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Abstract: A remote sensing technique was developed to detect citrus canker in laboratory conditions
and was verified in the grove by utilizing an unmanned aerial vehicle (UAV). In the laboratory,
a hyperspectral (400–1000 nm) imaging system was utilized for the detection of citrus canker in
several disease development stages (i.e., asymptomatic, early, and late symptoms) on Sugar Belle
leaves and immature (green) fruit by using two classification methods: (i) radial basis function (RBF)
and (ii) K nearest neighbor (KNN). The same imaging system mounted on an UAV was used to detect
citrus canker on tree canopies in the orchard. The overall classification accuracy of the RBF was
higher (94%, 96%, and 100%) than the KNN method (94%, 95%, and 96%) for detecting canker in
leaves. Among the 31 studied vegetation indices, the water index (WI) and the Modified Chlorophyll
Absorption in Reflectance Index (ARI and TCARI 1) more accurately detected canker in laboratory
and in orchard conditions, respectively. Immature fruit was not a reliable tissue for early detection of
canker. However, the proposed technique successfully distinguished the late stage canker-infected
fruit with 92% classification accuracy. The UAV-based technique achieved 100% classification accuracy
for identifying healthy and canker-infected trees.

Keywords: citrus; canker; disease detection; hyperspectral imaging; neural networks; vegetation
indices

1. Introduction

Citrus bacterial canker (CBC), caused by Xanthomonas citri subsp. citri (Xcc; syn. X. axonopodis
pv. citri), is a serious disease of citrus worldwide [1,2]. Symptoms include necrotic, raised lesions
with yellow halos on fruit, leaves, and twigs [3]. The bacterium is dispersed by wind and rain and
prefers humid-wet climates [1]. On severely infected trees, the pathogen can cause severe premature
leaf and fruit drop, twig dieback, blemished fruit, and tree decline, resulting in significant economic
impacts [3]. Late symptoms of this disease may appear within only a few months from the infection.
Visually, a plant may look healthy, but in fact, the bacterial growth stages take a few months to
show symptoms. The disease may spread widely in different ways, including natural events such
as storms and hurricanes [4]. Contaminated equipment can also spread this disease [5]. Another
common way that this disease is spread is by transportation of diseased or seemingly healthy trees
to regions that were previously not infected. CBC is treated with copper applications and is most
effective when used on new flush before the infection. It is necessary to apply copper multiple times
in order to maintain control of CBC during the most susceptible stages of leaf and fruit growth [6].
The asymptomatic stage of this disease is the critical stage to treat a tree, either by using copper-based
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pesticide and/or bactericide. This, in turn, can prevent the disease from spreading throughout the
entire grove. Detection of Xcc in plants relies on culturing and polymerase chain reaction (PCR)
techniques [7,8]. Although PCR diagnosis can be rapid, there is a risk for false negative results due to
the presence of PCR inhibitors in the samples [6]. Culture-based diagnosis is more reliable but can take
up to a week to get results and requires samples to be brought into the lab for diagnosis. Thus, an early
and accurate disease detection method, before the late symptoms appear, is needed.

Several remote sensing technologies and techniques (e.g., machine vision, hyperspectral imaging)
have been developed to scout agricultural fields and detect pests, diseases, and disorders [9,10]. These
systems generate substantial datasets; the analysis of these datasets require advanced algorithms
and high computational power. Machine learning methods provide a powerful tool to analyze such
big datasets (e.g., hyperspectral data) for plant disease detection. For example, Ashourloo et al. [11]
utilized three machine learning methods (partial least square regression, support vector regression, and
Gaussian process regression) to detect wheat leaf rust disease with high classification accuracy. Zhang
et al. [12] studied two imaging techniques, hyperspectral and multispectral, to detect and distinguish
apples with wind damage, insect damage, bruises, decay, hail, russeting, spot, scar, stem, and calyx.
The hyperspectral imaging technique achieved 93.6% accuracy and the multispectral imaging obtained
91.4% overall accuracy. Behmann et al. [13] measured the hyperspectral reflectance of table grapes
(seven cultivars) to predict some physico-chemical (pH, total acidity, and solid soluble content) and
sensory indices. They obtained high correlation (80–94%) between hyperspectral reflectance values
and physicochemical indices. Abdulridha et al. [14] detected laurel wilt disease with a six band
multispectral camera in order to differentiate it from other biotic and abiotic stress factors such as N and
Fe efficiency, and phytophthora root rot disease. The classification results reached up to 100% in some
cases. Lu et al. [15] also detected anthracnose crown rot in strawberries utilizing spectroradiometric
technology in asymptomatic and late development stage utilizing three classification discriminant
analysis algorithms (fisher discriminant analysis, FDA; stepwise discriminant analysis, SDA; and
K-nearest neighbor algorithm, KNN). The classification results were 71.3%, 70.5%, and 73.6% for SDA,
FDA, and KNN, respectively.

