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Abstract: Pseudomonas syringae pv. actinidiae (Psa) has been responsible for numerous epidemics
of bacterial canker of kiwi (BCK), resulting in high losses in kiwi production worldwide. Current
diagnostic approaches for this disease usually depend on visible signs of the infection (disease
symptoms) to be present. Since these symptoms frequently manifest themselves in the middle to
late stages of the infection process, the effectiveness of phytosanitary measures can be compromised.
Hyperspectral spectroscopy has the potential to be an effective, non-invasive, rapid, cost-effective,
high-throughput approach for improving BCK diagnostics. This study aimed to investigate the
potential of hyperspectral UV–VIS reflectance for in-situ, non-destructive discrimination of bacterial
canker on kiwi leaves. Spectral reflectance (325–1075 nm) of twenty plants were obtained with a
handheld spectroradiometer in two commercial kiwi orchards located in Portugal, for 15 weeks,
totaling 504 spectral measurements. Several modeling approaches based on continuous hyperspec-
tral data or specific wavelengths, chosen by different feature selection algorithms, were tested to
discriminate BCK on leaves. Spectral separability of asymptomatic and symptomatic leaves was
observed in all multi-variate and machine learning models, including the FDA, GLM, PLS, and
SVM methods. The combination of a stepwise forward variable selection approach using a support
vector machine algorithm with a radial kernel and class weights was selected as the final model. Its
overall accuracy was 85%, with a 0.70 kappa score and 0.84 F-measure. These results were coherent
with leaves classified as asymptomatic or symptomatic by visual inspection. Overall, the findings
herein reported support the implementation of spectral point measurements acquired in situ for crop
disease diagnosis.

Keywords: actinidia; leaf bacterial canker; Pseudomonas syringae; plant pathology; in-situ diagnosis;
hyperspectral spectroscopy; feature selection; support vector machine

1. Introduction

Bacterial canker of kiwi (BCK) is an emerging disease caused by the Gram-negative
bacteria Pseudomonas syringae pv. actinidiae (Psa), which are responsible for several epi-
demics and important losses in kiwi production worldwide [1–4]. In the early stages of the
disease, the Psa pathogen colonizes the surface of the host plant without causing significant
lesions, but after systemic invasion, may cause severe damage and even death [5–7]. There-
fore, the early stage of Psa infection may pass unnoticed as the plant has no macroscopic
manifestations of the disease (symptoms), jeopardizing the efficiency of phytosanitary
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procedures to contain the disease [8]. In turn, advanced stages of the infection are more
easily detectable since they present characteristic symptoms, consisting of brown leaf spots
with chlorotic yellow haloes (Figure 1), necrotic discoloration of buds, cankers with exudate
on trunks and twigs, and collapsed fruits [4]. This symptomatologic manifestation reveals
that there is a microbial load that has probably already spread to other plants, making it
difficult to implement control measures. Thus, it is crucial to develop an early and rapid
in situ diagnostic tool for controlling the spread of Psa, through frequent and inexpensive
monitoring.
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Figure 1. Typical symptoms of Bacterial Canker of Kiwi (BCK) caused by Pseudomonas syringae pv.
actinidiae (Psa) on the adaxial (a) and abaxial (b) sides of leaves in an advanced stage of the disease.

Current diagnostic procedures usually focus on scouting and laboratory-based tech-
niques. The first consists of the inspection of fields (generally visual) by specialized trained
observers, to detect and identify infected plants based on the presence of disease symp-
toms [9]. It is subjective, error-prone (since symptoms alone are not entirely disease-specific),
labor-intensive, time-consuming, and expensive [10–13]. Laboratory-based methods, in
turn, include serological and molecular tests and are generally applied due to their sen-
sitivity, accuracy, and effectiveness. The most common laboratory methods include the
enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR). They
entail detailed sampling procedures, which require several hours to be completed, and
involve disruptive sample preparation, not allowing a follow-up of the disease progression
nor its field mapping to support precision agriculture systems (e.g., site-specific manage-
ment) [14,15]. Since these laboratory methods were designed to confirm the presence
of pathogens, they do not have the necessary high throughput and speed required for
supporting real-time agronomic decisions in field extensions. Moreover, they still present
some diagnostic limitations, mainly in the asymptomatic and early stages of the disease
infection process, due to the uneven spread of pathogens inside plants [14,15]

Innovative plant disease diagnostic tools are expected to provide additional informa-
tion, namely related to plant–pathogen interactions and resulting changes in the host’s
biochemical and biophysical behavior, to that currently generated by the conventional
methods mentioned above and should be combined with them. Furthermore, these new
techniques, namely spectroscopic approaches, must allow a faster and earlier diagnosis
of the disease, and ultimately its field mapping, contributing to more precise agricultural
practices. Phytosanitary products can, thus, be applied in the exact area, moment, and dose
as required, resulting in a reduction in chemical usage, and consequently in fewer expenses
for the producer, residues in crop production, and environmental contamination [16].
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Hyperspectral spectroscopy (HS) is a non-invasive and high-throughput technology
for measuring early indicators of BCK [17]. HS has been successfully applied in the
assessment of a wide variety of plant structural, chemical, biophysical, and metabolic
traits in living tissues [18–22]. HS also performed well in the detection of pests [23,24]
and phytopathogenic fungi [25,26], bacteria [27], and viruses [28] affecting different crops,
even at asymptomatic stages [29]. Through spectral measurements in the visible (VIS,
400–700 nm), and infrared (IR, 800–2500 nm), HS captures quantitative and qualitative
changes in the optical properties of plant tissue, which derive from modifications in
pigments, sugars, and water levels (among other constituents) [30–33]. In a simplified way,
plants’ spectral behavior in VIS wavelengths is mainly related to pigment concentration
and physiological processes (such as photosynthesis). In turn, in the IR region it is mainly
correlated with leaf water levels, chemical composition (namely lignin and protein content),
structure, and internal scattering processes [34,35]. This information is super-imposed in
the recorded spectra at different scales of interference [21,36]. Thus, the detection of BCK
using spectral information can be based on the existence of a particular sequence of both
metabolic and structural changes, promoted by host–pathogen interactions, which result in
the development of characteristic symptoms and, consequently, in modifications in plants’
spectral behavior in VIS–NIR.

HS data may contain a large amount of redundant information from adjacent bands, and
only a few wavelength features might be interesting in classifying a diseased plant [37–39].
Appropriate strategies usually involving statistical signal-processing approaches, math-
ematical combinations of different spectral bands, and predictive modeling techniques
that can be applied to analyze spectral data and extract useful information and contribute
to dimensionality reduction and wavelength selection [32,40–45]. Machine learning (ML)
algorithms have also been applied to handle the high dimensionality of hyperspectral
information [46]. Several modeling approaches have been computed in previous studies to
identify and classify plant stress and diseases from spectral data, using either direct spectral
reflectance data or information with reduced dimensionality/features selected [47–50].
The present research aims to explore the suitability and discrimination capability of differ-
ent multi-variate and machine learning methods in the distinction of asymptomatic and
symptomatic kiwi leaves affected by bacterial canker disease, using in-situ, ground-level,
UV–VIS hyperspectral measurements. Modeling approaches evaluated the performance of
the flexible discriminant analysis (FDA), general linear model (GLM), partial least squares
(PLS) classification, and support vector machines (SVM, with different kernels and class
weights) algorithms. The data gathered and the proposed workflow are expected to be
a robust contribution to extend the HS approaches to plant disease diagnostics in field
settings.

2. Results
2.1. Spectra Filtering and Feature Selection

After data scatter correction using the MSC log algorithm (Figure 2), an SFFS + JM
strategy was computed to assess separability between asymptomatic and symptomatic
leaves as a function of the wavelength variables. From a total of 751 predictors in the
VIS–NIR spectral region, the procedure selected 33 variables (Table 1) essentially involving
wavelengths located in the blue (326–408 nm), green (562, 583 nm), and NIR (777–1068 nm)
regions. The JM value was 1.41 indicating high separability between variables.An SFVS
approach was also performed for feature choice within the initial 751 predictor candidates.
The 35 wavelengths chosen are described in Table 2, including features belonging to the
blue (388–446 nm), green (510–556), red (671–754 nm), and NIR (759–1070 nm) regions.
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Table 1. Selected discriminative wavelengths for model development.

Method Selected Discriminative Wavelengths (nm)

SFFS + JM (n = 33) 326, 327, 329, 330, 335, 336, 352, 359, 360, 364, 365, 408, 562, 583, 762, 777, 778, 779, 786, 828, 897, 908,
923, 995, 1018, 1031, 1038, 1045, 1057, 1059, 1061, 1067, 1068

SFVS (n = 35) 388, 401, 406, 414, 415, 419, 443, 446, 510, 515, 556, 671, 724, 754, 759, 781, 794, 807, 969, 970, 981, 983,
1009, 1027, 1031, 1032, 1035, 1045, 1048, 1049, 1050, 1053, 1066, 1068, 1070

FDA (n = 7) 424, 464, 549, 716, 753, 759, 935
glmStepAIC (n = 20) 388, 414, 415, 419, 443, 510, 759, 794, 970, 981, 982, 1001, 1031, 1035, 1045, 1048, 1049, 1050, 1053, 1066

LASSO (n = 22) 329, 369, 375, 510, 531, 536, 617, 671, 771, 772, 778, 903, 932, 959, 969, 970, 1045, 1048, 1050, 1052,
1061, 1070

SFFS + JM sequential forward floating selection using Jeffries–Matusita Distance; SFVS—Stepwise forward
variable selection; glmStepAIC—Generalized linear model with stepwise feature selection; LASSO—Lasso
regression (glmnet).
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Table 2. Validation results for models classifying bacterial canker of kiwi (BCK) disease.

