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Abstract: Anthocyanins are severity indicators for apple mosaic disease and can be used to monitor
tree health. However, most of the current studies have focused on healthy leaves, and few studies
have estimated the anthocyanin content in diseased leaves. In this study, we obtained the hyper-
spectral data of apple leaves with mosaic disease, analyzed the spectral characteristics of leaves
with different degrees of Mosaic disease, constructed and screened the spectral index sensitive to
anthocyanin content, and improved the estimation model. To improve the conciseness of the model,
we integrated Variable Importance in Projection (VIP), Partial Least Squares Regression (PLSR), and
Akaike Information Criterion (AIC) to select the optimal PLSR model and its independent variables.
Sparrow Search Algorithm-Random Forest (SSA-RF) was used to improve accuracy. Results showed
the following: (1) anthocyanin content increased gradually with the aggravation of disease. The
reflectance of the blade spectrum in the visible band increased, the red edge moved to short wave, and
the phenomenon of “blue shift of spectrum” occurred. (2) The VIP-PLSR-AIC selected 17 independent
variables from 21 spectral indices. (3) Variables were used to construct PLSR, Back Propagation (BP),
Support Vector Machine (SVM), Random Forest (RF), and SSA-RF to estimate anthocyanin content.
Results showed the estimation accuracy and stability of the SSA-RF model were better than other
models. The model set determination coefficient (R?) was up to 0.955, which is 0.047 higher than
that of the RF model and 0.138 higher than that of the SVM model with the lowest accuracy. The
model was constructed at the leaf scale and can provide a reference for other scale studies, including a
theoretical basis for large-area, high-efficiency, high-precision anthocyanin estimation and monitoring
of apple mosaics using remote sensing technology.

Keywords: hyperspectral imaging; mosaic disease; anthocyanin; Akaike Information Criterion;
Random Forest; Sparrow Search Algorithm

1. Introduction

Apple mosaic disease [1] is a viral disease that affects most orchards. Severe infections
will affect leaf photosynthesis and cause early deciduous development, resulting in yield
reduction. Timely identification of the degree of disease in fruit trees is of great significance
for maintaining the economic interests of fruit farmers. Anthocyanin (Anth) [2] is one of the
three main pigments in plant tissues, and changes in its content can reflect the physiological
conditions of plants [3]. Therefore, the estimation of anthocyanin content in apple leaves [4]
can be used to monitor the disease status.

Hyperspectral technology [5-8] has become widely used in plant biochemical param-
eter monitoring because of its characteristics of high resolution, high efficiency, lack of
damage [9], and real-time observations, providing an effective means [10] for the implemen-
tation of fine agriculture. Estimation of biochemical parameters is an important method for
monitoring vegetation growth [11-13], and research in this area is relatively mature. Gu
used hyperspectral data to estimate the content of anthocyanins in maize leaves to grasp
the growth status of maize [14]. Hernandez judged the ripening of grapes by estimating the
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anthocyanin content of grapes [15]. Yang used hyperspectral data to generate a visualiza-
tion of the changes in anthocyanin content of litchi during storage [16]. Researchers have
studied and constructed various vegetation indices [17-20], for example, the Difference
Spectral Index (DSI), Ratio Spectral Index (RSI), and Normalized Difference Spectral Index
(NDSI). Lopes modified DSI, RSI, and NDVI; combined linear, exponential, power, and
logarithmic regression in the modeling process; and confirmed the feasibility of using
the spectral index to estimate carotenoid and anthocyanin content in lettuce [21]. Some
scholars have found that the vegetation index constructed after first- and second-order
differential transformation of the original spectrum [22-25] can improve the accuracy of
biochemical parameter content estimation. Wumuti used the multi-dimensional spectral
index to build estimation models of wheat leaf area, and the spectral index after first-order
differential treatment performed best [26]. Moreover, some scholars have constructed a
vegetation index for anthocyanin estimation by selecting sensitive bands in the visible and
near-infrared bands. These include the Red/Green index (RG), Anthocyanin Content Index
(ACI), and Modified Anthocyanin Content Index (MACI) [27,28]. Feng used ACI to build a
CNN model and successfully distinguished infected cabbage from healthy cabbage [29].
When plant species or health status change, the composition and content of anthocyanins
in leaves change, so the adaptability and robustness of the existing spectral indices need to
be further verified.