Unmanned aerial vehicles (UAVs) have recently been utilized in precision agriculture for weed
and disease detection, vegetation coverage detection and assessment, and nutrient status and growth
vigor assessment [16,17]. Zhang et al. [18] monitored the growth of turf grass in different trails by
using a UAV and several vegetation indices (e.g., Normalized Difference Vegetation Index (NDVI),
Visible Atmospherically Resistant Index VARI). Albetis et al. [19] developed a UAV-based multispectral
technique to distinguish between two diseases with similar symptoms, Flavescence dorée and grapevine
trunk disease, in vineyards. The infected (based on this detection technique) plants were removed
after detection [20]. Several studies in remote sensing recommended the use of UAVs for precision
agricultural applications [16,21–23].

In citrus, Qin et al. [24] developed a method to detect citrus canker, greasy spots, insect damage,
melanose, scab, and wind scar on grapefruits by analyzing wavelengths between 450 nm and 930 nm
through hyperspectral imaging with a classification accuracy of 95% under indoor conditions. Similarly,
Weng et al. [25] successfully utilized a hyperspectral technology to determine Huanglongbing (HLB)
in the asymptomatic and symptomatic development stages. By comparing the reflectance of these
stages with other nutrient deficiency symptoms, they were able to distinguish the diseased (early
and late stages) from non-diseased plants. Furthermore, they combined hyperspectral imaging with
carbohydrate metabolic analysis for HLB detection in different seasons and cultivars. The results were
more than 94% accurate in all tested periods and seasons. Sharif et al. [26] analyzed several citrus
diseases and infections using imaging techniques to distinguish between anthracnose, black spot,
canker, scab, greening (HLB), and melanose symptoms. They were able to detect various types of lesion
on the citrus fruits and leaves. The classification accuracy, using a multiclass support vector machine
(SVM), was 94%. Zhang et al. [27] achieved promising results utilizing non-destructive methods and
several classification techniques to detect citrus diseases and disorders on fruits. Using tree-type SVM
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models, the classification accuracies of healthy, HLB, melanose, oil spot, wind scar, leaf miner, and rust
mite were 98.4%, 90.8%, 95.2%, 92.0%, 90.8%, 95.2%, and 96.8%, respectively. The proposed appropriate
waveband selection methods were, therefore, very effective in extracting features of citrus fruit with
these blemishes. Sankaran et al. [28] used a portable spectrometer (visible-near-infrared) to detect
HLB disease in citrus trees; reflectance data was analyzed as first and second derivatives, and the
overall classification accuracy of the detection system was more than 90%. Similarly, Mishra et al. [29]
utilized visible-near infrared spectroscopy and three classification methods (k-nearest neighbor, logistic
regression, and support vector machines) to detect HLB in tree canopies with more than 90% accuracy.
Sankaran and Ehsani [30] developed a technique to distinguish healthy citrus leaves from leaves
affected with canker and HLB by using portable spectroscopy (visible-near infrared and mid-infrared)
and two classifiers (quadratic discriminant analysis and k-nearest neighbor). They achieved more than
90% classification accuracy.

Nevertheless, previous studies have all been focused on detecting canker disease on mature
(orange color) citrus fruit (grapefruit and orange) and mainly in laboratory conditions [24,31]. The
objectives of this study were to (i) detect canker disease on tangerine citrus Sugar Belle leaves and
immature (green) fruits in asymptomatic, early, and late disease development stages in laboratory
conditions and later in the orchard (outdoors) by utilizing an UAV-based hyperspectral imaging
technique; and (ii) classify and select the optimal vegetation indices to detect canker in the above
disease stages in both indoor (laboratory) and outdoor (UAV-based technique) environments. To the
best of our knowledge, we are the first to develop a UAV-based technique to detect citrus canker in the
grove and to identify citrus canker on leaves (indoors and outdoors) and on immature (green) fruits.

2. Materials and Methods

2.1. Experimental Site and Sample Collection

Tangerine Sugar Belle leaves and immature (green) fruits infected with canker disease and healthy
leaves and fruits were collected from an experimental orchard at the University of Florida’s Southwest
Florida Research and Education Center (SWFREC), Immokalee, Florida, USA, for laboratory assessment
on October 2018. Four trees were selected, and 10 leaves were collected from each tree in different
disease severity stages including (i) asymptomatic stage (leaves without visible symptom); (ii) early
stage (symptoms appear as slightly raised, small, blister-like chlorotic lesions); and (iii) late stage
(lesions turn tan and then brown, and the edges appear water-soaked and develop a yellow halo)
(Table 1 and Figure 1a–d). Immature (green) fruits were collected from the same orchard in the
asymptomatic stage (Figure 1f) and the late stage (Figure 1g). The UAV data was collected in the
same field (October 2018, between 10 a.m. to 2 p.m. to minimize variations of light intensity during
experiments).

Table 1. Number of leaves collected for each category studied in this work.

Category Number of Leaves The Symptoms of Leaves

Healthy leaves (from the greenhouse) 40 No symptoms
Asymptomatic stage of canker disease 40 No symptoms with a yellow halo.