Feature
Selection Model

Validation Set Statistics of Validation Sets

Total BT CT Mean CV

Acc K F1 Acc K F1 Acc K F1 Acc K F1 Acc K F1

None PLS 0.7083 0.4047 0.6589 0.6806 0.3329 0.7356 0.7292 0.3536 0.5412 0.7060 0.3637 0.6452 3.4530 10.1605 15.1756
N = 751 SVM-L 0.8274 0.6444 0.7883 0.8012 0.6154 0.8313 0.8403 0.6167 0.7262 0.8230 0.6255 0.7819 2.4209 2.6188 6.7574

SVM-LW 0.8115 0.6274 0.8104 0.7917 0.5464 0.8421 0.8264 0.6324 0.7685 0.8099 0.6021 0.8070 2.1494 8.0180 4.5747
SVM-R 0.7857 0.5628 0.7500 0.7593 0.5015 0.7969 0.8056 0.5435 0.6818 0.7835 0.5359 0.7429 2.9643 5.8482 7.7908

Built-in SVM-RW 0.8056 0.6066 0.7822 0.7778 0.5367 0.8154 0.8264 0.6073 0.7368 0.8033 0.5835 0.7781 3.0356 6.9508 5.0708
N = 7 FDA 0.7698 0.5339 0.7411 0.7546 0.4876 0.7969 0.7812 0.5013 0.6631 0.7685 0.5076 0.7337 1.7364 4.6856 9.1599
N = 20 glmStepAIC 0.8147 0.6243 0.8342 0.7824 0.5471 0.7283 0.8392 0.6318 0.8814 0.8121 0.6011 0.8049 3.5081 7.8006 13.4507

Mean 0.7890 0.5720 0.7552 0.7609 0.5034 0.8030 0.8015 0.5425 0.6863 0.7866 0.5456 0.7539 2.7431 5.9137 5.1895
SFVS GLM 0.7937 0.5806 0.7636 0.7454 0.4754 0.7826 0.8299 0.6121 0.7380 0.7897 0.5560 0.7614 5.3686 12.8742 2.9395

N = 35 PLS 0.7679 0.5249 0.7247 0.7685 0.527 0.7984 0.7674 0.4553 0.6215 0.7679 0.5024 0.7149 0.0717 8.1217 12.4302
SVM-L 0.7619 0.5115 0.7143 0.7454 0.4942 0.7769 0.7708 0.4649 0.6292 0.7609 0.4902 0.7068 1.3715 4.8054 10.4888
SVM-R 0.8512 0.6994 0.8344 0.8426 0.6773 0.864 0.8542 0.6667 0.7742 0.8485 0.6811 0.8242 0.8821 2.4494 5.5521

SVM-LW 0.7897 0.583 0.7854 0.7778 0.5153 0.8322 0.8125 0.595 0.7404 0.7933 0.5644 0.7860 2.2226 7.6132 5.8401
SVM-RW 0.8532 0.7035 0.8370 0.8472 0.6831 0.8716 0.8542 0.6753 0.7857 0.8515 0.6873 0.8314 0.4446 2.1187 5.1982

Mean 0.8029 0.6004 0.7766 0.7882 0.5621 0.8210 0.8148 0.5782 0.7148 0.8020 0.5803 0.7708 1.6668 3.3257 6.9143
SFFS + JM GLM 0.7202 0.4327 0.6831 0.7222 0.4109 0.7778 0.7500 0.4162 0.5955 0.7308 0.4199 0.6855 2.2794 2.7074 13.3009

N = 33 PLS 0.7242 0.4355 0.6729 0.7407 0.4501 0.7926 0.7257 0.3209 0.4968 0.7302 0.4022 0.6541 1.2495 17.5938 22.7478
SVM-L 0.7222 0.4253 0.6517 0.7593 0.4894 0.8074 0.7153 0.2849 0.4605 0.7323 0.3999 0.6399 3.2317 26.1576 27.1545
SVM-R 0.7639 0.5117 0.7047 0.7639 0.5184 0.7935 0.8194 0.5618 0.6829 0.7824 0.5306 0.6270 4.0955 5.1256 31.9489

SVM-LW 0.7381 0.4637 0.6887 0.7639 0.4984 0.8118 0.7188 0.2957 0.4706 0.7403 0.4193 0.6570 3.0567 25.8569 26.2985
SVM-RW 0.8075 0.6057 0.7707 0.7824 0.5532 0.8127 0.8333 0.6022 0.7176 0.8077 0.5870 0.7670 3.1509 5.0002 6.2135

Mean 0.7440 0.4747 0.6419 0.7460 0.4791 0.6453 0.7554 0.4867 0.7993 0.7539 0.4598 0.6718 0.9695 8.7409 17.3572
LASSO GLM 0.7560 0.5056 0.7248 0.7176 0.4021 0.7732 0.7847 0.4973 0.6517 0.7528 0.4683 0.7166 4.4724 12.2796 8.5361
N = 22 PLS 0.7560 0.5028 0.7172 0.7407 0.4501 0.7926 0.7674 0.437 0.5939 0.7547 0.4633 0.7012 1.7752 7.5177 14.3045

SVM-L 0.7599 0.5127 0.7269 0.7361 0.4393 0.7897 0.7778 0.4725 0.6279 0.7579 0.4748 0.7148 2.7601 7.7407 11.4114
SVM-R 0.8353 0.6654 0.8118 0.8009 0.5842 0.8352 0.8611 0.6774 0.7778 0.8324 0.6423 0.8083 3.6282 7.8933 3.5709

SVM-LW 0.7639 0.523 0.7373 0.7269 0.4217 0.4807 0.7917 0.5213 0.6739 0.7608 0.4887 0.6306 4.2728 11.8692 21.1945
SVM-RW 0.8373 0.6708 0.8178 0.8009 0.5828 0.8365 0.8646 0.6913 0.7914 0.8343 0.6483 0.8152 3.8307 8.8915 2.7795

Mean 0.7847 0.5634 0.7560 0.7539 0.4800 0.7513 0.8079 0.5495 0.6861 0.7822 0.5310 0.7311 3.4659 8.4093 5.3430

CV—Coefficient of Variation; Acc—Accuracy; F1—F-measure; GLM—Generalized linear model; glmStepAIC—Generalized linear model with stepwise feature selection; FDA—Flexible
discriminant analysis; K—Kappa; LASSO—Lasso regression (glmnet); PLS—Partial least squares; SFFS + JM—Sequential forward floating selection using Jeffries–Matusita distance;
SFVS—Stepwise forward variable selection; SVM—Support vector machine (L—Linear kernel; LW—Linear kernel with class weights; R—Radial kernel; RW—Radial kernel with class
weights).
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With built-in feature selection, the FDA model only identified seven variables from
the total predictors. They belonged to the blue region (424 and 464 nm), green (549 nm),
red (719,753 nm), and NIR (759,935 nm) regions. In turn, GLM with the built-in stepwise
feature selection sorted out 20 predictors, mainly localized in the blue (388–443 nm), green
(510 nm), and NIR (759–1066 nm) regions.

The LASSO method recognized 22 predictors from the total 751 wavelengths available.
These spectral features fitted the blue (329–375 nm), green (510, 536 nm), red (617, 671 nm),
and NIR (771–1070 nm) regions.

All feature selection methodologies identified similar wavelengths and spectral bands
important for discriminating BCK detection.

2.2. Model Discrimination of Psa Leaf Symptoms

Table 2 presents the metric values used to compare the model approaches computed
to discriminate between asymptomatic and symptomatic kiwi leaves infected by the Psa
pathogen, based on random sampling (with no temporal sequence correlated in the sam-
ples). Considering all of the available 751 predictors, the mean metrics of the three sets
studied (total, BT, and CT data), including all the tested modeling approaches, presented
mean values ranging from 0.71 to 0.82 for accuracy, 0.36 to 0.63 (fair to good agreement)
for kappa, and 0.65 to 0.81 for the F-measure. In turn, CV ranged from 2.15 to 3.45, 2.62 to
10.16, and 4.57 to 15.18 for the same metrics.

