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Abstract: Remote sensing technology is vital for precision agriculture, aiding in early issue detection,
resource management, and environmentally friendly practices. Recent advances in remote sensing
technology and data processing have propelled unmanned aerial vehicles (UAVs) into valuable tools
for obtaining detailed data on plant diseases with high spatial, temporal, and spectral resolution.
Given the growing body of scholarly research centered on UAV-based disease detection, a compre-
hensive review and analysis of current studies becomes imperative to provide a panoramic view of
evolving methodologies in plant disease monitoring and to strategically evaluate the potential and
limitations of such strategies. This study undertakes a systematic quantitative literature review to
summarize existing literature and discern current research trends in UAV-based applications for plant
disease detection and monitoring. Results reveal a global disparity in research on the topic, with
Asian countries being the top contributing countries (43 out of 103 papers). World regions such as
Oceania and Africa exhibit comparatively lesser representation. To date, research has largely focused
on diseases affecting wheat, sugar beet, potato, maize, and grapevine. Multispectral, reg-green-blue,
and hyperspectral sensors were most often used to detect and identify disease symptoms, with
current trends pointing to approaches integrating multiple sensors and the use of machine learning
and deep learning techniques. Future research should prioritize (i) development of cost-effective
and user-friendly UAVs, (ii) integration with emerging agricultural technologies, (iii) improved data
acquisition and processing efficiency (iv) diverse testing scenarios, and (v) ethical considerations
through proper regulations.

Keywords: unmanned aerial vehicle; plant disease; disease monitoring; image processing; ma-
chine learning
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1. Introduction

Plant diseases have multifaceted and far-reaching consequences, impacting agriculture,
ecosystems, economies, and human well-being. They can lead to reduced crop yields, lower
crop quality, and even complete crop failures, which can disrupt the supply chain, result in
increased food prices and potential food shortages, and negatively impact food security and
the livelihood of stakeholders engaged in agricultural sectors [1,2]. Globally, the economic
impact of crop yield loss due to plant diseases is estimated to be around US$220 billion
each year [3]. Annual yield losses due to plant diseases and pests in the top food staple
rice, maize, and wheat range from 24.6% to 40.9% for rice, from 19.5% to 41.1% for maize,
and from 10.1% to 28.1% for wheat worldwide [4]. Plant diseases can also alter ecosystems
by affecting the abundance and distribution of plant species and disrupting the food web
and ecosystem dynamics [5,6]. Some plant diseases may cause health issues in humans
and livestock. For example, mycotoxins produced by certain fungi can contaminate crops,
leading to the ingestion of toxins through food consumption [7]. It is, therefore, essential to
adopt good management practices to reduce disease risk and potential epidemic outbreaks
in order to minimize their impact and ensure good crop production [8,9].

Besides characterizing the main factors conducive to potential outbreaks, managing
plant disease epidemics in farms also requires early and rapid detection of the disease,
as well as a good knowledge of the patterns of the disease incidence and severity over
time and space [1,10]. Over the past decades, remote sensing technology has emerged as a
valuable data source in precision agriculture by providing spatially explicit and unbiased
information on crops, soils, and environmental conditions across various spatial (ranging
from individual fields to watersheds) and temporal scales [11]. For instance, remote sensing
data can be used to detect and track plant disease outbreaks, assess disease severity, and
verify the effectiveness of fungicide treatments [10,12-14]. Indeed, sensors embarked on
remote sensing platforms such as satellites, aircraft, and aerial unmanned systems can
detect changes in spectral reflectance, chlorophyll fluorescence, and plant temperature,
which can indicate stress caused by a pathogenic organism [13-16].

In recent years, unmanned aerial vehicles (UAVs), or drones, have been increasingly
used in precision agriculture [13,17] as they give the opportunity to bridge the existing
gap between satellite remote sensing data and field monitoring. UAVs offer the ability
to cover large areas quickly and efficiently and to collect high-resolution images in real-
time [13,17-22]. They can fly at specific altitudes and angles, providing consistent and
precise image data, and can be deployed regularly to monitor crops. Another advantage
of using UAV is related to the data storage and documentation. UAVs provide a digital
record of crop health over time, which can be useful for future analysis, research, and
even insurance claims in case of crop losses due to diseases or extreme weather events
(e.g., drought, flood, frost, etc.). In plant disease management, they are revolutionizing
traditional methods of disease monitoring and treatment as they help in quantifying the
extent of disease outbreaks and in detecting and identifying disease symptoms when human
assessment is unsuitable or unavailable [17,23]. Since they can be deployed regularly, UAVs
provide frequent updates on the spatial distribution of diseases, which enables farmers to
make timely decisions about disease management strategies. Moreover, UAVs can access
areas that are difficult to reach by traditional means, such as hilly terrain, dense vegetation,
or large fields, enabling comprehensive disease monitoring across the entire agricultural
landscape. By enabling the early detection of disease outbreaks and timely monitoring of
disease progress, UAV-based imagery provides critical data that can be used to improve
management practices and to increase time efficiency and crop yields, ultimately leading to
profitable and sustainable farming activities [13,19,21].