Early stage of canker disease 40 Tiny lesion
Late stage of canker disease 40 Large dark and brown lesion
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Figure 1. Example of Sugar Belle leaves (upper panel) representing four categories: (a) healthy; (b) 
asymptomatic; (c) early, and (d) leaves with late canker developmental stages. Lower panel is 
examples of Sugar Belle immature (green) fruits representing three categories: (e) non-infected; (f) 
asymptomatic, and (g) fruits with late canker developmental stages. 

2.2. Bacterium Isolation 

A plant pathologist carefully collected the leaves and fruits from citrus plants in grove, and to 
confirm Xanthomonas axonopodis bacterial infection, a polymerase chain reaction (PCR) analysis 
was conducted on the selected leaves and fruits. Healthy leaves and fruits were obtained from potted 
plants grown in greenhouse conditions.  

Tissue was excised from leaf and fruit samples with or without CBC lesions (Figure 1). Early and 
late CBC lesions were compared to asymptomatic tissue. Healthy leaves and fruits from citrus plants 
grown in greenhouse conditions were used as negative control. The citrus tissue was then macerated 
in 100 µL of nuclease-free water to release bacterial cells from tissue. This homogenate was used in 
PCR assays. 

2.3. Polymerase Chain Reaction (PCR) Analysis 

XACF/XACR primer pairs [7] were used to test for Xcc, and primer pairs 27F/1492R [32] were 
used as a control to test for bacteria. All amplifications were carried out in a final volume of 25 µL 
containing 12.5 µL of DreamTaq Green PCR Master Mix (ThermoFisher, Waltham, MA), 1 µL of each 
primer (Table 1), 9.5 µL of nuclease free water, and 1 µL of the macerated tissue/water mix. Reactions 
were run for an initial denaturation step of 5 min at 95˚C followed by 35 cycles of 15 s at 95˚C, 30 s at 
60˚C, and 30 s at 72˚C, and final extension of 7 min at 72˚C. Eight microliters of the PCR reaction was 

Figure 1. Example of Sugar Belle leaves (upper panel) representing four categories: (a) healthy; (b)
asymptomatic; (c) early, and (d) leaves with late canker developmental stages. Lower panel is examples
of Sugar Belle immature (green) fruits representing three categories: (e) non-infected; (f) asymptomatic,
and (g) fruits with late canker developmental stages.

2.2. Bacterium Isolation

A plant pathologist carefully collected the leaves and fruits from citrus plants in grove, and to
confirm Xanthomonas axonopodis bacterial infection, a polymerase chain reaction (PCR) analysis was
conducted on the selected leaves and fruits. Healthy leaves and fruits were obtained from potted
plants grown in greenhouse conditions.

Tissue was excised from leaf and fruit samples with or without CBC lesions (Figure 1). Early and
late CBC lesions were compared to asymptomatic tissue. Healthy leaves and fruits from citrus plants
grown in greenhouse conditions were used as negative control. The citrus tissue was then macerated
in 100 µL of nuclease-free water to release bacterial cells from tissue. This homogenate was used in
PCR assays.

2.3. Polymerase Chain Reaction (PCR) Analysis

XACF/XACR primer pairs [7] were used to test for Xcc, and primer pairs 27F/1492R [32] were
used as a control to test for bacteria. All amplifications were carried out in a final volume of 25 µL
containing 12.5 µL of DreamTaq Green PCR Master Mix (ThermoFisher, Waltham, MA), 1 µL of each
primer (Table 1), 9.5 µL of nuclease free water, and 1 µL of the macerated tissue/water mix. Reactions
were run for an initial denaturation step of 5 min at 95 ◦C followed by 35 cycles of 15 s at 95 ◦C, 30 s at
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60 ◦C, and 30 s at 72 ◦C, and final extension of 7 min at 72 ◦C. Eight microliters of the PCR reaction
was separated out on 1.0% agarose gel, stained with Apex Safe DNA Gel Stain (Genesee Scientific,
San Diego, CA), and visualized on a UV gel imager. Samples with a 561 bp-band was considered a
CBC positive sample. Selected CBC-positive bands were excised from the gel and sequenced at MC
Lab (San Francisco, CA) for confirmation.

2.4. Indoor Hyperspectral Data Collection

Hyperspectral data was collected by a benchtop imaging system comprised of a Pika L 2.4 camera,
a mounting tower, lights, a scanning stage, a power supply, and a SpectrononPro control software
(Spectronon Pro, Resonon, Bozeman, MT) (Figure 2). The same hyperspectral camera was used indoors
and outdoors after replacing lenses to cover a 400–1000 nm spectral range. Resonon’s hyperspectral
imagers (RHI) are line-scan imagers (also referred to as push-broom imagers). Two-dimensional
images are created by gathering the image line by line while the sample is interpreting relative to the
camera. This is typically accomplished by placing the sample on a linear translation stage. Focus and
calibration sheets were used to set the stage speed and imager frame rate. White panels and dark lines
with black covers were utilized for the calibration. The white panel used in laboratory conditions
was made of polyethylene plastic (type 822; Spectronon Pro, Resonon, Bozeman, MT). The regions of
interest (RoIs) were chosen manually by randomly selecting six spectral scans from each leaf and fruit
to avoid any bias (Figure 3).
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all components shown including tower, lights, stage, software, and a leaf sample.
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signatures by six randomly selected RoIs. (c) Leaf images showing canker symptoms on leaves with 
a false color of leaves with lesions in an infrared, blue (450–485 nm), green (500–565 nm), and red 
(625–740 nm) wavelengths. 

