10.3390/rs9111110
https://doi.org/10.18637/jss.v054.i02
https://doi.org/10.1111/ppa.13020


Wu et al. Young Leaves Classification Using UAV

Frontiers in Plant Science | www.frontiersin.org 10 June 2022 | Volume 13 | Article 940327

Breiman, L. (2001). Random forests. Mach. Learn. 45, 5–32. doi: 10.1023/A: 
1010933404324

Cao, J. J., Lv, Q. Q., Zhang, B., and Chen, H. Q. (2019). Structural characterization 
and hepatoprotective activities of polysaccharides from the leaves of Toona 
sinensis (A. Juss) Roem. Carbohydr. Polym. 212, 89–101. doi: 10.1016/j.
carbpol.2019.02.031

Castro, W., Oblitas, J., Maicelo, J., and Avila-George, H. (2018). Evaluation of 
expert systems techniques for classifying different stages of coffee rust 
infection in hyperspectral images. Int. J. Comput. Intellig. Syst. 11:86. doi: 
10.2991/ijcis.11.1.8

Chen, C. H., Li, C. J., Tai, I. C., Lin, X. H., Hsu, H. K., and Ho, M. L. 
(2017). The fractionated Toona sinensis leaf extract induces apoptosis 
of human osteosarcoma cells and inhibits tumor growth in a murine 
Xenograft model. Integr. Cancer Ther. 16, 397–405. doi: 10.1177/ 
1534735416675951

Chen, X., Xu, Y., Meng, L., Chen, X., Yuan, L., Cai, Q., et al. (2020). Non-
parametric partial least squares–discriminant analysis model based on sum 
of ranking difference algorithm for tea grade identification using electronic 
tongue data. Sens. Actuators B 311:127924. doi: 10.1016/j.snb.2020.127924

Chen, T., Zhang, J., Chen, Y., Wan, S., and Zhang, L. (2019). Detection of 
peanut leaf spots disease using canopy hyperspectral reflectance. Comput. 
Electron. Agric. 156, 677–683. doi: 10.1016/j.compag.2018.12.036

Chen, Y., Zhang, Y., Xin, J., Yi, Y., Liu, D., and Liu, H. (2018). “A UAV-based 
Forest fire detection algorithm using convolutional neural network.” in 2018 
37th Chinese Control Conference (CCC), 10305–10310.

Del Frate, F., Pacifici, F., Schiavon, G., and Solimini, C. (2007). Use of neural 
networks for automatic classification From high-resolution images. IEEE 
Trans. Geosci. Remote Sens. 45, 800–809. doi: 10.1109/TGRS.2007.892009

Deng, X., Zhu, Z., Yang, J., Zheng, Z., Huang, Z., Yin, X., et al. (2020). 
Detection of Citrus Huanglongbing based on multi-input neural network 
model of UAV Hyperspectral remote sensing. Remote Sens. (Basel) 12:2678. 
doi: 10.3390/rs12172678

Domingos, L., da Silva, A., Alves Filho, E. G., Silva, L. M. A., Tavares, C. H., 
Gervasio Pereira, M., et al. (2021). Near infrared spectroscopy to rapid 
assess the rubber tree clone and the influence of maturation and disease 
at the leaves. Microchem. J. 168:106478. doi: 10.1016/j.microc.2021.106478

Fabiyi, S. D., Vu, H., Tachtatzis, C., Murray, P., Harle, D., Dao, T. K., et al. 
(2020). Varietal classification of Rice seeds using RGB and Hyperspectral 
images. IEEE Access 8, 22493–22505. doi: 10.1109/ACCESS.2020.2969847

Feng, W., Zhang, H.-Y., Zhang, Y.-S., Qi, S.-L., Heng, Y.-R., Guo, B.-B., et al. 
(2016). Remote detection of canopy leaf nitrogen concentration in winter 
wheat by using water resistance vegetation indices from in-situ hyperspectral 
data. Field Crop Res 198, 238–246. doi: 10.1016/j.fcr.2016.08.023

Fernandes, M. R., Aguiar, F. C., Silva, J. M. N., Ferreira, M. T., and Pereira, J. M. 
C. (2013). Spectral discrimination of giant reed (Arundo donax L.): A seasonal 
study in riparian areas. ISPRS J. Photogramm. Remote Sens. 80, 80–90. doi: 
10.1016/j.isprsjprs.2013.03.007