Since 2010, the application of machine learning in parameter inversion research has
gradually increased [30-34]. Compared with traditional population optimization algo-
rithms that are prone to fall into local optimal solutions and slow convergence rate, the
Sparrow Search Algorithm (SSA), which was created in 2020, has shown improved ability
to solve problems [35]. The Sparrow Search Algorithm is widely used in image recognition
and element concentration prediction [36-38]. Minxi [39] used SSA to improve Random
Forest (RF), which reduced the parameter optimization time and improved the accuracy of
the molecular prediction model of drug compounds antagonizing the activity of the ER
o gene. Chang [40] detected a distributed radar target with SSA-RF and concluded that
it had higher detection performance than other classical methods. Additionally, Liu [41]
used Grey Wolf Algorithm-Support Vector Machines (GWO-5VM), GWO-RFE, SSA-SVM,
and SSA-RF models to predict and assess the availability of groundwater, and the results
showed that the prediction accuracy of the SSA-RF model was the highest (0.764). In
summary, the improvement method of the RF model using SSA has been widely used in
many fields, but it is rarely used in crop parameter estimation, and most studies do not
consider conciseness of the estimation model, where the least independent variables are
used to obtain the best estimation accuracy.

When vegetation is under disease stress, anthocyanin concentration will change obvi-
ously, and the variation rules of anthocyanin concentration caused by different diseases are
different. Therefore, the estimation of anthocyanin content in apple leaves can be used to
monitor the incidence of apple Mosaic disease. However, most existing studies focused
on healthy leaves, and there needed to be more research on the variation of anthocyanin
concentration in diseased leaves. Therefore, this study focused on apple leaves suffering
from mosaic disease. The samples in this study included leaves with different disease
degrees, aiming to explore the changes of anthocyanin concentration and spectral char-
acteristics of leaves throughout the whole period. Further, using hyperspectral data, a
machine learning method that can accurately estimate the concentration of anthocyanins
was obtained. This model can monitor the anthocyanin content through remote sensing
technology, and farmers can find and treat fruit trees in time at the early stage of disease.

To address these problems, we undertook the following studies: (1) Analysis of the
spectral characteristics of apple mosaic disease, and study of the variation in anthocyanin
content in affected leaves; (2) The correlation with anthocyanin content was used as the
criterion to select the spectral index for model construction; (3) Variable importance in
projection (VIP) was introduced, and then a partial least squares regression (PLSR) was used
to establish anthocyanin content estimation models with different numbers of variables. The
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Akaike Information Criterion (AIC) was used to obtain the optimal independent variable,
and this optimal independent variable was used as the anthocyanin estimation model
parameters. This can improve the estimation accuracy, while ensuring the conciseness of
the model; (4) A Random Forest model based on the Sparrow Search Algorithm (SSA-RF)
was used. To ensure the advantages of the RF model, such as fast operation speed, strong
anti-interference ability, and strong anti-overfitting ability, the SSA model was used to
iteratively optimize the parameters of the RF model in order to enhance the stability of
the model.

2. Materials and Methods
2.1. Study Area Overview and Experimental Design

The study area was located in Yangling District, Xianyang City, Shaanxi Province of
China (108°0'57", 34°18'47"), Weihe Plain, with relatively flat land and fertile soil. It is
a continental monsoon climate area with an average annual temperature of 12.9 °C and
average annual precipitation of 635.1 mm. This area is suitable for apple planting and
has a long history of this practice; therefore, it was selected as the experimental area for
research (Figure 1).
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Figure 1. Location of study area.

The apple trees were all 10 years old in the test area. Thirty trees infected with Mosaic
disease were selected for sampling during the peak disease period (June 19). The study
collected 12 leaves from each tree (Figure 2), and 360 leaves were collected. The collected
leaf samples were stored in sealed plastic bags, placed in a fresh-keeping box with ice
cubes, and quickly brought back to the laboratory to obtain the anthocyanin content and
hyperspectral data.
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Figure 2. Sampling point location and Leaves of mosaic disease.

2.2. Data Acquisition and Preprocessing

Dualex 4 (FORCE-A, Orsay, France) was used to determine the anthocyanin content
of the apple leaves, which was used as its true value for subsequent study. Each leaf was
measured three times at different positions, and the average value was taken as the leaf
anthocyanin content [42,43].

In the laboratory, an SVC HR-1024i (Spectra Vista Crop, Poughkeepsie, NY, USA) and
its companion vegetation-specific reflectance probe was used for spectral analysis. The SVC
probe had a built-in lighting source and a special transformer to maintain light and voltage
stability. The spectral detection range was 350-2500 nm. Before the spectral measurement,
the instrument was calibrated. After the correction curve was stable, the apple leaf was
placed in the blade clamp of the probe for measurement. Multiple reflectance curves of
anthocyanin position were measured, the average value was taken as the final spectral
reflectance curve of the leaf, and 360 hyperspectral data were obtained.