2.5. Outdoor Hyperspectral Data Collection  

Hyperspectral data was collected by using a UAV (DJI Matrice 600, Pro Hexacopter) and the 
same hyperspectral camera, Resonon Pika L 2.4 (Figure 4a), as in the indoor procedure. The UAV-
based imaging system includes (i) a Resonon Pika L 2.4 hyperspectral camera (Spectronon Pro, 
Resonon, Bozeman, MT); (ii) visible-near infrared (V-NIR) objective lenses for the Pika L camera with 
a focal length of 23 mm, field of view (FOV) of 13.1 degrees, and instantaneous field of view (IFOV) 
of 0.52 mrad; and (iii) a global positioning system (GPS) and the inertial measurement unit IMU (DJI) 
flight control system for multi-rotor aircraft, to record sensor position and orientation. Data was 
collected at 30 m above the ground with a speed of 1.5 m/h. The region of interest was chosen 
randomly from the developed 2D maps, and the files were saved in KML format. The positions of the 
infected trees were known (leaves were collected and identified by PCR). 

The maps and images were analyzed by the Spectronon software after hyperspectral data were 
acquired. Calibration corrections were performed using Resonon hyperspectral data analysis 
software (Spectronon Pro, Resonon, Bozeman, MT). Georectification and radiometric correction 
plugins, from the Spectronon Pro software, were used to correct the GPS/IMU and the radiometric 
data, respectively. The regions of interest were selected manually (and randomly) for each tree, and 
20 spectral scans were performed to ensure that the entire canopy was covered spectrally (Figure 4). 
The regions of interest were then exported as a text file and processed using SPSS software (SPSS 
13.0, Inc., Chicago; Microsoft Corp., Redmond, WA). Pixel-based reflectance data was mixed for each 
class.  

Figure 3. The indoor data collection system that was used for regions of interest (RoI) collection from
citrus canker-infected Sugar Belle tangerine tissue samples. (a) Selection of RoIs on leaves and (b)
immature fruits are indicated with white circles. Each sample (leaf or fruit) generates six spectral
signatures by six randomly selected RoIs. (c) Leaf images showing canker symptoms on leaves with
a false color of leaves with lesions in an infrared, blue (450–485 nm), green (500–565 nm), and red
(625–740 nm) wavelengths.

2.5. Outdoor Hyperspectral Data Collection

Hyperspectral data was collected by using a UAV (DJI Matrice 600, Pro Hexacopter) and the same
hyperspectral camera, Resonon Pika L 2.4 (Figure 4a), as in the indoor procedure. The UAV-based
imaging system includes (i) a Resonon Pika L 2.4 hyperspectral camera (Spectronon Pro, Resonon,
Bozeman, MT); (ii) visible-near infrared (V-NIR) objective lenses for the Pika L camera with a focal
length of 23 mm, field of view (FOV) of 13.1 degrees, and instantaneous field of view (IFOV) of
0.52 mrad; and (iii) a global positioning system (GPS) and the inertial measurement unit IMU (DJI)
flight control system for multi-rotor aircraft, to record sensor position and orientation. Data was
collected at 30 m above the ground with a speed of 1.5 m/h. The region of interest was chosen randomly
from the developed 2D maps, and the files were saved in KML format. The positions of the infected
trees were known (leaves were collected and identified by PCR).

The maps and images were analyzed by the Spectronon software after hyperspectral data were
acquired. Calibration corrections were performed using Resonon hyperspectral data analysis software
(Spectronon Pro, Resonon, Bozeman, MT). Georectification and radiometric correction plugins, from
the Spectronon Pro software, were used to correct the GPS/IMU and the radiometric data, respectively.
The regions of interest were selected manually (and randomly) for each tree, and 20 spectral scans
were performed to ensure that the entire canopy was covered spectrally (Figure 4). The regions of
interest were then exported as a text file and processed using SPSS software (SPSS 13.0, Inc., Chicago;
Microsoft Corp., Redmond, WA). Pixel-based reflectance data was mixed for each class.
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Figure 4. The unmanned aerial vehicle (UAV)-based data collection system that was used for regions
of interest (RoI) collection from citrus canker-infected Sugar Belle tangerine trees in the orchard.
(a) UAV-based data collection system; (b) random selection of twenty RoIs from citrus trees infected
with citrus canker.

2.6. Data Analysis

Data obtained from the Resonon imaging system can be categorized into three types as
described below.

2.6.1. Raw data

After capturing the images, the raw data was preprocessed to eliminate the noise of the instrument,
illumination, and model reflectivity. For this, the raw data was calibrated by an imager calibration
pack (ICP) with the Radiance Conversion plugin in Spectronon software.