Three independent feature selection methods were then applied and combined with
the same models (except for FDA) to verify if selected wavelengths would improve model
performance for the discrimination of Psa disease. For the SFVS approach, the mean metric
values of the three sets studied ranged from 0.76 to 0.85 for accuracy, 0.49 to 0.69 (moderate
to good agreement) for kappa, and 0.71 to 0.83 for the F-measure. The CV scores ranged
from 0.07 to 5.37 for accuracy, 2.12 to 12.87 for kappa, and 2.94 to 12.43 for the F-measure.
For the SFFS + JM procedure, similar findings were observed, and the mean results covered
the interval 0.73 to 0.81 for accuracy, 0.40 to 0.59 (moderate agreement) for kappa, and 0.63
to 0.77 for the F-measure. The CV numbers fluctuated from 0.97 to 4.10, 2.71 to 26.16, and
6.21 to 31.95 for accuracy, kappa, and the F-measure, respectively. These approaches, thus,
generally showed higher relative dispersion of the data points in the datasets around the
mean, for all the metrics. Lastly, for Lasso, the mean outcomes extended from 0.75 to 0.83,
0.46 to 0.65 (moderate to good agreement), and 0.63 to 0.82 for accuracy, kappa, and the
F-measure, respectively. CV, for the same metrics, registered values of 1.78 to 4.48, 7.52 to
12.28, and 2.78 to 21.19.

Between models, the selection was achieved by determining the mean and the CV for
the global (encompassing the training and testing data), BT, and CT datasets. The SFVS
followed by an SVM algorithm with radial kernel and class weights (stepsvmrw) presented
a higher mean (accuracy of 0.85, kappa of 0.69, and an F-measure of 0.83) and lower CV
(0.45 for accuracy, 2.12 for kappa and 5.20 for the F-measure) for the different metrics. This
model was, hence, selected.

Table 3 presents the confusion matrix for the selected model (stepsvmrw) for the
three validation datasets. In the predictions using the total (training and validation set)
data, the model correctly classified 190 (TP) spectra of the 223 spectra acquired over the
symptomatic leaves (33 observations were wrongly classified—FN). The spectra acquired
over the asymptomatic leaves allowed the correct classification of 240 (TN) of the 281
spectra (41 cases of FP) (Table 3).
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Table 3. Confusion matrix for the selected model characterized by executing SFVS followed by
an SVM algorithm with radial kernel and class weights (stepsvmrw) using the BT, CT, and com-
plete dataset.

BT (n = 216) CT (n = 288) ALL (n = 504)

Actual value Actual value Actual value

‘No’ ‘Yes’ ‘No’ ‘Yes’ ‘No’ ‘Yes’

Pr
ed

i
ct

ed ‘No’ 71 15

Pr
ed

i
ct

ed ‘No’ 169 19

Pr
ed

i
ct

ed ‘No’ 240 33
‘Yes’ 18 112 ‘Yes’ 23 77 ‘Yes’ 41 190

‘No’ and ‘Yes’ correspond to asymptomatic and symptomatic leaves, respectively.

Figure 3 presents the temporal prediction trend of correct classification as ‘asymp-
tomatic’ in both test sites, based on the stepsvmrw model. According to dates and test sites,
the percentage of cases where the stepsvmrw model attributed the correct classification as
‘asymptomatic’ to each observation ranged from 71% to 96% (Figure 3). The percentage
of asymptomatic observations correctly classified decreased for the BT region over time
but showed an inverse tendency for the CT site. The BT orchard presented more advanced
symptoms of BCK and their growth was relatively stable throughout the measurement
period. The lower values of correct asymptomatic class prediction of the last dates can
be related to disease asymptomatic leaves showing a spectral signature more similar to
symptomatic samples than healthy ones. In turn, for the CT region, spectral measurements
allowed complete surveillance from the appearance and development of the first signs of
BCK to its full development throughout the time, coinciding with the visual separation
between healthy and diseased leaves.
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Figure 3. Percentage of correct classification predictions as ‘asymptomatic’ by date and test site using
the SFVS strategy, followed by an SVM algorithm with radial kernel and class weights (stepsvmrw
model). Values of BT site are represented with triangles and CT with circles. DOY—Day of the year.

Figure 4a represents the median spectra of the 25% of observations classified with
higher probability as ‘asymptomatic’ and ‘symptomatic’ by the predict function of the
‘caret’ package which was computed for the selected model. Reflectance curves of asymp-
tomatic samples were characteristic of healthy green leaves, presenting lower reflectance
values in the VIS spectral region, and a high reflectance level in the NIR region. In turn,
symptomatic samples showed characteristic, divergent reflectance curves. Visual changes
were observed between asymptomatic and symptomatic samples for wavelengths ranging
from 515–650 nm (green–yellow–orange region), 651–714 nm (red region), and 715–850 nm
(red-edge and NIR regions). Higher reflectance values were observed for the blue region
(450–520 nm) and most NIR regions (850–1075 nm) for symptomatic leaves compared to
the asymptomatic ones. The opposite tendance was observed in the green, red-edge, and
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beginning of the NIR region (<850 nm). Nevertheless, spectral variance (Figure 4b) was
reduced for wavelengths higher than 800 nm.
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Figure 4. (a) Median of the spectra of the 25% observations best classified as ‘asymptomatic’ (green)
and ‘symptomatic’ (red) for the selected model combining the SFVS with SVM with radial kernel and
class weights (stepsvmrw); (b) Variance of the reflectance data measured by spectral wavelength and
class (green line representing the variance in the mean spectra of ‘asymptomatic’ samples, and red
line illustrating the variance in the mean data of ‘symptomatic’ leaves).

3. Discussion

Proximal sensing techniques can be a useful tool for helping producers detect early
crop diseases in situ. However, qualitative and/or quantitative differences between the
spectral information according to leaf symptomatology must be retrieved. In this regard,
our study investigated the possibility of using different model approaches of hyperspectral
data to correctly classify kiwi leaves according to the presence of characteristic symptoms
of BCK disease. The analysis was performed in two kiwi orchards, where 504 spectral
signatures were randomly acquired from symptomatic (diseased) and asymptomatic kiwi
plant leaves over time (Table 4). Monitoring of these two kiwi orchards allowed the
evaluation of the impact of different environmental and meso- and microclimatic conditions,
and the influence of different agricultural practices and plant age on model development.
A cross-validation strategy was applied to test the null hypothesis, which was assumed
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to occur when the training and validation sets are randomly sampled, resulting in similar
predictions in both datasets. An n-series random sampling can, furthermore, be performed
to assure a general evaluation of the error. Hence, cross-validation models can be derived
from all datasets, taking the error of a predicted sample [51,52]. Model transferability was
later demonstrated by the results obtained in the modeling process.

Table 4. Number of observations (leaves and plants) per test site and symptomatology.

Test Site Sites Dates Plants Asymptomatic
Leaves

Symptomatic
Leaves

Total
Measurements

Briteiros (BT) 1 9 8 89 127 216
Caldas das Taipas (CT) 1 8 12 192 96 288

Total 2 9 20 281 223 504

Hyperspectral data is acknowledged for containing many redundant adjacent features,
prone to multicollinearity [53], and suggested feature selection allows the identification
of the most relevant information (Figure 2). Hyperspectral data may, in fact, hold limited
useful information, reducing model performance due to overfitting, and increasing compu-
tational time [28]. Thus, different feature selection techniques were applied to hyperspectral
filtered data to identify relevant features having significance in the classification process,
namely a sequential forward floating selection using Jeffries–Matusita distance (SFFS + JM),
a stepwise forward variable selection method using Wilk’s Lambda criterion (SFVS), and
a Lasso regularized generalized linear model (LASSO). Furthermore, two models with
built-in feature selection techniques were also computed, specifically the generalized linear
model with stepwise feature selection (glmStepAIC) and the flexible discriminant analysis
(FDA) (Figure 5).