There have been multiple review articles dealing with the use of UAV for monitor-
ing and assessing biotic plant stresses, including plant diseases (e.g., [13,17,24-27]). For
example, Barbedo [13] discussed UAV imagery-based monitoring of different plant stresses
caused by drought, nutrition disorders, and diseases and the detection of pests and weeds
using UAVs. Their review involved more than 100 research articles, including 25 papers
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related to UAV-based applications for disease detection and quantification. The types of
sensors used to capture the images, the methods employed in data processing and analysis,
and the challenges inherent to automatic plant disease detection were the focus of the
section dedicated to plant diseases in their review (Section 2.3 in [13]). The latter point
of discussion in their study aligned with their previous study (Barbedo [24]) where the
author provided a comprehensive review of the main challenges associated with auto-
matic plant disease identification using visible range images. In their review, Neupane
and Baysal-Gurel [17] presented an overview of how UAVs can be employed to monitor
plant diseases in the field while also discussing the fundamental principles related to UAV
components like peripherals, sensors, and cameras, their constraints and practical usage.
They also reflected on the main challenges associated with the automatic detection of
plant diseases [17]. While acknowledging the challenges already discussed in [24], these
authors focused on the issues related to image analysis and result interpretation, flight
regulations, and privacy issues while operating UAVs and suggested possible solutions
to address these challenges. Other review articles [25-27] reported on specific aspects of
UAV-based disease classification using deep learning (DL), an advanced machine learning
(ML) technique. While the reviews in [25,26] provided a broader scope as they encompass
all existing sensors and cameras, the study of Kuswidiyanto et al. [27] focused on the use
of UAV hyperspectral data and DL to detect plant diseases.

In all the reviews listed above, an overview of the types of plants and diseases investi-
gated using UAV imagery, the trends of sensor and camera types, along with the related
data analysis methods has yet to be provided. Furthermore, as UAV-based plant stress
detection is still a subject of ongoing research, a comprehensive overview and interpretation
of current research on UAV-based applications for plant disease detection and monitoring is
of particular interest. For farmers willing to adopt such approaches, such a comprehensive
review can serve as a repository of knowledge, elucidating the evolving landscape of
technological advancements and methodologies pertinent to disease management. It also
offers a strategic perspective on the potential and limitations of these approaches. For
agribusinesses, comprehensive reviews can facilitate informed decision-making regard-
ing investment, implementation, and integration of UAV systems within farm activities.
For researchers, in addition to providing potential research avenues, the findings of the
review can help create and/or foster collaboration and information exchange, encouraging
innovation and cross-sectoral synergy.

In this study, we aimed to analyze current research on UAV-based approaches for
plant disease detection, identification, and quantification using a systematic quantitative
literature review (SQLR) [28,29]. Through the SQLR we complemented existing reviews
by quantitatively assessing the literature on the topic. More specifically, we systematically
examined the literature to provide a comprehensive overview of the types of plants and
diseases investigated using UAV imagery and to characterize the types of sensors used and
methods employed to analyze the images and quantify disease incidence and/or severity.
From the analysis, we then discussed future research directions for improved management
of plant diseases using UAV-based approaches.

2. Methods

A systematic quantitative literature review of the scientific literature was carried out
following the methods outlined in Pickering and Byrne [28]. A set of key search terms was
applied to survey the literature in two scholarly databases, Scopus and Web of Science,
to identify the relevant literature published in peer-reviewed English language academic
journals about UAV-based applications for plant disease detection and monitoring. The
literature search was done by article title, abstract, and keywords using the search strings
["UAV” “AND’ “plant” AND “disease”]. We limited our search to the period ending
in December 2022. We used the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) diagram [30] to track the process of identifying and selecting
relevant papers for this study (Figure 1). The literature search returned 450 publications
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(245 from Scopus and 205 from Web of Science), from which 148 duplicates were removed.
Publications such as review articles, book chapters, and conference proceeding papers
were also excluded. Then, we read the abstracts and screened each paper (i.e., reading the
materials and methods section). This resulted in the exclusion of 104 articles because they
were either irrelevant or did not focus enough on the detection and/or monitoring of plant
diseases using UAV imagery. A total of 103 relevant peer-reviewed articles were selected to
be fully examined in this study.