2.6.2. Reflectance

During airborne (i.e., UAV) data collection, a gray panel, made from highly durable woven
polyester fabric (type 822; Spectronon Pro, Resonon, Bozeman, MT) (Figure 4a–b), was utilized to
calibrate the collected data. The reflection values are only accurate when the solar illumination (clouds,
sun angle, etc.) does not change during the data collection. To achieve this consistency, we only
collected data in a 10 a.m. to 2 p.m. window of the day during our experiments. Data were converted
from radiance to reflectance using the Spectronon Reflectance Conversion from the Spectrally Flat
Reference Cube plugin software.

2.6.3. Data analysis procedure

The Resonon Pika L imaging system was utilized in both outdoor (airborne) and indoor (benchtop)
systems. In the benchtop system, images were analyzed using the Spectronon Pro software. Figure 3
presents an example of the selection of RoIs for leaves (Figure 3a) and fruit (Figure 3b). This procedure
generates six spectral signatures for each leaf and fruit. Figure 3c shows the false color of leaves with
lesions in an infrared, blue (450–485 nm), green (500–565 nm), and red (625–740 nm) leaf image. Figure 4
presents an example of the RoIs for the UAV-based system (Figure 4b) and their spectral signatures.
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2.7. Vegetation Indices

Based on literature review, the most common factors that can be estimated using the visible
and near-infrared channels are chlorophyll content, water stress, and cell structure [33,34]. In this
study, 31 vegetation indices (Vis) were utilized and evaluated to detect citrus canker (Table 2). These
indices were chosen to identify citrus canker disease based on chlorophyll reduction and leaf cell
damage caused by bacteria. The spectral reflectance was collected in different stages of disease
symptom development (asymptomatic, early, and late stage), and healthy leaves were used as a control.
VIs measurements will vary from one stage to another based on severity of the disease (i.e., size and
number of lesion).

Table 2. List of vegetation indices (VIs) utilized to detect citrus canker in this study

Vegetation Indexes Equation References

Water Index (WI) WI = R900
R970 Penuelas et al. [33]

Modified Chlorophyll Absorption in
Reflectance Index (mCARI 1) mCARI 1 = 1.2[(2.5*R761 − R651) − 1.3(R761 − R581)] Haboudane et al. [34]

Modified Triangular Vegetation Index1
(MTVI 1) MTVI 1 = 1.2[1.2(1.2(R761 − R581) − 2.5(R651 − R581)] Haboudane et al. [34]

Modified Triangular Vegetation Index2
(MTVI 2)

MTVI 2 =
1.5[1.2(R761−R581)−2.5(R651−R581)]

SQ[(2∗R761+1)̂2−(6∗R761−5∗SQ(R651)−0.5]
Haboudane et al. [34]

Simple Ratio Index (SR 900) SR 900 = R900
R651 Jordan [35]

Simple Ratio Index (SR 850) SR 850 = R850
R651 Jordan [35]

Green NDVI (GNDVI) GNDVI = (NIR850−G580)
(NIR850+G580) Gitelson and Merzlyak [36]

Photochemical Reflectance Index (PRI) PRI = (R531−R570)
(R531+R570) Gamon et al. [37]

Ratio Analysis of reflectance Spectral
Chlorophyll a (RARSa) RARSa = R675

R700 Chappelle et al. [38]

Ratio Analysis of reflectance Spectral
Chlorophyll b (RARSb)

RARSb = R675
(R700×R650) Chappelle et al. [38]

Ratio analysis of reflectance spectra (RARSc) RARSc = R760
R500 Chappelle et al. [38]

Pigment specific simple ratio (PSSRa) PSSRa = R800
R680 Blackburn [39]

Normalized difference vegetation index 780
(NDVI 780) NDVI 780 = R780−R670

R780+R670 Raun et al. [40]

Structure Insensitive Pigment Index (SIPI) SIPI = (R840−R450)
(R840−R670) Penuelas et al. [41]

Normalized chlorophyll pigment ratio index
(NCPI) NCPI = (R670−R450)

(R670−R450) Penuelas et al. [42]

Normalized phaeophytinization index
(NPQI) NPQI = (R415−R435)

(R415−R435) Barnes et al. [43]

Plant Senescence Reflectance Index (PSRI) PSRI = (R660−R510)
(R760) Penuelas et al. [44]

The ratio of WI and ND (WI/ND) WI/ND = R750
R600 Hunt et al. [45]

Transform chlorophyll absorption in
reflectance index (TCARI)

TCARI = 3[(R740 − R651) − 0.2(R740 −
R581)(R740/R651)] Haboudane et al. [46]

Green Vegetation (VIGreen) VIGreen =
(R760−R651)
(R760+R651) Gitelson et al. [47]

Red-Edge Vegetation Stress Index 1 (RVS 1) RVS 1 =
[
(R651+Red Edge 750)

2

]
−Red Edge 733 Merton [48]

Red-Edge Vegetation Stress Index 2 (RVS 2) RVS 2 =
[
(R651+Red Edge 750)

2

]
−Red Edge 751 Merton [48]