All approaches (Figure 5) identified similar spectral wavelengths located mainly
in the blue (350–500 nm), green (500–600 nm), red (600–750 nm), and NIR (>750 nm)
regions (Table 1). These results are coherent, presenting biological significance since the
symptoms caused by Pseudomonas syringae pv. actinidiae (Psa) promote modifications in
leaf biochemical and structural composition, as previously mentioned. These selected
features for discriminating asymptomatic and symptomatic kiwi leaves are in line with
those found for other crops with different diseases, namely: (i) for grapevine, where
wavelengths near the green region of the visible (534, 576, 430, and 368 nm), and near-
infrared spectra were selected by a stepwise-based approach [54]; (ii) also for grapevine,
other wavebands also seem to have high discriminatory power, being mainly located
at the green (520–550 nm), chlorophyll-associated wavelengths (650–670 nm), red edge
(700–720 nm), beginning of near-infrared (800–900 nm) and shortwave infrared spectral
regions [55]; (iii) for soyabean, wavelengths in the green and red regions of the spectrum
(top ten wavebands selected by: linear discriminant analysis—523, 535, 592, 658, 694, 700,
733, 766, 931, 1015; logistic discriminant analysis—400, 421, 427, 559, 571, 589, 679, 682, 688,
703; and linear correlation analysis—458, 461, 476, 479, 485, 494, 500, 626, 632, 686) similarly
exhibit the best correlation with disease [48]; (iv) for wheat affected by Puccinia triticina, the
relevant spectral characteristics corresponded to the wavelengths of 605, 695, and 455 nm,
for various levels of the infection [56]; (v) for oil palms diseased with ganoderma basal
stem rot disease, the features with higher importance were found mainly in the green
(from 550 to 560 nm), and in the red-edge (around 650 to 780 nm) regions [44]; (vi) for rice,
different levels of panicle blast could be differentiated at six different effective wavelengths,
specifically 459, 546, 569, 590, 775, and 981 nm [57].
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In crop remote sensing studies, spectral vegetation indices (VIs) are still the most
common approaches studied to identify and manage abiotic and biotic stresses in different
crops [58–60]. VIs are composed of numerous combinations of different bands, providing
spectral information with reduced dimensionality [32,61,62]. Despite its extended usage
and utility, it is not always clear if this plethora of VIs is sensitive to the variable of
interest and, simultaneously, if they respond insensitively to confounding factors, namely
variations of other leaf or canopy properties, background soil reflectance, solar illumination,
and atmospheric composition, this may induce variability in the spectral properties of
surfaces [61]. In turn, feature selection methods may provide more robust and customized
spectral information since they can identify the variables that are effective for modeling
data class characteristics, reducing the dimensionality of the original feature space by
choosing only the best and minimum subset of features [43].
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Data modeling was then performed using different statistical and machine learning
approaches applied in the complete dataset and the wavelengths identified by the different
feature selection approaches (Figure 5). The mean overall accuracy and coefficient of vari-
ation of the models allowed the identification of the combination of a stepwise forward
variable selection with a support vector machine with radial kernel and class weights
(stepsvmrw) as the best modeling approach among those evaluated (Table 2). In this
model, the kernel trick reduced dimensions and provided the necessary class separation
of non-linear features to the support vectors method e.g., [62]. However, kernels are not
theoretically derived for spectroscopy [21]. This handicap may lead to non-optimal selec-
tion, that does not represent the relationship between spectral features and discrimination
among symptomatic and asymptomatic leaves. This might explain the better performance
of SVM models when combined with feature selection algorithms (e.g., stepwise feature
selection; SFVS).

Stepsvmrw presented a classification accuracy of 85%, kappa score of 0.70 (good
agreement), and f-measure of 0.84, when the total dataset (training and test sets) was
used for prediction. It correctly classified 190 spectra of the 223 spectra acquired over the
symptomatic leaves and classified 240 of 281 spectra belonging to asymptomatic obser-
vations. The percentage of asymptomatic observations correctly classified by this model
ranged from 71% to 96% for both test sites, having decreased for the BT region over time
but showing an inverse tendency for the CT region (where it increased) (Figure 3). The
misclassification regarding the symptomatology of leaves in the early stages (Table 3) may
indicate initial disease phases in the NIR domain of the spectrum when typical disease
symptoms (e.g., chlorosis and necrosis) are not yet visually detectable by the human eye.
In turn, for the CT region, spectral measurements allowed complete surveillance from the
appearance and development of the first signs of BCK to its full development over time,
coinciding with the visual separation between healthy and disease leaves.

Our results showed lower accuracies than those found by Lu et al. [63] for classifying
strawberry leaves infected with Colletotrichum gloeosporioides using multitemporal indoor
and in-field assessments. Their classification accuracy for indoor measurements varied from
81.6% to 89.7% for discriminant analysis (FDA), 84.2% to 93.1% for stepwise discriminant
analysis (SDA), and 84.2% to 87.5 % for k-nearest neighbor (KNN), corresponding the
lower value to the classification accuracy for asymptomatic samples and the higher value
to the accuracy of healthy plants. KNN misclassified healthy samples as asymptomatic.
In-situ evaluations had lower accuracy scores ranging from 54.7% to 75.8% for FDA, 62.5%
to 77.3% for SDA, and 15.4% to 90.6% for KNN. These poorer values obtained in in-field
assessments were probably related to limitations in the dataset, namely the asymptomatic
sample size being larger than the healthy and symptomatic sample, and uncontrolled
environmental conditions acknowledged as the most important variations in sunlight
during measurements. Zhao et. al. [45] used three dimensionality reduction algorithms and
three machine learning models to classify and identify powdery mildew (Blumeria graminisf.
sp. tritici) on wheat under laboratory conditions. When applied to hyperspectral data, SVM
achieved a classification accuracy of 88.0%. The best model combined principal component
analysis (PCA), for dimensionality reduction, and SVM, having achieved an identification
accuracy of 93.3% by cross-validation methods. The authors only assessed 75 picked leaves,
with the number of diseased samples (60) being considerably higher than the number of
healthy ones. Huang et al. [64] studied the wheat powdery mildew disease using 145 in-situ
hyperspectral measurements (90 healthy and 55 diseased samples), different vegetation
indices (alone and combined with each other), and three model classifiers. They obtained
classification accuracies ranging from 74.5% to 94.8%. Despite our accuracy values being
similar or slightly lower than these examples, their scores were generally obtained by
performing indoor assessments (made under supervised, controlled conditions), and/or
through modelling approaches developed with small datasets, where spectral noise and
variability are low. Moreover, most models were only applied to a single test site, with
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restricted soil, climate conditions, and plant age, not being able to generalize to a practical
application.

Model results were further supported by the empirical analysis of the spectral infor-
mation of BCK disease. Asymptomatic leaves mostly revealed the typical spectral behavior
of green and photosynthetically active vegetation (Figure 4a). In turn, spectral responses
of symptomatic leaves registered variations in the VIS and NIR regions; having some
spectral bands presenting a greater response to the BCK infection (Figure 4a,b). Overall,
the mean spectral reflectance records of symptomatic leaves showed higher values of
reflectance for the blue and the majority of the NIR regions (850–1075 nm), and lower
values for the red-edge and beginning of the NIR regions (<850 nm), when compared to
the asymptomatic cases. These results are consistent with the infection caused by Psa, since
it results in necrotic leaf spots, which are related to membrane damage and cell death [4].
Modifications in the content of chlorophyll and brown pigments, water, and structural
components influence crop spectral behavior in these spectral regions [65,66]. Other studies,
performed on different crops, also reported an increase in diseased leaf reflectance in the
VIS region (mainly in the green and red ranges of the spectrum), and a decrease in the NIR
region, specifically: (i) sugar beet infected with Cercospora, in the VIS region from 550 to
700 nm and the NIR region from 700 nm to 850 nm [41]; (ii) grapevine infected with leaf
stripe disease (esca complex) in the green region (520–550 nm), and red region (650 nm) of
the spectra [55]; (iii) soybean affected by the soybean cyst nematode (SCN) and sudden
death syndrome (SDS) [48].

Our results are thus relevant for detecting and discriminating the bacterial canker
disease of kiwi in leaves. Hyperspectral data provides a large amount of information, al-
lowing the screening of samples based on their chemical composition rather than only their
size, shape, and visible color (that RGB devices permit). Despite the promising findings
supporting this proof-of-concept, this was a single season, in-field analysis (without control
over agronomic, environmental, and infectious conditions). Future studies are thus needed,
namely by analyzing the same leaf over time, to better understand the plant–pathogen in-
teraction and its impact on host spectral behavior. Furthermore, supplementary laboratory
assessments will be highly beneficial and allow more comprehensive knowledge about the
disease caused by the Psa pathogen.

4. Materials and Methods
4.1. Study Area

The monitoring of kiwi plants (Actinidia deliciosa) was performed in two test sites,
integrated in commercial orchards at Guimarães, Portugal, located in Caldas das Taipas (CT;
41◦29′09.8′ ′ N 8◦21′54.3′ ′ W) and Briteiros (BT; 41◦30′53.3′ ′ N 8◦19′20.5′ ′ W). In CT, where
the orchard was 5 years old when the assay was performed (2020), twelve feminine kiwi
plants of the variety Bo.Erika® were selected, marked with tape, and divided according to
the presence or absence of visual symptoms characteristic of BCK (small greasy dark spots
that become brown to black, that are distributed randomly on leaves, Figure 1). The same
procedure was performed for the BT test site, whose orchard was 30-years-old, where eight
plants of the same variety were selected to integrate the study.

Disease identification was accomplished by a visual assessment of BCK characteristic
symptoms on the kiwi leaf’s adaxial and abaxial sides (Figure 1). Samples were classified as
asymptomatic (showing no BCK symptoms) or symptomatic (presenting at least one typical
BCK chlorotic or necrotic spot). The monitoring of these two sites allowed the evaluation
of the impact of different environmental and meso- and microclimatic conditions, as well
as the influence of different agricultural practices and plant age.

4.2. Spectral Reflectance Acquisition through Ground Measurements

Leaf hyperspectral data were obtained with a portable spectroradiometer (ASD
FieldSpec® HandHeld 2, ASD Instruments, Boulder, CO, USA). Reflectance data were
recorded in the wavelength range from 325 nm to 1075 nm, with 1 nm of spectral resolution.
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The spectroradiometer has a full conical field-of-view angle of 25◦. During the data acquisi-
tion, the sensor was maintained 30 cm above the kiwi leaf, directed vertically downward
(nadir view), giving a sampling footprint close to 13.3 cm. The leaf was placed upon a black
card to reduce background noise. Prior to the hyperspectral acquisition, an internal dark
calibration was performed, followed by a white calibration through a spectralon (white
reference panel).