Anthocyanins are mainly related to near-infrared, short-wave, and visible bands;
therefore [28], spectral reflectance in the range of 400-1000 nm was selected for this study.
The spectra were resampled at 1 nm intervals, and a Savitzky—Golay filter [44] was used
for noise reduction. The processed spectral data were used as original spectra for the first-
and second-order differential transformations, and the first- and second-order differential
spectrum were obtained, respectively.

The data were sorted according to the severity of disease from light to severe using
stratified sampling, with 4/5 as the modeling set and 1/5 as the verification set.

2.3. Construct the Sensitivity Spectral Index of Anthocyanins

Under the influence of mosaic disease, the internal structure and pigment content
of apple leaves changed greatly, and the spectral characteristics also changed. Trilat-
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eral parameters are variables based on spectral position characteristics, which can better
reflect changes in spectral characteristics and anthocyanin content. Roy [45] used the
red-edge spectral index to detect nutrient elements lacking in vegetation and the change in
chlorophyll content and demonstrated that the red-edge spectral index was significantly
correlated with chlorophyll content and could effectively monitor the change in chlorophyll
content. Therefore, this study not only selected a variety of common spectral indices but
also selected six trilateral parameters in order to build the model.

The research of Zhang [46] showed that the creation of a spectral index based on
spectral data after differential transformation is conducive to improving estimation accuracy.
Therefore, any pairwise combination operation is performed on the full bands of the original
spectrum, the first-order differential spectrum, and the second-order differential spectrum
to construct three spectral indices, DSI, RSI, and NDSI, to determine the optimal band
combination for estimating the anthocyanin content.

The 21 spectral indices obtained for this study are shown in Table 1.

Table 1. Spectral index table.

Spectral Index Definition/Formula Document
Anthocyanin Content Index (ACI) Rs30/Roa [47]
Adjusted anthocyanin Index (MACI) Raverage(760~800)/Raverage(540~560) [48]
Red-Green Index (RG) Raverage(660~680)/ Raverage(540~560) [49]
Spectral Polygon Vegetation Index (SPVI) 0.4[3.7(Rgpo — Rg70) — 1.21R530 — Rgyo 1] [50]
Composite index 3 (Cl;) [(Rgoo — Raas)/ (Rgoo — Rego)l/ (Rgoo/Re70) (27]
Composite index four (Cly) [(Rs50 — Rys0)/ (Rs50 + Ras0)1/[(Rsoo — Rez0)/ (Rsoo + Rezo)] [27]
Difference spectral index (DSIy) Difference between th.e F)phmal band combination of the [46]
original spectrum
First-order difference value spectral index (DSI;) Difference bej[ween the O.ptlmal b and combination of the [46]
first-order differential spectrum
Second-order difference spectral index (DSI) Difference between the op.tlmal bfmd combination of the [46]
second-order differential spectrum
Ratio spectral index RSI Ratio of the opt1.m.a1 band combination of the [46]
original spectrum
First-order ratio spectral index (RSIy) Ratio of the optlma} band (?omblnatlons in the first-order [46]
differential spectrum
Second-order ratio spectral index (RSIy) Ratio of the optimal l?and cqmbmatlons in the second-order [46]
differential spectrum
Normalized difference spectral index (NDSI) Difference and ratio of .th.e optimal band combination of the [46]
original spectrum
First-order normalized difference spectral Difference and ratio of optimal band combinations in the [46]
index (NDVIy) first-order differential spectrum
Second-order normalized difference spectral Difference and ratio of optimal band combinations in the [46]
index (NDVI,) second-order differential spectrum
. Maximum of first-order differential spectrum in red band
Red edge amplitude (Dy) (680~760 nm) [51]
Integration of the first-order differential spectrum within
Red edge area (/) the red light band (680~760 nm) (511
. Maximum of the first-order differential spectrum in the
Yellow edge amplitude (Dy) yellow light band (560~640 nm) [51]
Integration of the first-order differential spectrum within
Yellow edge area (S,) the yellow light band(560~640 nm) 511
. Maximum of first-order differential spectrum in blue light
Blue edge amplitude (Dy) band (490~530 nm) [51]
Blue edge area () Integration of the first-order differential spectrum within [51]

the blue light band (490~530 nm)
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2.4. Modeling Method
2.4.1. Variable Importance in Projection (VIP)

Variable projection importance [52] is a method of variable screening based on PLSR. It
calculates the explanatory ability of independent variables relative to dependent variables
and screens independent variables according to this result [53]. The formula is as follows:

KYn4 (Vz(l/r Ch)wﬁj)

VIP; =
J Y 72 (y, Cp)

)

where K is the number of independent variables, m is the number of components extracted
from the original independent variable, C;, is the principal component extracted from
the relevant independent variable, and r(y, Cj) is the correlation coefficient between the
dependent variable and principal component and represents the explanatory ability of
the principal component to anthocyanin content (y). W,f]- is the weight of the indepen-
dent variable in the principal component. The higher the value of VIP;, the stronger the
interpretation ability of the anthocyanin content [54].