Triangle Vegetation Index (TVI) TVI = 0.5[120*(R761 − R581) − 200(R651 − R581)] Broge [49]
Renormalized Difference Vegetation Index
(RDVI) RDVI = (R761−R651)

SQ(R761+R651) Roujean et al. [50]

Normalized difference vegetation index 850
(NDVI 850) NDVI 850 =

(R850−R651)
(R850+R651) Raun et al. [40]

Simple Ratio Index (SR 761) SR 761 = R761
R651 Jordan [35]

Normalized difference vegetation index 761
(NDV 761) NDVI 761 =

(R761−R651)
(R761+R651) Raun [40]

Plant Pigment ratio (PPR) PPR =
(R550−R450)
(R550+R450) Metternicht [51]

Water Stress and Canopy Temperature
(NWI 2) NWI 2 = R970−R850

R970+R850 Babar et al. [52]

Nitrogen Reflectance Index (NRI) NRI = (R570−R670)
(R570+R670) Bausch and Duke [53]

Anthocyanin Reflectance Index (ARI) ARI =
(

1
R550

)
−

(
1

R700

)
Gitelson [54]

2.8. Spectral Data Classification Methods

For the classification analysis, SPSS software was utilized to analyze and classify the spectral
data of the four categories of leaves: (i) healthy, (ii) asymptomatic, (iii) early, and (iv) late disease
development stages. The classification of immature fruit was conducted between three categories:
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(a) healthy, (b) asymptomatic, and (c) late disease development stages. Two classification methods were
utilized to analyze the collected data and classify the above categories: (I) the neural network Radial
Basis Function (RBF); and (II) the K-nearest neighbor (KNN). These methods were chosen because of
their high classification accuracy in similar studies [15,55].

2.8.1. Neural Network Radial Basis Function (RBF)

RBF is an artificial neural network that performs supervised machine learning. It is a more
complicated process than a simple linear classifier, and it can analyze a substantial amount of data.
RBF is considered an excellent function classifier for spectral reflectance data [56]. Generally, in neural
networks, the back-propagation technique is utilized to adjust the weights of the network to improve
classification accuracy [57]. In this study, the full dataset was randomly split into three datasets
including 70% training, 20% testing, and 10% hold out, based on [58]. The input layers were healthy,
asymptomatic, and early and late disease development stages. A holdout cross-validation method was
utilized to validate the results. Cross-validation classifies all variables.

2.8.2. K-Nearest Neighbor (KNN)

KNN is a widely used machine learning algorithm that works well on simple recognition problems
in supervised learning environments [59]. It is one of the most straightforward classification algorithms,
and it can be used for classification and regression predictive problems providing highly competitive
results. In KNN, each neighbor is assigned with a contribution weight so that the nearer neighbors
contribute more than the distant ones to the average. The “K” in KNN denotes the number of the
nearest neighbors used in the classification. In general, KNN is easy to use and works well with little
prior knowledge of the data distribution [60]. Euclidean distance strategy is the most common method
to calculate the variations between samples characterized as vector inputs [61]. In this study, the
training data set was 70%, and 30% was used as testing data.

3. Results

3.1. Indoor Imaging Technique

The indoor imaging technique that was used in this study allowed us to determine spectral
signatures of leaves with each disease development stage in laboratory conditions (Figure 5).
Figure 5 shows the spectral signatures of the four categories—healthy, asymptomatic, early, and
late disease development stages—for leaves in laboratory conditions. The healthy leaves presented
a higher reflectance in the green bands (548 nm) with a peak of 23% reflectance. In the same band,
the asymptomatic stage produced a 19% peak and the early symptomatic stage a peak of 17%.
The reflectance curves of those three stages were similar. In the red bands, later stages showed a higher
reflectance (Figure 5).

The classification rates of healthy and canker-infected citrus tissues (leaves and fruits) were
determined (Figure 6). All classification rates were high in all categories (between healthy and
non-healthy leaves and fruit), with the exception of the classification between healthy and asymptomatic
immature fruit (Figure 6b). The RBF classifications have higher classifications than the KNN in
all categories (Figure 6). The most critical classification determined was between a healthy and
an asymptomatic leaf, which achieved 96% and 94% accuracy with the RBF and KNN methods,
respectively. These classification accuracies were considered high enough to distinguish between
healthy and asymptomatic stages.
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The spectral structure of immature (green) fruit in a healthy stage and in two disease developmental
stages (asymptomatic and late stage) are presented in Figure 7. The late stage signature showed higher
reflectance than the other two stages in the visible range and dropped down in 700 nm (Figure 7).
The late disease developmental stage showed a different reflectance slope in red and red edge bands
from all other stages. Healthy and asymptomatic signatures did not show significant differences in the
visible and NIR. The RBF and KNN recorded low classification values when comparing healthy and
asymptomatic fruit (47% and 46%, respectively); so, it was not possible to distinguish between healthy
and asymptomatic immature fruit using the proposed technique (Figure 6b). Nevertheless, it was
possible to separate healthy fruit from those fruits with late disease developmental stage (Figure 6b).
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3.2. UAV-Based Imaging Technique (Outdoor)