Measurements were acquired in the nadir position, in cloud-free conditions, between
11:00 and 14:00 h (local time), minimizing changes in the solar zenith angle. Weekly hy-
perspectral data on plant’s reflectance were obtained between May and June 2020, which
corresponded to the full development of Psa symptoms in kiwi plant leaves during the
growing season. After, biweekly measurements were performed between July and August
2020. Three random leaves were chosen for each plant, and hyperspectral information
was collected from one point, totaling 504 measurement points (Table 1). In each spec-
tral measurement, 10 repetitions were performed and later averaged to minimize the
noise effect.

The measurements were balanced regarding the test site and symptomatology (asymp-
tomatic or symptomatic). Nearly 43% of the samples were collected in the BT region,
presenting 59% of the typical symptoms of BCK. The remaining 57% of observations were
collected in the CT region, where only 33% of them showed visual signs of the disease.
In fact, differences in disease intensity were observed, with the BT test site being more
severely affected by BCK than CT.

A multiplicative scatter correction log (MSC log) was applied in the hyperspectral
reflectance according to [21].

4.3. Modelling Approaches
4.3.1. Feature Selection

Hyperspectral data are superimposed and result from multi-scale interference, result-
ing in an auto-correlated signal at various scales [21,36,53]. The state-of-the-art enumerates
several techniques useful for reducing the impacts of this high dimensional, redundant
information [32]. One approach consists of feature selection techniques applied to iden-
tify the most relevant bands and/or range of bands within hyperspectral data associated
with the explaining variable. By directly choosing wavelengths, redundant information
is removed, retaining only the more relevant discrimination features. If the removal of
wavelengths is distributed, information is maintained with minimal loss since the spectrum
is auto-correlated [21,36]. In our study, the performance of different modeling approaches
in BCK discrimination was assessed when (Figure 5): (i) all the 751 wavelengths predictors
were considered (325–1075 nm), (ii) when built-in features selection models were computed,
(iii) and, when different wavelength selection methods were applied, namely a sequential
forward floating selection using Jeffries–Matusita distance, a stepwise forward variable
selection method using Wilk’s Lambda criterion, and a Lasso regularized generalized linear
model. The main goal of feature selection was to capture systematic information, ensuring
that the model description of data was optimal without under or overfitting.

Sequential Forward Floating Selection Search Strategy and the Jeffries–Matusita
(SFFS + JM) Distance

A feature selection using the sequential forward floating selection search strategy
and the Jeffries–Matusita (SFFS + JM) distance [67] was computed to assess the spectral
separability between the distributions of asymptomatic and symptomatic samples. This
approach is an extension of the sequential forward selection algorithm. It comprehends
a backward step that allows the variables included in the prior steps to be reconsidered,
increasing the number of possible combinations evaluated. The Jeffries–Matusita (JM)
distance was selected as a separability metric, whose value ranges from zero to two, with
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values above 1.9 being considered indicators of clear separability [68]. The JM distance
among the distributions of the two classes ωi and ωj can be calculated by Equation (1) [69]:

JMij =
∫

x

[√
pi(x|ωi) −

√
pj(x

∣∣ωj)

]2
dx (1)

where p (x/ωi) and p (x/ωj) are the conditional probability density functions for the feature
vector x, given the data classes ωi and ωj, respectively. It can be rewritten according to the
Bhattacharyya distance (Bij):

JMij =

√
2
(

1− e−Bij
)

(2)

In hyperspectral remote sensing data, class distributions are often modeled as Gaussian
distributions [69]. Under this hypothesis, the Bhattacharya distance can be mathematically
written as Equation (3):

Bij =
1
8
(µi− µj)T

(
∑ i + ∑ j

2

)−1

(µi− µj) +
1
2

ln

[
1
2
|∑ i + ∑ j|√
|∑ i||∑ j|

]
(3)

where µi and µj represent the vector means of classes i and j, respectively, and ∑i and ∑j
are the covariance matrices of the same classes.

JM distance was selected since it is an efficient method for class separation distances.
The JM performs good feature ranking for two-class comparisons [70], and shows a satu-
rated performance when the separability between the measured classes increases. When
the saturation point is achieved, any further feature provided does not increase the separa-
bility [69].

Stepwise Forward Variable Selection Method Using Wilk’s Lambda Criterion (SFVS)

A stepwise forward variable selection (SFVS) approach was performed for feature
selection within the initial 751 predictor candidates. This procedure is based on determining
the predictive variables that most contribute to the model improvement in each step,
compared to the model in the previous step. The choice is based on Wilk’s Lambda
criterion. This statistic measures distance based on scalar transformations of the covariance
matrixes between and within groups [71].

Lasso Regularized Generalized Linear Models (LASSO)

Lasso regularized generalized linear models (LASSO) was also computed since this is
considered an efficient procedure for fitting the entire Lasso regularization path for linear
regression models via penalized maximum likelihood [72,73].

Computing models with built-in feature selection were also tested to compare their
performance with the algorithms where the search routine for the right predictors is
external to the model. These models generally work by pairing the predictor search
algorithm with the parameter estimation and are usually optimized with a single objective
function (e.g., error rates or likelihood) [74]. Generalized linear model with stepwise
feature selection (glmStepAIC) and the flexible discriminant analysis (FDA) were chosen to
integrate this study.

4.3.2. Predictive Modeling in Classification Mode

Seven predictive modeling approaches were evaluated to detect the bacterial canker
of kiwi disease (Figure 2). The leaf symptomatology was used as a binary variable in
the models tested taking the values ‘No’ (asymptomatic) and ‘Yes’ (symptomatic). The
algorithms computed included (i) flexible discriminant analysis (FDA); (ii) general linear
model (GLM); (iii) partial least squares (PLS) classification; (iv) support vector machines
with linear kernel (SVM-L); (v) support vector machines with radial basis function kernel



Plants 2022, 11, 2154 15 of 21

(SVM-R); (vi) linear support vector machines with class weights (SVM-LW); and (vii) radial
support vector machines with class weights (SVM-RW).

Flexible Discriminant Analysis (FDA)

The FDA was selected since it is a multigroup nonlinear discrimination/classification
and pattern-recognition method based on nonparametric regression followed by linear
discriminant analysis (LDA). It uses optimal scoring to convert the response variable so
that the data are better for linear separation, and multiple adaptive regression projections
to generate the discriminant surface. FDA can be applied with standard linear regression,
resulting in Fisher’s discriminant vectors [75,76].

Generalized Linear Model (GLM)

GLM was chosen as a parametric, statistical approach that consists of an extension
of linear models. GLM establishes the relationships between the explanatory factors and
the responses through an estimated regression parameter via confidence intervals [77]. It
evaluates the temporal variational pattern of signals instead of their absolute magnitude,
being robust in many cases, including severe optical signal attenuations due to scattering
or poor contact [78].

Partial Least Squares (PLS) Classification

PLS was computed as a multivariate statistic since it proved that PLS is a prominent
modeling method capable of dealing with several, multicollinear variables, and in cases
where the number of explanatory (number of wavelengths) variables is superior to the
number of observations [79]. It aims to minimize the sample prediction error, pursuing
linear functions of the predictors that explain as much variation in each response as
possible. Also, PLS aims to account for variation in the predictors, under the hypothesis
that directions in the predictor space, which are well sampled, should offer an improved
prediction for new observations when the predictors are highly correlated [80].

Support Vector Machines (SVM)

SVMs were used as a set of machine learning methods built on the concept of optimal
separating hyperplane [81], and they can be used for regression and classification tasks [82].
They are non-linear classifiers capable of finding the most extensive margin between two
classes in feature space [83]. SVMs have several hyperparameters and different kernel
types. The SVM methodology intends to reduce the error test and model complexity [83].
The kernel function transforms raw data inputs from the original user space into kernel
space through a user-defined feature map. The kernel functions include linear, polynomial,
and radial basis functions (RBF) [84,85]. Some SVMs approaches assign different weights
to different data points such that SVM learns the decision surface according to the relative
importance of the data points in the training set [86].

Model Development and Selection

Symptomatology was then used as the response variable in modeling approaches,
and the 751 wavelengths were considered predictor candidates. To run the predictive
models, the dataset was divided into training data (70% of random observations) and
validation data (30% of the remaining observations) [87], following a holdout method [88].
The training and validation datasets integrate the pairs of concurrent measurements of the
symptomatology and the corresponding values of the predicting variables (Figure 2).

For model evaluation criteria, a resampling strategy was considered following a
repeated cross-validation strategy using a repeated 10-fold cross-validation to estimate
accuracy. The dataset was split into 10 parts, trained in 9, and tested on 1. The process
was repeated for all combinations of train–test splits. The final model accuracy was then
taken as the mean from the number of repeats [87,88]. This strategy allows the execution of
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verification steps by the model before the final verification is measured on the testing set,
decreasing the possibility of overfitting [89,90].

Different metrics were then considered to assess model performance and model
selection, namely the confusion matrix (CM), accuracy score, kappa coefficient, and the
F1-score (Figure 2).