c
L
é Papersidentified through databases
= (Scopusand Web of Science) searching
(7] (N = 450)
E \/
. \/
£ Papers excludedthrough
T ; o
] Papers screened after removing all screeningtitles and
5 duplicates, reviews, and abstracts
9 conference papers (N=84)
(N =207)
2 \’/ Full-text papers excluded
3 due to not focusingon
B Full-text papers disease identification
i assessed for eligibility (N =10)
\U\l:ﬁ/
g \/
g Papers included in the
° systematic quantitative literature
£ review synthesis (N = 103)

Figure 1. Steps taken for the systematic quantitative literature review (adapted from Moher et al. [30]).
N refers to the number of research papers.

Results of the literature search in Scopus and Web of Science were handled using
EndNote (version X9.3.3; Clarivate, London, UK). This included the removal of duplicates
and conference papers and screening of abstracts. Data analysis was carried out in MS
Excel (Microsoft, Redmond, WA, USA) and R (version 4.3.1 [31]).

3. Results
3.1. Increased Research Interest in Recent Years

One hundred and three peer-reviewed research articles that specifically discussed
UAV-based approaches to identify and/or monitor plant diseases were fully examined.
The temporal distribution of scholarly articles published on the review topic is presented
In Figure 2. The first research article dealing with the review topic was published in 2013
(Figure 2) and was about the use of UAV imagery-derived information to assess Verticillium
wilt infection and severity in olive orchards [32]. From 2013 to 2017, the rate of publications
was low, with barely two research articles published per year. Between 2018 and 2022, a
sharp increase in peer-reviewed articles published on the topic was observed, with 93% of
the total articles reviewed published during that period (Figure 2), indicating the growing
interest in plant disease research involving UAV-derived information. This trend from the
year 2013 onward can be explained by different factors, including the costs of UAVs, which
are becoming more affordable., the improvement of techniques for handling and processing
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Figure 2. The number of research articles published per year on the review topic for the period
ending in December 2022. The red line indicates the cumulative total.

Despite the increase in research interest in recent years, a global disparity in such
research was found. Studies were conducted in 29 different countries. From a world region
perspective, as of December 2022, Asian countries have contributed the most to research on
plant disease detection and monitoring based on UAV imagery (43 papers in total, Table 1).
World regions with few research articles are Oceania (one related paper [34]) and Africa
(four related papers [35-38]) (Table 1). From a country perspective, the top two countries
that most contributed to research on plant disease detection and monitoring based on UAV
imagery were China and the United States of America (USA), with 25 and 18 research
articles, respectively, as of December 2022 (Figure 3). Research on the use of drones in
agriculture in these two countries is being driven by the potential drone market and the
need for improved crop management practices to cost-effectively address productivity
issues while relying less on manual labor [39]. The other top countries were Brazil (seven
papers), Malaysia (six papers), Germany, and Italy (five papers each) (Figure 3). For the
majority (15) of the remaining countries of study, only one research article was identified in
our SQLR.

Table 1. Proportion of research articles reviewed per world geographic regions.

Region Count of Articles
Asia 43
Europe 23
North America 19
South America 9
Africa 4
Oceania 1
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Figure 3. Geographical distribution of the reviewed research articles according to the country of
study. Note: There were four articles where the country of study was either undefined in the article
or where data were sourced from the PlantVillage dataset [40].

3.2. Plants of Interest Found in the Reviewed Research Articles

The SQLR indicated that current research has dealt with disease symptoms on 35 differ-
ent plants (Figure 4). Not surprisingly, diseases in cereal crops were most often investigated
in the articles reviewed, with wheat and maize being the cereal crops that were most
investigated (Figure 4). Other plant species most often studied included potato and sugar
beet (Figure 4). When breaking down the number of research articles by plant species
investigated for the top countries of studies China, USA, Brazil, Malaysia, Germany, and
Italy, the analysis showed that in China or the USA, diseases in 10 different plant species
were investigated. Diseases on wheat, pine tree, and banana were the most studied in
China, whereas in the USA, it was research on maize diseases that dominated (Figure 4a).
In this latter country, the number of research articles reporting on UAV-based approaches
for disease monitoring was the same for apple, citrus, cotton, tomato, and watermelon
(Figure 4a). In Brazil, diseases on five plant species were investigated, with coffee and
soybean dominating. For Malaysia, research on UAV-based monitoring of diseases affecting
oil palm ranked first among the three plant species of study (rice and eucalyptus were the
two other plant species). A distinct trait was found for Germany, where most studies (four
out of five) concerned sugar beet (Figure 4a).