2.4.2. Akaike Information Criterion (AIC)

The Akaike Information Criterion [55] is a standard for measuring the goodness of
the statistical model fit, which can measure the complexity of the estimated model and the
goodness of the fitted data. For the PLSR model, the AIC can be expressed as:

AIC = nlnS} + 2K )

where 1 is the number of leaves, S% is the sum of the squares of the model, and K is the
number of independent variables in the model.

2.4.3. Sparrow Search Algorithm-Random Forest (SSA-RF)

Random Forest (RF) algorithm [56] is a classification regression model that combines
multiple decision trees whose output is determined by individual trees. RF does not require
distribution assumptions regarding response covariate relationships, and the process uses
average decision trees to make statistically reliable estimates to reduce the risk of overfitting.
However, this algorithm also has some disadvantages because of the randomness of the RF
itself and the fact that the prediction results fluctuate.

The Sparrow Search Algorithm (SSA) [57] has strong optimization ability and fast
convergence. The main idea is to conduct local and global searches by imitating the foraging
and anti-predation behaviors of sparrows. The sparrow foraging process is the process
of algorithm optimization. The SSA comprises discoverers, entrants, and scouts. The
discoverer usually has a high fitness value and is responsible for providing foraging areas
and directions to the entrant. To obtain better food, the entrant will closely follow the
discoverer, monitor, and obtain food at the same time, to ensure their predation rate. When
the scouts find the predator, they immediately send an alarm signal, and all sparrows
respond with anti-predator behavior.

The position of sparrows can be represented as:

X110 X12 0 X1d
X21 X22 -t Xog4

X= . . . . (3)

Xn1 Xn2 0 Xpd
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where 7 is the number of sparrows and d is the dimension of the variable to be optimized.
Then, the fitness values of all sparrows can be expressed as:

f= (x5 xl,d])

Py — f= ([x?,l x2,4]) @

£ = (1 )

where the value of each row in Fy represents the fitness value of the individual. Moreover,
the discoverer’s position update formula is as follows:

i,j(t)~exp(—ﬁ),R < ST

X;(t) +Q-L,R>ST @)

Xij(t+1) = {X
where t is the current number of iterations, T is the maximum number of iterations, X; ;(f)
represents the value of the jth dimension of the ith sparrow at iteration t, « is a random
number of [0, 1], R(R€[0, 1]) is the warning value, ST(ST€[0.5, 1]) is the safety value, Q is
a random number subject to the normal distribution, and L represents a matrix of 1 x d,
where each element is 1. When R < ST, there is no predator around, and the discoverer can
conduct a large-scale search; When R > ST, the scout will immediately send out an alarm
signal when finding the predator, and all sparrows will quickly fly to other safe areas.

The entrant’s position update formula is as follows:

Kuworst (£ 7Xi/' t .
Xij(t+1) = { Qusp(Z ) > 4 ©)
! Xp(t+1) + | X ()= Xp(t+1)|-AT-Li< 2

Xp(t + 1) is the position with the best fitness value among the current discoverers,
Xworst(t) is the position with the worst global fitness, A*™ = AT(AATY 1, A represents a column
vector with the same dimension as the sparrow individual, and the internal elements are
randomly composed of 1 and —1. When i < %, the entrants will actively follow the
discoverer to move towards a better feeding position; When i> 7, the entrants will use the
exp function to get rid of the current poor foraging position.

The scout’s position update formula is as follows:

Xij(t+1) = Xij)+C (e fi= 1z @)
t

Xbest(t) + ﬁ‘XI,]( )* Xbest(t)|ffi > fg

Xpest(t) is the current global optimal location and S is a step-size control parameter.
Ce[—1, 1] is a random number and f; is the fitness value of the current sparrow individual.
f¢ and f,, are the current global best and worst fitness values, respectively. ¢ is a smaller
constant to avoid zero in the denominator. When f; > f,, the sparrow is at the edge of the
population and vulnerable to predators. When f; = f,, the sparrow in the middle of the
population is aware of the danger, so it needs to be close to other sparrows to reduce the
probability of being prey.