The CM presented possible categories of predicted values in one dimension and the
possible categories for actual values in the other. Correct classifications (when the predicted
value was equal to the actual value) felt on the diagonal in the CM. The off-diagonal matrix
cells corresponded to the incorrect predictions, where the predicted value diverges from the
actual value. The class of interest was positive, while the other was identified as negative.
The prediction was then classified as a true positive (TP) when it was correctly classified as
the class of interest; true negative (TN) when it was properly categorized as not the class of
interest; false positive (FP) when it was incorrectly considered as the class of interest; and,
false negative (FN) when it was mistakenly labeled as not the class of interest.

The accuracy can be considered as the number of correctly classified prediction in-
stances divided by the total number of predictions. The accuracy (also known as success
rate) can be calculated through the proportion of TP and TN in all evaluated cases with
the confusion matrix results. Mathematically, this can be stated as presented in Equa-
tion (3) [88]:

Accuracy =
TP + TN

TP + TN + FP + FN
(4)

The kappa statistic, or Cohen’s kappa, corrects the accuracy by accounting for the
possibility of an accurate prediction by chance alone [88]. Its value can vary from zero to
one. The interpretation of the kappa statistic may be different according to how a model
is to be implemented. The value one indicates a perfect agreement between the model’s
predictions and the true values, and values lower than one indicate an imperfect agreement.
Usually, kappa results can be interpreted as followed: less than 0.20—poor agreement; 0.20
to 0.40—fair agreement; 0.40 to 0.60—moderate agreement; 0.60 to 0.80—good agreement;
and 0.80 to 1.00—very good agreement [88]. The Kappa statistic can be calculated through
the following formula, Equation (4):

k =
Pr(a)− Pr(e)

1− Pr(e)
(5)

where Pr(a) represents the proportion of actual agreement and Pr(e) refers to the expected
agreement between the classifier and the true values, under the hypothesis that they were
chosen randomly.

F-measure (F1 score or F-score) was also used as an indicator of model performance
that merged precision (proportion of positive cases that are truly positive) and recall (a
measure of how complete the results are, which is computed as the number of TP over
the total number of positives) into a single number using the harmonic mean, a type of
average that is applied for levels of change, as represented mathematically by the formula
in Equation (5):

F−measure =
2× precision × recall

recall + precision
=

2× TP
2× TP + FP + FN

(6)

These metric scores were applied to the between model selection through a prediction
process using the (i) total dataset (including training and test set), and (ii) site-independent
datasets (BT and CT observations). Between model selection was ultimately achieved
through the evaluation of the mean and the coefficient of variation (CV) values for the
different model metrics of the global (training and testing data), BT, and CT sets, being
selected the model with an overall higher means and lower CV for the accuracy, kappa,
and F-measure metrics.
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For the best model, the percentage of correct predictions was determined by dividing
the number of cases where the model attributes the correct class to the prediction compared
to the actual class through the total number of predictions performed. Also, the median of
the spectra of the 25% predictions classified with higher probability as ‘asymptomatic’ and
‘symptomatic’ by the best model was computed.

All the computational analyses were performed in the software R [91] with the fol-
lowing packages: ‘AppliedPredictiveModeling’ [92], ‘caret’ [74], ‘e1071′ [93], ‘earth’ [94],
‘ggplot2’ [95], ‘glmnet’ [72], ‘kernlab’ [96], ‘klaR’ [97], ‘MASS’ [98], and ‘mda’ [99].

5. Conclusions

This study proposes the diagnostics of bacterial canker of kiwi (BCK) disease caused
by Pseudomonas syringae pv. actinidiae (Psa), on kiwi leaves using hyperspectral in-field
measurements. Asymptomatic leaves revealed the typical spectral behavior of green and
photosynthetically active vegetation, while symptomatic leaves presented deviations in
their spectral signature in the VIS and NIR regions. The different feature selection methods
allowed the identification of several wavelengths as more important for BCK discrimination,
being mainly located in the blue (350–500 nm), green (500–600 nm), red (600–750 nm), and
NIR (>750 nm) regions. Spectral separability between asymptomatic and symptomatic
observations were observed in the dataset, and a stepwise forward variable selection
approach with an SVM algorithm with a radial kernel and class weights presented the
best results in terms of disease discrimination. The model presented an overall accuracy
of 0.85, with a 0.70 kappa score and 0.84 F-measure. Our findings allowed a rapid, non-
destructive, in situ disease classification, supporting the implementation of spectral point
measurements for crop disease discrimination. Nonetheless, more research is necessary to
better comprehend the plant–pathogen dynamics and their effects on host spectral behavior.
Furthermore, feature selection approaches for disease diagnosis must be further explored
to develop more economic, multiband sensors. Multi- and hyperspectral sensors can be
coupled on different platforms, forming distinct functioning measurement systems. This
results in more precise agronomic practices, such as mapping, monitoring, scouting, and
treatment of crop diseases. Handheld sensors, terrestrial (e.g., robots) and aerial platforms
(e.g., drones), and satellites can assess plant spectral behavior on different scales, including
leaf, single-plant, canopy, plot, and farm levels.

Author Contributions: Conceptualization, M.R.-P., R.T., F.N.d.S., F.T. and M.C.; methodology, M.R.-
P., R.T., R.M., F.N.d.S., F.T. and M.C.; software, M.R.-P., R.T. and M.C.; validation, M.R.-P. and R.T.;
formal analysis, M.R.-P. and R.T.; investigation, M.R.-P., R.T., R.M., F.N.d.S., F.T. and M.C.; resources,
F.N.d.S., F.T. and M.C.; data curation, M.R.-P. and R.T.; writing—original draft preparation, M.R.-P.;
writing—review and editing, M.R.-P., R.T., R.M., F.N.d.S., F.T. and M.C.; supervision, F.N.d.S., F.T.
and M.C. All authors have read and agreed to the published version of the manuscript.

Funding: The research leading to these results received funding from the European Union’s Horizon
2020—The EU Framework Programme for Research and Innovation 2014–2020, under Grant Agree-
ment No. 857202—DEMETER. Mafalda Reis-Pereira and Renan Tosin were supported by fellowships
from Fundação para a Ciência e a Tecnologia (FCT) [grant references SFRH/BD/146564/2019, and
SFRH/BD/145182/2019, respectively]. Rui C. Martins was supported by a research contract grant by
Fundação para a Ciência e Tecnologia (FCT) [grant reference CEEIND/017801/2018].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Plants 2022, 11, 2154 18 of 21

References
1. Scortichini, M.; Marcelletti, S.; Ferrante, P.; Petriccione, M.; Firrao, G. Pseudomonas syringae pv. actinidiae: A re-emerging,

multi-faceted, pandemic pathogen. Mol. Plant Pathol. 2012, 13, 231–240.
2. Kim, G.H.; Kim, K.H.; Son, K.I.; Choi, E.D.; Lee, Y.S.; Jung, J.S.; Koh, Y.J. Outbreak and Spread of Bacterial Canker of Kiwifruit

Caused by Pseudomonas syringae pv. actinidiae Biovar 3 in Korea. Plant Pathol. J. 2016, 32, 545–551. [CrossRef] [PubMed]
3. Vanneste, J. Recent progress on detecting understanding and controlling Pseudomonas syringae pv actinidiae a short review. N. Z.

Plant Prot. 2013, 66, 170–177. [CrossRef]
4. Balestra, G.; Mazzaglia, A.; Quattrucci, A.; Renzi, M.; Rossetti, A. Current status of bacterial canker spread on kiwifruit in Italy.

Australas. Plant Dis. Notes 2009, 4, 34–36.
5. Saavedra, J.; Abud, C.; Cuevas, R.; Gonzalez, P. Impact of plastic covers on the progression of Pseudomonas syringae pv. actinidiae

and fruit productivity in a yellow-kiwifruit orchard. Ix Int. Symp. Kiwifruit 2018, 1218, 341–345. [CrossRef]
6. Donati, I.; Cellini, A.; Buriani, G.; Mauri, S.; Kay, C.; Tacconi, G.; Spinelli, F. Pathways of flower infection and pollen-mediated

dispersion of Pseudomonas syringae pv. actinidiae, the causal agent of kiwifruit bacterial canker. Hortic Res-Engl. 2018, 5, 56.
[CrossRef]

7. Donati, I.; Cellini, A.; Sangiorgio, D.; Vanneste, J.L.; Scortichini, M.; Balestra, G.M.; Spinelli, F. Pseudomonas syringae pv. actinidiae:
Ecology, Infection Dynamics and Disease Epidemiology. Microb. Ecol. 2020, 80, 81–102. [CrossRef]

8. Lowe, A.; Harrison, N.; French, A.P. Hyperspectral image analysis techniques for the detection and classification of the early
onset of plant disease and stress. Plant Methods 2017, 13, 80. [CrossRef]

9. Parker, S.R.; Shaw, M.W.; Royle, D.J. The reliability of visual estimates of disease severity on cereal leaves. Plant Pathol. 1995, 44,
856–864. [CrossRef]

10. Ali, M.M.; Bachik, N.A.; Muhadi, N.A.; Yusof, T.N.T.; Gomes, C. Non-destructive techniques of detecting plant diseases: A review.
Physiol. Mol. Plant Pathol. 2019, 108, 101426. [CrossRef]