Frels, K., Guttieri, M., Joyce, B., Leavitt, B., and Baenziger, P. S. (2018). Evaluating 
canopy spectral reflectance vegetation indices to estimate nitrogen use traits 
in hard winter wheat. Field Crop Res 217, 82–92. doi: 10.1016/j.fcr.2017.12.004

Fu, Y., Yang, G., Song, X., Li, Z., Xu, X., Feng, H., et al. (2021). Improved 
estimation of winter wheat aboveground biomass using multiscale textures 
extracted from UAV-based digital images and Hyperspectral feature analysis. 
Remote Sens. (Basel) 13:581. doi: 10.3390/rs13040581

Gholizadeh, A., Borůvka, L., Saberioon, M. M., Kozák, J., Vašát, R., and 
Němeček, K. (2016). Comparing different data preprocessing methods for 
monitoring soil heavy metals based on soil spectral features. Soil Water 
Res. 10, 218–227. doi: 10.17221/113/2015-SWR

He, X., Feng, X., Sun, D., Liu, F., Bao, Y., and He, Y. (2019). Rapid and 
nondestructive measurement of rice seed vitality of different years using 
near-infrared hyperspectral imaging. Molecules 24:2227. doi: 10.3390/
molecules24122227

Hennessy, A., Clarke, K., and Lewis, M. (2020). Hyperspectral classification of 
plants: a review of waveband selection Generalisability. Remote Sens. 12:113. 
doi: 10.3390/rs12010113

Huang, S., Tang, L., Hupy, J. P., Wang, Y., and Shao, G. (2020). A commentary 
review on the use of normalized difference vegetation index (NDVI) in 
the era of popular remote sensing. J. For. Res. 32, 1–6. doi: 10.1007/
s11676-020-01155-1

Kriegler, F., Malila, W., Nalepka, R., and Richardson, W. (1969). “Preprocessing 
transformations and their effects on multispectral recognition.” Remote Sensing 
of Environment, VI. 97.

Kuhn, M., Wing, J., Weston, S., Williams, A., Keefer, C., Engelhardt, A., et al. 
(2020). Package “caret”. R J. 223:7.

Li, Y., Dong, X., Sun, Y., Liu, J., and Jiang, J. (2020). An efficient method to 
reduce grain angle influence on NIR spectra for predicting extractives content 
from heartwood stem cores of Toona. Sinensis. Plant Methods 16:77. doi: 
10.1186/s13007-020-00623-3

Liao, J. W., Chung, Y. C., Yeh, J. Y., Lin, Y. C., Lin, Y. G., Wu, S. M., et al. 
(2007). Safety evaluation of water extracts of Toona sinensis Roemor leaf. 
Food Chem. Toxicol. 45, 1393–1399. doi: 10.1016/j.fct.2007.01.020

Liu, W., Li, Y., Liu, J., and Jiang, J. (2021a). Estimation of plant height and 
aboveground biomass of Toona sinensis under drought stress using RGB-D 
imaging. Forests 12:1747. doi: 10.3390/f12121747

Liu, W., Li, Y., Tomasetto, F., Yan, W., Tan, Z., Liu, J., et al. (2021b). Non-
destructive measurements of Toona sinensis chlorophyll and nitrogen content 
Under drought stress using Near infrared spectroscopy. Front. Plant Sci. 
12:809828. doi: 10.3389/fpls.2021.809828

Liu, W., Liu, J., Jiang, J., and Li, Y. (2020). Comparison of partial least 
squares-discriminant analysis, support vector machines and deep neural 
networks for spectrometric classification of seed vigour in a broad range 
of tree species. J. Near Infrared Spectrosc. 29, 33–41. doi: 10.1177/ 
0967033520963759

Melgani, F., and Bruzzone, L. (2004). Classification of hyperspectral remote 
sensing images with support vector machines. IEEE Trans. Geosci. Remote 
Sens. 42, 1778–1790. doi: 10.1109/TGRS.2004.831865

Meyer, D., Dimitriadou, E., Hornik, K., Weingessel, A., Leisch, F., Chang, C.-C., 
et al. (2019). Package “e1071”. Available at: http://sunsite2.icm.edu.pl/pub/
unix/math/cran/web/packages/e1071/e1071.pdf