We were able to measure the spectral reflectance of healthy citrus trees and trees infected with
canker disease with the UAV-based imaging technique (Figure 8). The spectral signature of the healthy
trees was similar to the signature of the healthy leaves produced by the indoor imaging system. A peak
was observed in the green band (554 nm) with a reflectance value of 31%. The classification accuracy,
between healthy and canker-infected citrus trees, with the UAV-based imaging technique was 100%
and 96% using the RBF and KNN methods, respectively (Figure 6a). Regions of interest (RoIs) were
collected randomly from the canopy of the tree without targeting specific areas. The severity of canker
disease and the reflectance values varied among the canopy as both were dependent of the light
conditions. Because leaf pigment content, stoma damage, water content, and leaf cell structure affects
the light reflectance, the spectral reflectance of canker-infected trees shifted down in both visible and
near-infrared bands. Thus, the chlorophyll content of the infected plants was low in both indoor and
outdoor analysis.
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Figure 8. Measurement of the spectral reflectance of healthy citrus trees and trees infected with canker
disease. Hyperspectral signatures of healthy trees and canker-infected trees were generated by the
UAV-based imaging technique.

3.3. Vegetation Indices

The maximum classification accuracy for indoor and outdoor conditions using vegetation indices and
the RBF and KNN methods for detection of healthy and different canker disease stages (asymptomatic,
early, and late stage) were determined (Figure 9). Using the RBF method, the highest classifications were
achieved by comparing healthy leaves with late-stage canker-infected leaves in indoors (100% using the WI,
PRI, GNDVI, and RARSb indices), and healthy leaves with asymptomatic and early-stage canker-infected
leaves in indoors (94% with the WI index and 96% with the PRI index, respectively) (Figures 9 and 10).
The KNN method achieved slightly lower classification accuracies than the RBF, except when comparing
leaves in healthy and asymptomatic stages in which similar accuracy with the RBF method (94%) was
obtained (Figure 9). Therefore, the RBF method was chosen to further analyze the classification accuracy
though by using only 12 of the 31 proposed VIs that yielded higher classification accuracies (Figure 10).
The higher classifications that were obtained when comparing healthy with asymptomatic leaves were by
the WI (100%), NWI 2 (98%), and SR761 (94%) (Figure 10a); when comparing healthy with early disease
stage leaves were by the PRI (100%), WI (98%), NWI2 (95%), and RVS1 (95%) (Figure 10b); and when
comparing healthy with late disease stage leaves were by the WI (100%), PRI (100%), GNDVI (100%),
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RARSb (96%), and SIPI (96%) (Figure 10c). Thus, the WI index can be used to accurately identify healthy
leaves apart from all other categories and detect citrus canker. Figure 10d presents the classification results
of the UAV-based imaging technique, using the RBF method, for each VI. Based on these results, the VIs
that could be used to classify healthy vs. canker-infected citrus trees with around 100% classification
accuracy were the ARI (100%) and TCARI (96%) 1. Figure 11 compares the values of some of the most
significant VIs (as an example) in different plant conditions (healthy, asymptomatic stage, and early
and late disease development stage) for citrus canker detection in both indoor and outdoor conditions
(ρ > F < 0.0001). The most significant VIs in indoor conditions were the WI and PRI (Figure 11a,b),
whereas the ARI was in outdoor conditions (Figure 11c).
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Figure 11. Comparison of the VI values in different plant conditions (healthy, asymptomatic stage, and
early and late disease developmental stage) for citrus canker detection in both indoor and outdoor
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(b) Photochemical Reflectance Index (PRI) in laboratory conditions, and (c) Anthocyanin Reflectance
Index (ARI) in field conditions (UAV-based) are shown.
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4. Discussion

The indoor imaging technique that we developed in this study allowed us to determine the
spectral signatures of leaves with each disease development stage in laboratory conditions (Figure 5).
In a healthy plant’s signature, the red bands usually showed high absorbance (Figure 5). In this
band, leaves in late disease development stages have had pigment reduction, which affected the
spectral reflectance. Leaves in healthy and asymptomatic stages did not show any visual differences
because the chlorophyll concentration was higher than in late disease development stage. However,
the asymptomatic stage is a crucial stage for detecting a disease. Any delay on disease detection might
affect a tree’s health or even kill them in some situations [62–64]. The canker lesions on leaves in late
disease development stage turns brown, the edges appear water-soaked, and it develops a yellow
halo. Therefore, the reduction of water content and chlorophyll concentration might affect the spectral
reflectance in the visible range [65,66]. Consistent with our results, Penuelas et al. [44] confirmed
that the red edge peak (680–780 nm) is an excellent indicator for detecting chlorophyll content and
water stress.