11. Mahlein, A.K. Plant Disease Detection by Imaging Sensors—Parallels and Specific Demands for Precision Agriculture and Plant
Phenotyping. Plant Dis. 2016, 100, 241–251. [CrossRef]

12. Sankaran, S.; Mishra, A.; Ehsani, R.; Davis, C. A review of advanced techniques for detecting plant diseases. Comput. Electron.
Agric. 2010, 72, 1–13. [CrossRef]

13. Khaled, A.Y.; Abd Aziz, S.; Bejo, S.K.; Nawi, N.M.; Abu Seman, I.; Onwude, D.I. Early detection of diseases in plant tissue using
spectroscopy—Applications and limitations. Appl. Spectrosc. Rev. 2018, 53, 36–64. [CrossRef]

14. Fang, Y.; Ramasamy, R.P. Current and Prospective Methods for Plant Disease Detection. Biosensors 2015, 5, 537–561. [CrossRef]
[PubMed]

15. Martinelli, F.; Scalenghe, R.; Davino, S.; Panno, S.; Scuderi, G.; Ruisi, P.; Villa, P.; Stroppiana, D.; Boschetti, M.; Goulart, L.R.; et al.
Advanced methods of plant disease detection. A review. Agron. Sustain. Dev. 2015, 35, 1–25. [CrossRef]

16. Zhang, N.; Yang, G.J.; Pan, Y.C.; Yang, X.D.; Chen, L.P.; Zhao, C.J. A Review of Advanced Technologies and Development for
Hyperspectral-Based Plant Disease Detection in the Past Three Decades. Remote Sens. 2020, 12, 3188. [CrossRef]

17. Golhani, K.; Balasundram, S.K.; Vadamalai, G.; Pradhan, B. A review of neural networks in plant disease detection using
hyperspectral data. Inf. Process. Agric. 2018, 5, 354–371. [CrossRef]

18. Delalieux, S.; van Aardt, J.; Keulemans, W.; Schrevens, E.; Coppin, P. Detection of biotic stress (Venturia inaequalis) in apple trees
using hyperspectral data: Non-parametric statistical approaches and physiological implications. Eur. J. Agron. 2007, 27, 130–143.
[CrossRef]

19. Blackburn, G.A.; Ferwerda, J.G. Retrieval of chlorophyll concentration from leaf reflectance spectra using wavelet analysis. Remote
Sens. Environ. 2008, 112, 1614–1632. [CrossRef]

20. Thenkabail, P.S.; Smith, R.B.; De Pauw, E. Hyperspectral vegetation indices and their relationships with agricultural crop
characteristics. Remote Sens. Environ. 2000, 71, 158–182. [CrossRef]

21. Martins, R.C.; Barroso, T.G.; Jorge, P.; Cunha, M.; Santos, F. Unscrambling spectral interference and matrix effects in Vitis vinifera
Vis-NIR spectroscopy: Towards analytical grade ‘in vivo’ sugars and acids quantification. Comput. Electron. Agric. 2022, 194,
106710. [CrossRef]

22. Monteiro-Silva, F.; Jorge, P.A.S.; Martins, R.C. Optical Sensing of Nitrogen, Phosphorus and Potassium: A Spectrophotometrical
Approach toward Smart Nutrient Deployment. Chemosensors 2019, 7, 51. [CrossRef]

23. Zhang, J.C.; Wang, N.; Yuan, L.; Chen, F.N.; Wu, K.H. Discrimination of winter wheat disease and insect stresses using continuous
wavelet features extracted from foliar spectral measurements. Biosyst. Eng. 2017, 162, 20–29. [CrossRef]

24. Herrmann, I.; Berenstein, M.; Paz-Kagan, T.; Sade, A.; Karnieli, A. Spectral assessment of two-spotted spider mite damage levels
in the leaves of greenhouse-grown pepper and bean. Biosyst. Eng. 2017, 157, 72–85. [CrossRef]

25. Yu, K.; Anderegg, J.; Mikaberidze, A.; Karisto, P.; Mascher, F.; McDonald, B.A.; Walter, A.; Hund, A. Hyperspectral Canopy
Sensing of Wheat Septoria Tritici Blotch Disease. Front. Plant Sci. 2018, 9, 1195. [CrossRef]

26. Skoneczny, H.; Kubiak, K.; Spiralski, M.; Kotlarz, J. Fire Blight Disease Detection for Apple Trees: Hyperspectral Analysis of
Healthy, Infected and Dry Leaves. Remote Sens. 2020, 12, 2101. [CrossRef]

27. Bagheri, N.; Mohamadi-Monavar, H.; Azizi, A.; Ghasemi, A. Detection of Fire Blight disease in pear trees by hyperspectral data.
Eur. J. Remote Sens. 2018, 51, 1–10. [CrossRef]

http://doi.org/10.5423/PPJ.OA.05.2016.0122
http://www.ncbi.nlm.nih.gov/pubmed/27904461
http://doi.org/10.30843/nzpp.2013.66.5594
http://doi.org/10.17660/ActaHortic.2018.1218.47
http://doi.org/10.1038/s41438-018-0058-6
http://doi.org/10.1007/s00248-019-01459-8
http://doi.org/10.1186/s13007-017-0233-z
http://doi.org/10.1111/j.1365-3059.1995.tb02745.x
http://doi.org/10.1016/j.pmpp.2019.101426
http://doi.org/10.1094/PDIS-03-15-0340-FE
http://doi.org/10.1016/j.compag.2010.02.007
http://doi.org/10.1080/05704928.2017.1352510
http://doi.org/10.3390/bios5030537
http://www.ncbi.nlm.nih.gov/pubmed/26287253
http://doi.org/10.1007/s13593-014-0246-1
http://doi.org/10.3390/rs12193188
http://doi.org/10.1016/j.inpa.2018.05.002
http://doi.org/10.1016/j.eja.2007.02.005
http://doi.org/10.1016/j.rse.2007.08.005
http://doi.org/10.1016/S0034-4257(99)00067-X
http://doi.org/10.1016/j.compag.2022.106710
http://doi.org/10.3390/chemosensors7040051
http://doi.org/10.1016/j.biosystemseng.2017.07.003
http://doi.org/10.1016/j.biosystemseng.2017.02.008
http://doi.org/10.3389/fpls.2018.01195
http://doi.org/10.3390/rs12132101
http://doi.org/10.1080/22797254.2017.1391054


Plants 2022, 11, 2154 19 of 21

28. Morellos, A.; Tziotzios, G.; Orfanidou, C.; Pantazi, X.E.; Sarantaris, C.; Maliogka, V.; Alexandridis, T.K.; Moshou, D. Non-
Destructive Early Detection and Quantitative Severity Stage Classification of Tomato Chlorosis Virus (ToCV) Infection in Young
Tomato Plants Using Vis–NIR Spectroscopy. Remote Sens. 2020, 12, 1920. [CrossRef]

29. Gold, K.M.; Townsend, P.A.; Chlus, A.; Herrmann, I.; Couture, J.J.; Larson, E.R.; Gevens, A.J. Hyperspectral Measurements Enable
Pre-Symptomatic Detection and Differentiation of Contrasting Physiological Effects of Late Blight and Early Blight in Potato.
Remote Sens. 2020, 12, 286. [CrossRef]

30. Curran, P.J. Remote-Sensing of Foliar Chemistry. Remote Sens. Environ. 1989, 30, 271–278. [CrossRef]
31. Tosin, R.; Pocas, I.; Novo, H.; Teixeira, J.; Fontes, N.; Graca, A.; Cunha, M. Assessing predawn leaf water potential based on

hyperspectral data and pigment’s concentration of Vitis vinifera L. in the Douro Wine Region. Sci. Hortic-Amst. 2021, 278, 109860.
[CrossRef]

32. Thenkabail, P.S.; Gumma, M.K.; Teluguntla, P.; Mohammed, I.A. Hyperspectral Remote Sensing of Vegetation and Agricultural
Crops. Photogramm. Eng. Remote Sens. 2014, 80, 697–709.

33. Tosin, R.; Martins, R.; Pôças, I.; Cunha, M. Canopy VIS-NIR spectroscopy and self-learning artificial intelligence for a generalised
model of predawn leaf water potential in Vitis vinifera. Biosyst. Eng. 2022, 219, 235–258. [CrossRef]

34. Hunt, E.R.; Rock, B.N. Detection of changes in leaf water content using Near- and Middle-Infrared reflectances. Remote Sens.
Environ. 1989, 30, 43–54.

35. Jones, H.G.; Vaughan, R.A. Remote Sensing of Vegetation: Principles, Techniques, and Applications; Oxford University Press: Oxford,
UK, 2010.

36. Martins, R.C. Unscrambling Complex Sample Composition, Variability and Multi-scale Interference in Optical Spectroscopy. Proc.
Spie 2019, 11207, 448–453. [CrossRef]

37. Blackburn, G.A. Hyperspectral remote sensing of plant pigments. J. Exp. Bot. 2007, 58, 855–867. [CrossRef]
38. Caicedo, J.P.R.; Verrelst, J.; Muñoz-Marí, J.; Moreno, J.; Camps-Valls, G. Toward a semiautomatic machine learning retrieval of

biophysical parameters. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 7, 1249–1259. [CrossRef]
39. Rivera, J.P.; Verrelst, J.; Delegido, J.; Veroustraete, F.; Moreno, J. On the semi-automatic retrieval of biophysical parameters based

on spectral index optimization. Remote Sens. 2014, 6, 4927–4951. [CrossRef]
40. Saleem, M.H.; Potgieter, J.; Mahmood Arif, K. Plant Disease Detection and Classification by Deep Learning. Plants 2019, 8, 468.