Miaw, C. S. W., Sena, M. M., Souza, S. V. C., Callao, M. P., and Ruisanchez, I. 
(2018). Detection of adulterants in grape nectars by attenuated total reflectance 
Fourier-transform mid-infrared spectroscopy and multivariate classification 
strategies. Food Chem. 266, 254–261. doi: 10.1016/j.foodchem.2018.06.006

Muchow, R. C., Robertson, M. J., Wood, A. W., and Keating, B. A. (1996). 
Effect of nitrogen on the time-course of sucrose accumulation in sugarcane. 
Field Crop Res 47, 143–153. doi: 10.1016/0378-4290(96)00022-6

Näsi, R., Honkavaara, E., Blomqvist, M., Lyytikäinen-Saarenmaa, P., Hakala, T., 
Viljanen, N., et al. (2018). Remote sensing of bark beetle damage in urban 
forests at individual tree level using a novel hyperspectral camera from 
UAV and aircraft. Urban For. Urban Green. 30, 72–83. doi: 10.1016/j.
ufug.2018.01.010

Peng, W., Liu, Y., Hu, M., Zhang, M., Yang, J., Liang, F., et al. (2019). Toona 
sinensis: a comprehensive review on its traditional usages, phytochemisty, 
pharmacology and toxicology. Rev. Bras. Farm. 29, 111–124. doi: 10.1016/j.
bjp.2018.07.009

Rahman, C. R., Arko, P. S., Ali, M. E., Iqbal Khan, M. A., Apon, S. H., 
Nowrin, F., et al. (2020). Identification and recognition of rice diseases and 
pests using convolutional neural networks. Biosyst. Eng. 194, 112–120. doi: 
10.1016/j.biosystemseng.2020.03.020

Rinnan, Å., Berg, F., and Engelsen, S. B. (2009). Review of the most common 
pre-processing techniques for near-infrared spectra. TrAC Trends Anal. 
Chem. 28, 1201–1222. doi: 10.1016/j.trac.2009.07.007

Ripley, B., Venables, W., and Ripley, M. B. (2016). Package “nnet”, R package 
version. 7, 700.

Sothe, C., Dalponte, M., Almeida, C. M., Schimalski, M. B., Lima, C. L., 
Liesenberg, V., et al. (2019). Tree species classification in a highly diverse 
subtropical Forest integrating UAV-based photogrammetric point cloud and 
Hyperspectral data. Remote Sens. 11:1338. doi: 10.3390/rs11111338

Sothe, C., De Almeida, C. M., Schimalski, M. B., La Rosa, L. E. C., Castro, J. D. 
B., Feitosa, R. Q., et al. (2020). Comparative performance of convolutional 
neural network, weighted and conventional support vector machine and random 
forest for classifying tree species using hyperspectral and photogrammetric 
data. GISci. Remote Sens. 57, 369–394. doi: 10.1080/15481603.2020.1712102

Stevens, A., and Ramirez-Lopez, L. (2014). An introduction to the prospectr 
package. R package vignette, Report No.: R Package Version 0.1. 3.

Suchacz, B., and Wesolowski, M. (2006). The recognition of similarities in 
trace elements content in medicinal plants using MLP and RBF neural 
networks. Talanta 69, 37–42. doi: 10.1016/j.talanta.2005.08.026