Detecting diseases at an early stage (before visual symptoms appear) is very critical for successful
mitigation measures (e.g., chemical, or similar, applications) [67]. In our study, in near infrared (NIR)
range, healthy leaves appeared different from all other categories (Figure 5), primarily in the red edge
(700 nm). The NIR range of asymptomatic and early disease stages was slightly shifted down. They
were very close to each other in the red edge, while late disease stages showed a lower reflectance
in the NIR range at 700–950 nm. It is essential to distinguish the disease in an asymptomatic stage
before developing and spreading to the entire grove [68,69]. Several other studies confirmed that
damages in leaves could cause changes in the condition of leaf cells, which leads to the differences in
spectral signature in the NIR range (between healthy and diseased leaves). Detecting canker disease
in early stage would reduce the management costs by optimizing pesticide applications, which in
turn will reduce labor costs. In addition to this, optimization of pesticide applications would reduce
any negative effect to the environment and human health [70]. In our experiments and in laboratory
conditions, the classification accuracy between healthy and asymptomatic leaves, which is the most
critical moment in detecting a disease, was very high (96% with the RBF method; Figure 6), making the
proposed technique a valuable tool for early canker disease detection.

It was not possible to distinguish between healthy and asymptomatic immature (green) fruit (in
the laboratory); the classification accuracy of the proposed technique was low (47% with the RBF
method, Figure 6b). However, the proposed technique successfully distinguished healthy from late
disease development stage on immature fruit (Figure 6b). In the past, several methods have been
developed to detect canker on mature citrus fruit [24,31], but to the best of our knowledge, we are the
first to develop a technique to detect canker on immature (green) citrus fruit.

In the field, the UAV-based imaging technique that we have developed successfully distinguished
healthy and canker-infected citrus trees with a 100% classification accuracy using the RBF method
(Figure 6a). Several other studies also used a UAV-based imaging approach to detect other diseases
in early stages [71,72] and evaluate individual tree health status [17]. For example, Garcia-Ruiz [71]
utilized a multispectral camera to identify Huanglongbing (HLB) disease in citrus and compared the
results between images acquired by UAV and images captured by an aircraft; the UAV classification
results were higher (67–85%) and had a better resolution than the aircraft classification (61–74%).
However, and to the best of our knowledge, we are the first to develop an UAV-based technique to
detect citrus canker disease on citrus trees in the grove.

When bacteria attack a plant, some changes might occur to the leaves’ pigment content. This will
certainly affect the photosynthesis process. As a result, the leaves color would change or some lesion
might show up (as a result of pathogen infection). These symptoms would affect light reflectance
that can be measured in a remote sensing technique. Therefore, vegetation indices (VIs) have been
developed to enhance plant characteristic information, such as the properties of an object, by calculating
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the ratio of two or more spectral bands. For example, the normalized difference vegetation index
(NDVI) uses the near-infrared (NIR) and red (R) channels as follows: (NIR-R)/(NIR+R) [73,74].

Finally, we found that it was possible to use VIs to detect citrus canker and distinguish it from other
disorders in both indoor and outdoor conditions. Here, the Water Index (WI), one of the 31 VIs used in
this study, allowed us to accurately distinguish healthy leaves from all other categories and detect citrus
canker (Figure 10a–c). Additionally, two other VIs used, the Anthocyanin Reflectance Index (ARI) and
Transform Chlorophyll Absorption in Reflectance Index (TCARI 1), with the RBF method, accurately
classified healthy from canker-infected citrus trees in the grove conditions (UAV-based technique,
Figure 10d). By analyzing the values of these most significant VIs in different conditions, it was
observed that the values of the healthy trees have had the significantly highest values (ρ > F < 0.0001)
than those of diseased trees (Figure 11). In previous studies, it was also found that the water status,
water stress, and canopy structure were affected first after a disease infection [75,76], and thus, these
indices can be used to identify phenotypical changes and detect diseased trees.

5. Conclusions

The indoor (laboratory conditions) detection technique was able to detect canker-infected citrus
leaves in asymptomatic, early, and late disease developmental stages, and the outdoor (UAV-based)
detection technique was able to identify canker-infected citrus trees accurately. Additionally, in
the laboratory, the proposed technique accurately identified canker-infected immature (green) fruit
(early and late disease development stages) and distinguished them from healthy fruit. However,
the detection accuracy of canker-infected immature fruit in the asymptomatic stage was low (47%),
and as a consequence, immature fruit was not a reliable tissue for early detection of canker. Higher
classifications were achieved by the RBF method (about 96% for healthy vs. asymptomatic and early
stage, and 100% for healthy vs. late stage, for both leaves and fruit). Furthermore, it was found
that several VIs can be used to precisely detect canker-infected citrus plants. For the indoor imaging
technique, the WI index achieved high classification accuracies when comparing healthy leaves with
all other categories, and for the UAV-based imaging technique, the ARI and TCARI 1 were the most
common indices that were able to detect infected canker plants accurately. The developed imaging
techniques would provide valuable tools for identifying citrus canker even in an asymptomatic stage.
The UAV-based imaging technique can be utilized to detect canker-infected trees and cover large areas
in a short time and with a low-cost. Since both ARI and TCARI 1 indices can be measured with a
multispectral camera, an inexpensive UAV equipped with a multispectral imaging system can be used
for rapid citrus canker detection in the field.
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