The RF is mainly affected by the number of minimum leaf nodes and the number of
decision trees. Therefore, SSA was used to optimize the two parameters of the RF, which
can improve the stability and accuracy of the model [58]. The optimization process is
as follows:

(1) Setinitialization population, iteration number, predator ratio, and warning value.

(2) The RF model is established according to the initial population, and the fitness is
calculated and ranked.

(8) SSA updates the location of predators, scouts, and entrants.

(4) Feedback the results to the RF model, calculate the fitness, and update the position of
the sparrow.
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(5) Judge whether the best fitness is obtained. If so, exit SSA and output RF results.
Otherwise, repeat steps (2) to (4).

3. Results
3.1. Spectral Characteristics of Mosaic Leaves

The symptoms of mosaic disease are yellow spots on the leaves, and with the aggra-
vation of the disease, the affected area increases while the leaves gradually turn white. It
was found that the spectral characteristics of diseased apple leaves also changed owing
to changes in the cell structure. With the aggravation of the disease, the concentration of
anthocyanin in leaves increases and the content of chlorophyll decreases, leading to the
weakening of photosynthetic capacity and absorption of red and blue light. The reflectance
at 400-680 nm increases significantly [59], especially the reflection peak near the wavelength
of 554 nm, as shown in Figure 3a.
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L A lat . ---- Mild Anth=0.62
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0.57 e | aH 0. 006 ======= ;("C:.’“\\ Moderate  Anth=0.71
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Figure 3. (a) Raw spectral features; (b) red edge of leaves with different Anth.

Trilateral parameters, such as spectral indices, commonly used to describe spectral
characteristics, also differ considerably. The spectral red edge [60] is a plant-specific spectral
feature formed by the strong absorption of light in the red band and the strong reflection of
the near-infrared band of plant leaves. The spectral characteristics of the red edge of plants
are usually identified by the position of the red edge, amplitude of the red edge, and area of
the red edge, ranging from 680 nm to 760 nm. When plant leaves are damaged by diseases,
the red-edge characteristics of the spectrum also change. As shown in Figure 3b, compared
with the normal site, the area and amplitude of the red edge of the affected site decreased
with aggravation of the disease, and the position of the red edge moved significantly in the
shortwave direction [61]. There has been a “blue shift.”

The correlation between anthocyanin content and reflectance of the original spectrum,
first differential spectrum, and the second differential spectrum was analyzed. The results are
shown in Figure 4. Anthocyanin content was positively correlated with the original spectrum
(Figure 4a) at 400750 nm, and the correlation coefficient reached its maximum at 698 nm
under red light (r = 0.846). The reflectance of most bands in the range of 400-1000 nm in the
first- and second-order differential spectra (Figure 4b,c) was significantly correlated with
the anthocyanin content. Janik [62] and Huang [63] estimated anthocyanin content using
the near-infrared spectrum and obtained good results. It can be seen that both visible and
near infrared bands are sensitive areas for anthocyanin content. To find the mathematical
relationship between spectral data and anthocyanin content is the key to establishing the
anthocyanin content estimation model using hyperspectral data. The correlation coefficient
can help us find the right mathematical relationship. Therefore, when constructing the
hyperspectral inversion model of anthocyanins, full spectral bands of different spectral
transformations can be considered.
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of the first derivative spectrum with Anth; (c) the correlation coefficient of the second derivative
spectrum with Anth.
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3.2. Correlation Analysis of the Spectral Index and the Anthocyanin Content

This study constructed the DSI, RSI, and NDSI of the original spectrum, and the first-
and second-order differential spectra. As shown in Figure 5, the three spectral indices were
significantly correlated with anthocyanin content (r > 0.8). The DSI of the three spectral
datasets was significantly correlated with anthocyanins in the whole band (Figure 5a,d,g).
RSI and NDSI were significantly correlated with anthocyanins at 680-1000 nm in the
original spectrum (Figure 5b,c) and at 450780 nm in the first- and second-order differential
spectra (Figure 5e f/h,i). As shown in Table 2, the bands of the nine spectral indices were
concentrated at 400-800 nm, and the correlation between them and anthocyanins was
greater than 0.8, which could be used to construct an anthocyanin estimation model.
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Figure 5. Matrix plots of the correlation between anthocyanins and DSI, RSI, NDSI: (a—c) constructed
by raw spectrum; (d—f) constructed by first derivative spectrum; (g-i) constructed by second deriva-
tive spectrum.
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Table 2. Selected wavelengths, formulas, and the correlation coefficient between anthocyanins and

the spectral index.