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1016/j.carbpol.2019.02.031
https://doi.org/10.1016/j.carbpol.2019.02.031
https://doi.org/10.2991/ijcis.11.1.8
https://doi.org/10.1177/1534735416675951
https://doi.org/10.1177/1534735416675951
https://doi.org/10.1016/j.snb.2020.127924
https://doi.org/10.1016/j.compag.2018.12.036
https://doi.org/10.1109/TGRS.2007.892009
https://doi.org/10.3390/rs12172678
https://doi.org/10.1016/j.microc.2021.106478
https://doi.org/10.1109/ACCESS.2020.2969847
https://doi.org/10.1016/j.fcr.2016.08.023
https://doi.org/10.1016/j.isprsjprs.2013.03.007
https://doi.org/10.1016/j.fcr.2017.12.004
https://doi.org/10.3390/rs13040581
https://doi.org/10.17221/113/2015-SWR
https://doi.org/10.3390/molecules24122227
https://doi.org/10.3390/molecules24122227
https://doi.org/10.3390/rs12010113
https://doi.org/10.1007/s11676-020-01155-1
https://doi.org/10.1007/s11676-020-01155-1
https://doi.org/10.1186/s13007-020-00623-3
https://doi.org/10.1016/j.fct.2007.01.020
https://doi.org/10.3390/f12121747
https://doi.org/10.3389/fpls.2021.809828
https://doi.org/10.1177/0967033520963759
https://doi.org/10.1177/0967033520963759
https://doi.org/10.1109/TGRS.2004.831865
http://sunsite2.icm.edu.pl/pub/unix/math/cran/web/packages/e1071/e1071.pdf
http://sunsite2.icm.edu.pl/pub/unix/math/cran/web/packages/e1071/e1071.pdf
https://doi.org/10.1016/j.foodchem.2018.06.006
https://doi.org/10.1016/0378-4290(96)00022-6
https://doi.org/10.1016/j.ufug.2018.01.010
https://doi.org/10.1016/j.ufug.2018.01.010
https://doi.org/10.1016/j.bjp.2018.07.009
https://doi.org/10.1016/j.bjp.2018.07.009
https://doi.org/10.1016/j.biosystemseng.2020.03.020
https://doi.org/10.1016/j.trac.2009.07.007
https://doi.org/10.3390/rs11111338
https://doi.org/10.1080/15481603.2020.1712102
https://doi.org/10.1016/j.talanta.2005.08.026


Wu et al. Young Leaves Classification Using UAV

Frontiers in Plant Science | www.frontiersin.org 11 June 2022 | Volume 13 | Article 940327

Tao, X., Li, Y., Yan, W., Wang, M., Tan, Z., Jiang, J., et al. (2021). Heritable 
variation in tree growth and needle vegetation indices of slash pine (Pinus 
elliottii) using unmanned aerial vehicles (UAVs). Ind. Crop Prod. 173:114073. 
doi: 10.1016/j.indcrop.2021.114073

Thenkabail, P. S., Smith, R. B., and De Pauw, E. (1999). Hyperspectral Vegetation 
Indices for Determining Agricultural Crop Characteristics. Yale University, 
Center for Earth Observation.

Wang, Y., Shao, P., Wu, M., Wang, X., Zhou, J., and Liu, S. (2018). Research 
on the tea bud recognition based on improved k-means algorithm. MATEC 
Web Conf. 232:03050. doi: 10.1051/matecconf/201823203050

Wright, M. N., and Ziegler, A. (2017). Ranger: a fast implementation of random 
forests for high dimensional data in C++ and R. J. Stat. Softw. 77, 1–17. 
doi: 10.18637/jss.v077.i01

Wu, Y., Yun, Y., Chen, J., and Liu, D. (2021). Discrimination of waxy Wheats 
using near-infrared Hyperspectral spectroscopy. Food Anal. Methods 14, 
1704–1713.

Wu, N., Zhang, C., Bai, X., Du, X., and He, Y. (2018). Discrimination of 
chrysanthemum varieties using hyperspectral imaging combined with a deep 
convolutional neural network. Molecules 23:2831. doi: 10.3390/
molecules23112831

Xia, C., Yang, S., Huang, M., Zhu, Q., Guo, Y., and Qin, J. (2019). Maize seed 
classification using hyperspectral image coupled with multi-linear discriminant 
analysis. Infrared Phys. Technol. 103:103077. doi: 10.1016/j.infrared.2019.103077

Xu, L., Zhou, Y.-P., Tang, L.-J., Wu, H.-L., Jiang, J.-H., Shen, G.-L., et al. 
(2008). Ensemble preprocessing of near-infrared (NIR) spectra for multivariate 
calibration. Anal. Chim. Acta 616, 138–143. doi: 10.1016/j.aca.2008.04.031

Yanqi, Z., Zhiliang, K., Peng, W., and Xiong, L. (2020). A method of distinguishing 
tea varieties based on Hyperspectral imaging. J. Phys. Conf. Ser. 1617:012061. 
doi: 10.1088/1742-6596/1617/1/012061

Zhai, X., and Granvogl, M. (2020). Elucidation of the impact of different drying 
methods on the key odorants of Toona sinensis (A. Juss.) Roem. Using the 
Sensomics Approach. J. Agric. Food Chem. 68, 7697–7709. doi: 10.1021/
acs.jafc.0c02144