[CrossRef]
41. Mahlein, A.K.; Rumpf, T.; Welke, P.; Dehne, H.W.; Plümer, L.; Steiner, U.; Oerke, E.C. Development of spectral indices for detecting

and identifying plant diseases. Remote Sens. Environ. 2013, 128, 21–30. [CrossRef]
42. Mahlein, A.K.; Steiner, U.; Dehne, H.W.; Oerke, E.C. Spectral signatures of sugar beet leaves for the detection and differentiation

of diseases. Precis. Agric. 2010, 11, 413–431. [CrossRef]
43. Thenkabail, P.S.; Lyon, J.G.; Huete, A. Hyperspectral Indices and Image Classifications for Agriculture and Vegetation; CRC Press:

Boca Raton, FL, USA, 2018.
44. Ahmadi, P.; Muharam, F.M.; Ahmad, K.; Mansor, S.; Abu Seman, I. Early Detection of Ganoderma Basal Stem Rot of Oil Palms

Using Artificial Neural Network Spectral Analysis. Plant Dis. 2017, 101, 1009–1016. [CrossRef] [PubMed]
45. Zhao, J.; Fang, Y.; Chu, G.; Yan, H.; Hu, L.; Huang, L. Identification of Leaf-Scale Wheat Powdery Mildew (Blumeria graminis f.

sp. Tritici) Combining Hyperspectral Imaging and an SVM Classifier. Plants 2020, 9, 936. [CrossRef] [PubMed]
46. Saha, D.; Manickavasagan, A. Machine learning techniques for analysis of hyperspectral images to determine quality of food

products: A review. Curr. Res. Food Sci. 2021, 4, 28–44. [CrossRef] [PubMed]
47. Sankaran, S.; Ehsani, R.; Inch, S.A.; Ploetz, R.C. Evaluation of visible-near infrared reflectance spectra of avocado leaves as a

non-destructive sensing tool for detection of laurel wilt. Plant Dis. 2012, 96, 1683–1689. [CrossRef]
48. Bajwa, S.G.; Rupe, J.C.; Mason, J. Soybean Disease Monitoring with Leaf Reflectance. Remote Sens. 2017, 9, 127. [CrossRef]
49. Meng, R.; Lv, Z.; Yan, J.; Chen, G.; Zhao, F.; Zeng, L.; Xu, B. Development of spectral disease indices for southern corn rust

detection and severity classification. Remote Sens. 2020, 12, 3233. [CrossRef]
50. Gold, K.M.; Townsend, P.A.; Herrmann, I.; Gevens, A.J. Investigating potato late blight physiological differences across potato

cultivars with spectroscopy and machine learning. Plant Sci. 2020, 295, 110316. [CrossRef]
51. Refaeilzadeh, P.; Tang, L.; Liu, H. Cross-Validation. In Encyclopedia of Database Systems; Liu, L., ÖZsu, M.T., Eds.; Springer: Boston,

MA, USA, 2009; pp. 532–538.
52. Krstajic, D.; Buturovic, L.J.; Leahy, D.E.; Thomas, S. Cross-validation pitfalls when selecting and assessing regression and

classification models. J. Cheminform. 2014, 6, 10. [CrossRef]
53. Mariotto, I.; Thenkabail, P.S.; Huete, A.; Slonecker, E.T.; Platonov, A. Hyperspectral versus multispectral crop-productivity

modeling and type discrimination for the HyspIRI mission. Remote Sens. Environ. 2013, 139, 291–305. [CrossRef]
54. Naidu, R.A.; Perry, E.M.; Pierce, F.J.; Mekuria, T. The potential of spectral reflectance technique for the detection of Grapevine

leafroll-associated virus-3 in two red-berried wine grape cultivars. Comput. Electron. Agric. 2009, 66, 38–45. [CrossRef]
55. Junges, A.H.; Almança, M.A.K.; Fajardo, T.V.M.; Ducati, J.R. Leaf hyperspectral reflectance as a potential tool to detect diseases

associated with vineyard decline. Trop. Plant Pathol. 2020, 45, 522–533. [CrossRef]
56. Ashourloo, D.; Mobasheri, M.R.; Huete, A. Developing Two Spectral Disease Indices for Detection of Wheat Leaf Rust (Puccinia-

triticina). Remote Sens. 2014, 6, 4723–4740. [CrossRef]

http://doi.org/10.3390/rs12121920
http://doi.org/10.3390/rs12020286
http://doi.org/10.1016/0034-4257(89)90069-2
http://doi.org/10.1016/j.scienta.2020.109860
http://doi.org/10.1016/j.biosystemseng.2022.05.007
http://doi.org/10.1117/12.2527586
http://doi.org/10.1093/jxb/erl123
http://doi.org/10.1109/JSTARS.2014.2298752
http://doi.org/10.3390/rs6064927
http://doi.org/10.3390/plants8110468
http://doi.org/10.1016/j.rse.2012.09.019
http://doi.org/10.1007/s11119-010-9180-7
http://doi.org/10.1094/PDIS-12-16-1699-RE
http://www.ncbi.nlm.nih.gov/pubmed/30682927
http://doi.org/10.3390/plants9080936
http://www.ncbi.nlm.nih.gov/pubmed/32722022
http://doi.org/10.1016/j.crfs.2021.01.002
http://www.ncbi.nlm.nih.gov/pubmed/33659896
http://doi.org/10.1094/PDIS-01-12-0030-RE
http://doi.org/10.3390/rs9020127
http://doi.org/10.3390/rs12193233
http://doi.org/10.1016/j.plantsci.2019.110316
http://doi.org/10.1186/1758-2946-6-10
http://doi.org/10.1016/j.rse.2013.08.002
http://doi.org/10.1016/j.compag.2008.11.007
http://doi.org/10.1007/s40858-020-00387-0
http://doi.org/10.3390/rs6064723


Plants 2022, 11, 2154 20 of 21

57. Wu, D.; Cao, F.; Zhang, H.; Feng, L.; He, Y. Study on disease level classification of rice panicle blast based on visible and near
infrared spectroscopy. Spectrosc. Spectr. Anal. 2009, 29, 3295–3299.

58. Verrelst, J.; Rivera, J.P.; Veroustraete, F.; Muñoz-Marí, J.; Clevers, J.G.P.W.; Camps-Valls, G.; Moreno, J. Experimental Sentinel-2
LAI estimation using parametric, non-parametric and physical retrieval methods—A comparison. ISPRS J. Photogramm. Remote
Sens. 2015, 108, 260–272. [CrossRef]

59. Hatfield, J.L.; Prueger, J.H.; Sauer, T.J.; Dold, C.; O’Brien, P.; Wacha, K. Applications of Vegetative Indices from Remote Sensing to
Agriculture: Past and Future. Inventions 2019, 4, 71. [CrossRef]

60. Xue, J.R.; Su, B.F. Significant Remote Sensing Vegetation Indices: A Review of Developments and Applications. J. Sens. 2017,
1353691. [CrossRef]

61. Morcillo-Pallares, P.; Rivera-Caicedo, J.P.; Belda, S.; De Grave, C.; Burriel, H.; Moreno, J.; Verrelst, J. Quantifying the Robustness of
Vegetation Indices through Global Sensitivity Analysis of Homogeneous and Forest Leaf-Canopy Radiative Transfer Models.
Remote Sens. 2019, 11, 2418. [CrossRef]

62. Luts, J.; Ojeda, F.; Van de Plas, R.; De Moor, B.; Van Huffel, S.; Suykens, J.A.K. A tutorial on support vector machine-based
methods for classification problems in chemometrics. Anal. Chim. Acta 2010, 665, 129–145. [CrossRef]

63. Lu, J.; Ehsani, R.; Shi, Y.; Abdulridha, J.; de Castro, A.I.; Xu, Y. Field detection of anthracnose crown rot in strawberry using
spectroscopy technology. Comput. Electron. Agric. 2017, 135, 289–299. [CrossRef]

64. Huang, L.S.; Ding, W.J.; Liu, W.J.; Zhao, J.L.; Huang, W.J.; Xu, C.; Zhang, D.Y.; Liang, D. Identification of wheat powdery
mildew using in-situ hyperspectral data and linear regression and support vector machines. J. Plant Pathol. 2019, 101, 1035–1045.
[CrossRef]

65. Penuelas, J.; Filella, I. Visible and near-infrared reflectance techniques for diagnosing plant physiological status. Trends Plant Sci.
1998, 3, 151–156. [CrossRef]

66. Asner, G.P. Biophysical and Biochemical Sources of Variability in Canopy Reflectance. Remote Sens. Environ. 1998, 64, 234–253.
[CrossRef]
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