Spectral Index Band 1 Band 2 Formula C((:)(e)giecliaetri(t)r(lr)
DSl 477 634 Reza — Rayy 0.854 **
DSIy 424 656 Res6 — Rapa 0.852 **
DsI, 469 619 Rg19 — Rago 0.855 **
RSIy 696 792 Reo6/R792 0.854 **
RSI 573 654 Res4/Rs73 0.829 **
RSI, 531 652 Res2/Rs31 0.830 **

NDSI, 695 791 (Reos — Ry91)/ (Regs + Ryo1) 0.841 **
NDSIy 464 750 (Rap4 — R750)/ (Ryeq + Rysp) 0.854 **
NDSI, 469 732 (Rap9 — R732)/ (Rygg + R732) 0.857 **

Note: ** indicate the correlation coefficient at 0.005 significance level.

3.3. Selection of the Spectral Index Independent Variables Based on the VIP-PLSR-AIC Method

3.3.1. VIP Analysis of Spectral Index and Anthocyanin Content

The results of the VIP analysis of the 21 spectral indices and anthocyanin contents
are shown in Table 3. It can be seen from the table that among the 21 spectral indices, the
largest VIP value is NDSI, (VIP = 1.118) and the smallest is Sy (VIP = 0.219). In general,
all spectral indices had strong explanatory abilities for anthocyanin content, with the DSI,
RSI, and NDSI of the three spectral data having the strongest explanatory abilities, and
VIP being greater than 1. The interpretative ability of the trilateral parameters was weak,
and only the VIP value of Sr was greater than 1. According to a study by Dr. Wold [64],
because the spectral index with a VIP value less than 0.8 contributes little to anthocyanin
content, Dy and Sy are deleted. The VIP values of the remaining 19 spectral indices, from
large to small, are: NDSI,, DSI,, NDSI;, RSly, DSIy, DSI;, ACI, NDSIy, RSI,, RSI, SPVI, CI3,
S¢, Cly, MACI, Dy, Sy, RG, Dy, Therefore, according to this sequence, spectral indices were
successively increased as independent variables to conduct PLSR modeling analysis.

Table 3. VIP Value and sorting of spectral index.

Spectral Index VIP Value Sort
DSl 1.114 5
DSy 1.112 6
DsI, 1.115 2
RS 1.114 4
RSLy 1.08 10
RSI, 1.082 9

NDSI 1.097 8
NDSIy 1.115 3
NDSI, 1.118 1
ACI 1.106 7
MACI 0.956 15
SPVI 1.044 11
RG 0.850 18
Cl; 1.038 12
Cly 1.033 14
D, 0.924 16
S, 1.037 13
Dy 0.679 20
Sy 0.219 21
Dy 0.839 19
Sy 0.872 17
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3.3.2. Selection of Optimal Independent Variables

According to the VIP value, the spectral index was successively increased as an input
variable to conduct the PLSR modeling analysis for the modeling set. The optimal PLSR
model and optimal independent variables were selected according to the AIC criterion.
The results are presented in Table 4. The AIC value also changes when the number of
independent variables changes. According to the principle of AIC [65], the model with
the lowest AIC value in a set of models is the best to interpret data and contains the
least number of free parameters, which are the optimal independent variables. As can
be seen from the table, when the number of model independent variables in PLSR is 17,
the AIC value reaches a minimum value (AIC = 59.632). Therefore, the PLSR model with
17 independent variables was selected as the optimal PLSR model, and its independent
variables were the optimal independent variables.

yp = 030x; +0.11x; + 0.56x3 + 4.50x4 — 0.49x5 — 0.09x6 — 3.66x7 — 2.18x5 -+ 0.26x
70.13){10 - 2.71X11 + 0903{12 + 2.71X13 - 0.69X14 + 0.24X15 - 0.54X16 + 1.02X17

®)

where y,, is the estimated anthocyanin content and x; is the spectral index ranking i in the
VIP value.

Table 4. AIC values of PLSR with different numbers of independent variables.

Number of Independent Variables Residual Sum of Squares AIC
5 0.823 —46.009
6 0.823 —44.015
7 0.822 —42.326
8 0.812 —43.803
9 0.800 —46.101
10 0.797 —45.459
11 0.796 —43.755
12 0.788 —44.629
13 0.775 —47.290
14 0.775 —45.303
15 0.769 —45.462
16 0.764 —45.689
17 0.722 —59.632
18 0.721 —58.201
19 0.711 —58.205