Zhang, C., and Kovacs, J. M. (2012). The application of small unmanned aerial 
systems for precision agriculture: a review. Precis. Agric. 13, 693–712. doi: 
10.1007/s11119-012-9274-5

Zhang, Y., Luan, Q., Jiang, J., and Li, Y. (2021). Prediction and utilization of 
malondialdehyde in exotic pine Under drought stress using near-infrared 
spectroscopy. Front. Plant Sci. 12:735275. doi: 10.3389/fpls.2021.735275

Zhang, C., Pan, X., Li, H., Gardiner, A., Sargent, I., Hare, J., et al. (2018). A 
hybrid MLP-CNN classifier for very fine resolution remotely sensed image 
classification. ISPRS J. Photogramm. Remote Sens. 140, 133–144. doi: 10.1016/j.
isprsjprs.2017.07.014

Zhang, L., Sun, H., Rao, Z., and Ji, H. (2020). Hyperspectral imaging technology 
combined with deep forest model to identify frost-damaged rice seeds. 
Spectrochim. Acta A Mol. Biomol. Spectrosc. 229:117973. doi: 10.1016/j.
saa.2019.117973

Zhao, J., Fang, Y., Chu, G., Yan, H., Hu, L., and Huang, L. (2020). Identification 
of leaf-scale wheat powdery mildew (Blumeria graminis f. sp. Tritici) combining 
Hyperspectral imaging and an SVM classifier. Plants 9:936. doi: 10.3390/
plants9080936

Zhu, S., Chao, M., Zhang, J., Xu, X., Song, P., Zhang, J., et al. (2019a). 
Identification of soybean seed varieties based on Hyperspectral imaging 
technology. Sensors 19:5225. doi: 10.3390/s19235225

Zhu, S., Peng, H., Li, Z., Yang, B., and Liao, X. (2019b). Estimating maize above-
ground biomass using 3D point clouds of multi-source unmanned aerial vehicle 
data at multi-spatial scales. Remote Sens. 11:2678. doi: 10.3390/rs11222678

Zhu, S., Zhou, L., Gao, P., Bao, Y., He, Y., and Feng, L. (2019c). Near-infrared 
hyperspectral imaging combined with deep learning to identify cotton seed 
varieties. Molecules 24:3268. doi: 10.3390/molecules24183268

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Wu, Song, Niu, Liu, Jiang and Li. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/j.indcrop.2021.114073
https://doi.org/10.1051/matecconf/201823203050
https://doi.org/10.18637/jss.v077.i01
https://doi.org/10.3390/molecules23112831
https://doi.org/10.3390/molecules23112831
https://doi.org/10.1016/j.infrared.2019.103077
https://doi.org/10.1016/j.aca.2008.04.031
https://doi.org/10.1088/1742-6596/1617/1/012061
https://doi.org/10.1021/acs.jafc.0c02144
https://doi.org/10.1021/acs.jafc.0c02144
https://doi.org/10.1007/s11119-012-9274-5
https://doi.org/10.3389/fpls.2021.735275
https://doi.org/10.1016/j.isprsjprs.2017.07.014
https://doi.org/10.1016/j.isprsjprs.2017.07.014
https://doi.org/10.1016/j.saa.2019.117973
https://doi.org/10.1016/j.saa.2019.117973
https://doi.org/10.3390/plants9080936
https://doi.org/10.3390/plants9080936
https://doi.org/10.3390/s19235225
https://doi.org/10.3390/rs11222678
https://doi.org/10.3390/molecules24183268
http://creativecommons.org/licenses/by/4.0/

	Classification of Toona sinensis Young Leaves Using Machine Learning and UAV-Borne Hyperspectral Imagery
	Introduction
	Materials and Methods
	Study Area and Plants
	Hyperspectral Image Acquisition
	Hyperspectral Image Calibration and Data Acquisition
	Data Analysis
	Spectral Preprocessing
	Model Building and Performance Evaluation
	Model Inversion

	Results
	Average Spectrum of Original and First Derivative
	Model Evaluation Based on Full Wavelength
	Important Variables
	Evaluation of SVM Model Based on Full-Band and Feature-Band
	Inversion of the Best Model

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding

	References