3.3.3. Establishment and Comparison of Hyperspectral Estimation Models for
Anthocyanin Content in Apple Leaves

Seventeen optimal independent variables were used to establish RF and SSA-RF
models to estimate the anthocyanin content. The number of decision trees and leaf nodes
of the RF model were set to 5. The initial parameters of SSA were set as follows: population
number 50, discoverer ratio 0.3, warning value 0.8, and maximum number of iterations,
20. The running results are shown in Figure 6. After the 8th iteration, the optimal fitness is
0.0306, the number of optimal decision trees was 20, and the minimum leaf node was 10.
The estimated results for anthocyanin content are shown in Figures 7 and 8, and both the
modeling and verification sets achieved good estimated results. The Root Mean Square
Error (RMSE) and Determination Coefficient (R?) were selected as evaluation indices to
compare the estimation results. The RMES of the SSA-RF model in the modeling and
validation sets were 0.022 and 0.038, and the R? values were 0.955 and 0.849, respectively.
Compared to the RF model before improvement, the RMSE value of the modeling set was
reduced by 31.25%, and the R? value increased by 5.18%. The RMSE value of the validation
set decreased by 19.15%, and the R? value increased by 11.27%.
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Figure 6. Iteration procedure of SSA.
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Figure 7. Fitting analysis of estimation results of RF model: (a) modeling set; (b) validation set.
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Figure 8. Fitting analysis of estimation results of SSA-RF model: (a) modeling set; (b) validation set.

To determine the superiority of the SSA-RF model more directly, the BP and SVM
models were added to estimate anthocyanin content. Through repeated training and testing
of the model, the BP model parameters were determined as follows: learning rate, 0.001;
the time step, 1; hidden size, 6; and iteration epoch, 500. The kernel function of the SVM
model was RBF, penalty coefficient C was 0.66, and Gamma was 0.03. Comparing the
estimated results of anthocyanin content in the PLSR, BP, SVM, RF, and SSA-RF models, it
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could be seen (Table 5) that for the anthocyanin content estimation results of the modeling
dataset, the SVM model had the worst estimation ability (RMES = 0.056, R? = 0.717). In
the validation set, the BP model exhibited the worst estimation ability (RMES = 0.049,
R? = 0.743). In both the modeling and validation sets, the SSA-RF model was the best in
terms of estimation accuracy and goodness of fit.

Table 5. Comparison of estimation results of different models.

Data Methods R? RMSE
PLSR 0.770 0.050
BP 0.898 0.033
Modeling set SVM 0.717 0.056
RF 0.908 0.032
SSA-RF 0.955 0.022
PLSR 0.800 0.043
BP 0.734 0.049
Validation set SVM 0.846 0.038
RF 0.763 0.047
SSA-RF 0.849 0.038

4. Discussion
4.1. Effect of Apple Mosaic Disease on Leaf Spectral Reflectivity and Anthocyanin Content

The measurement of pigment content in plants can be used to monitor their growth
in real time, which is particularly useful for vegetation monitoring. Gao [66] explored
spectral responses at different growth stages, providing a model for chlorophyll content
estimation to meet the requirements of high-throughput phenotypic analysis. Pigment
content can also reflect the environmental stress in vegetation. Ruyan [67] established
a chlorophyll content estimation model using the wavelet coefficient features extracted
from the smoothed spectra (WSMH1 and WSMH?2) processed by the Mexican hat wavelet
function to determine the stress of stripe rust in wheat. In addition, environmental stress
at different growth stages has different effects on the pigment content. Chi [68] found
that under ozone stress, wheat reduced chlorophyll content at different growth stages,
especially at the filling stage. Existing studies mostly use chlorophyll, which is a common
component in all leaves. Anthocyanins are the third major pigment in plant leaves and
are a common component in all leaves. Anthocyanins can repair the light environment
of leaves, and have the potential to regulate photosynthesis, limit photoinhibition and
photobleaching, and defend against light damage [69]. Anthocyanins also have antioxidant
effects, contributing to the repair of damaged leaves [70]. Therefore, dynamic monitoring of
anthocyanin content can assist in understanding the physiological responses and resistance
of vegetation, so as to judge to the degree of environmental stress.

The spectral characteristics of the hyperspectral data of healthy leaves and mosaic
leaves were different in the visible band. With the aggravation of the disease, the reflectance
of the leaves in the visible band gradually increased, and the position of the red edge moved
to the short wave, resulting in a “blue shift” phenomenon. At the same time, anthocyanin
content also increased, and the spectral reflectance of the leaves was significantly correlated
with anthocyanin content. In conclusion, it is feasible to use hyperspectral data to estimate
anthocyanin content to monitor the disease status of apple trees.

4.2. VIP-PLSR-AIC Method Selected the Optimal Arqument Variables of the Model

In this study, 21 spectral indices were initially selected, concentrated in the visible
band of 400-800 nm. The spectral reflectance of leaves with different degrees of disease
in this band was significantly different, and the correlation between spectral indices and
anthocyanin content was higher than 0.8, which met the research requirements. In this
study, Dy and Sy, which were weak in explaining anthocyanin content, were excluded by
the VIP analysis to ensure the accuracy of the model estimation results. Simultaneously, the
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AIC criterion was used to analyze the PLSR model, and RG and D;, were deleted to obtain
17 optimal independent variables for modeling, ensuring the conciseness of the model.
The estimation accuracy of the optimal independent variable modeling using VIP-PLSR-
AIC screening was lowest in the SVM model (modeling set, RMES = 0.056, R? = 0.717)
and highest in the SSA-RF model (modeling set, RMES = 0.022, RZ = 0.955). The results
show that the VIP-PLSR-AIC method can effectively ensure the estimation accuracy and
conciseness of the model.

4.3. Evaluation of the SSA-RF Model

Traditional methods of measuring anthocyanin content in leaves are restricted by space,
time, and other factors. However, machine learning methods combined with hyperspectral
remote sensing technology can obtain anthocyanin content in leaves over a large area,
at high speed, and with no damage. In this study, various machine learning methods,
such as PLSR, BP, SVM, RF, and SSA-REF, were used to estimate the anthocyanin content.
The accuracy of the estimation results varied significantly; however, all were satisfactory.
The results showed that the best accuracy of anthocyanin content estimation in both the
modelling and validation sets was the SSA-RF model, the worst accuracy of anthocyanin
content estimation in the modeling set was the SVM model, and the worst accuracy of
anthocyanin content estimation in the validation set was the BP model. Among them,
SSA-RF is an algorithm optimized by the Sparrow Search Algorithm for Random Forests.
Chen [71] used the SSA-RF algorithm to predict heavy metal content in soil. The results
show that SSA can quickly find the optimal parameters of RF, and the accuracy of the
prediction results is better than that of the other models. In this study, the SSA-RF model
was superior to other estimation moduli in all aspects, and compared with the unimproved
RF model, the model stability and accuracy were greatly improved. Therefore, the SSA-
RF model was the optimal anthocyanin content estimation model in this study. The
incidence area of mosaic disease is a single leaf, and it is difficult to obtain accurate data
of the incidence area in large-scale images owing to low spectral resolution; therefore,
this study was focused at the leaf scale. To solve this problem, Bhagyashree [72] used the
Universal Pattern Decomposition Method (UPDM) to conduct the spectral reconstruction
of Sentinel-2 data and obtain an AVIRIS-NG image. The applicability of the method
for estimating chlorophyll was further verified using ground measurement data, which
showed a good correlation value (r = 0.65). The results showed that the simulated AVIRIS-
NG is very useful and can be used for vegetation parameter inversion. In future studies,
spectral reconstruction of satellite remote sensing images can be carried out, and real-time
monitoring of large orchards can be achieved using the independent variable selection
method and anthocyanin estimation model in this study to provide help for the prevention
and control of apple mosaic disease.

5. Conclusions

When apple trees suffer from mosaic disease, due to the change of cell structure,
photosynthesis is weakened and anthocyanin content will increase with the increase in the
disease degree; at the same time, the spectral characteristics of leaves also change. Therefore,
a method of estimating anthocyanin content using leaf hyperspectral data was proposed
to monitor the disease status of fruit trees. In this study, the proposed VIP-PLSR-AIC
method screened the optimal argument variables for modeling, ensuring the conciseness
of the model. Simultaneously, the Sparrow Search Algorithm was used to improve the
Random Forest algorithm, and the SSA-RF model with higher estimation accuracy and
more stability was obtained. The R? values of the modeling and verification sets of the
sample estimation results were as high as 0.955 and 0.849, respectively. In conclusion, the
VIP-PLSR-AIC method combined with the SSA-RF model can achieve a higher anthocyanin
content estimation and effectively monitor the disease situation of apple trees.

In this study, the estimation of anthocyanin concentration in apples was based on
the relationship between the variation of anthocyanin concentration caused by mosaic
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disease and the change of spectral characteristics. The changes in vegetation characteristics
caused by different diseases varied. This method can be used to estimate the biochemical
parameters of vegetation theoretically; however, the changes of biochemical parameters
and spectral characteristics of vegetation must be determined first. Because of the different
changes in biochemical parameters and spectral characteristics, the estimation model
proposed in this study cannot guarantee good estimation accuracy. However, the research
method can be used as the basis to obtain accurate estimation methods for the biochemical
parameters of different diseased leaves.
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