While one would expect that the economic importance of the crop in a given country
would have resulted, to some extent, in greater research on addressing key production
challenges, such as plant disease management using emerging technologies and techniques,
our analysis showed mixed results. In countries, such as China, USA, Brazil, and Malaysia,
diseases affecting economically important crops were among the most researched. For
example, China, which is among the top 10 wheat-producing countries worldwide [41],
had wheat as the top researched crop when it comes to UAV-based approaches for disease
management. However, countries such France, the Russian Federation, Canada, India or
Ukraine, which also ranked among the world’s leading wheat producers, were missing
from our analysis (Figure 4). Such under-representation of the world’s leading producing
countries holds true for the vast majority of the study crops reported in the papers reviewed
in our SQLR. This highlights the need for further investigation into the feasibility and
performance of UAV-based approaches for disease management in these countries and
others where such studies have yet to be carried out.
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(b)

Figure 4. The proportion of plant species whose diseases were investigated in the research articles

reviewed per country of study. (a) Countries with more than one study plant; (b) countries with one
study plant. The segments in each ring are proportionate to the number of related research articles
reviewed in the systematic literature review (SQLR).
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3.3. Diseases and Groups of Pathogens Investigated

The list of plant diseases whose symptoms and/or severity were assessed using UAV-
based imagery is presented in Table 2. Overall, the symptoms and/or severity of more
than 80 plant diseases have been monitored using UAV-based approaches. Depending
on the plant and the disease, the studies involved disease symptoms visible on either
leaf, stem, or fruit, with most of the studies focusing on leaf diseases. In wheat, six main
diseases were investigated, including leaf rust (caused by Puccinia triticina) [42], yellow
rust (caused by P. striiformis f. sp. tritici) [42-51], powdery mildew (caused by Blumeria
graminim f. sp. tritici) [52], tan spot (caused by Pyrenophora tritici-repentis) [53], Septoria
leaf blotch (caused by Zymoseptoria tritici) [53], and Fusarium head blight (caused by a
complex of Fusarium graminearum Schwabe and F. culmorum) [54,55] (Table 2). The first
four diseases typically attack wheat leaves, whereas yellow rust can cause damage to
the leaves and stems, whereas symptoms of Fusarium head blight are visible on infected
spikelets. For potatoes, symptoms of five diseases have been investigated using UAV-based
approaches (Table 2). These diseases include potato early blight (caused by Alternaria solani
Sorauer) [56], late blight (caused by Phytophthora infestans (Mont.) De Bary) [57-60], the
Y virus (caused by the potato virus Y) [61], soft rot (caused by Erwinia bacteria) [56], and
vascular wilt (caused by Pseudomonas solanacearum) [62]. While some of these diseases
can also affect potato tubers (i.e., late blight and potato Y virus), only symptoms visible
on the above-ground organs (stems and leaves) were assessed using UAVs. Most of the
articles reviewed focused on the symptoms of a single disease, amongst other diseases.
Exceptions include the study of Heidarian Dehkordi et al. [42] regarding the identification
of plants infected by yellow rust and wheat leaf rust in winter wheat using UAV-based red-
green-blue (RGB) imagery, and that of Kalischuk et al. [63] in which symptoms of various
diseases, including gummy stem blight, anthracnose, Fusarium wilt, Phytophthora fruit
rot, Alternaria leaf spot, and cucurbit leaf crumple disease of watermelon, were assessed
using UAV-based multispectral imagery.

Table 2. List of plant diseases whose symptoms and/or severity were investigated in the research
articles reviewed in the systematic quantitative literature review.

Plant Disease Related Reviewed Study
Cedar rust [64,65]
Apple tree Scab [64]
Fire blight [66]
Areca palm Yellow leaf disease [67]
Yellow sigatoka [68]
B Xanthomonas wilt of banana [36]
anana Banana bunchy top virus [36,38]
Fusarium wilt [69-71]
Bermudagrass Spring dead spot [72]
Citrus canker [73]
Gi Citrus huanglongbing disease [74-77]
ttrus Phytophthora foot rot [77]
Citrus gummosis disease [78]
Coffee Coffee leaf rust [79,80]
Cotton Cotton root rot [81,82]
Eucalyptus Various leaf diseases [83]
Grapevine leaf stripe [84-87]
. Flavescence dorée phytoplasma [88]
Grapevine Black rot [65,87]

Isariopsis leaf spot [86,87]
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Table 2. Cont.

Plant Disease Related Reviewed Study
Kiwifruit Kiwifruit decline [89]
Lettuce Soft rot [90]
Northern leaf blight [91-93]
Mai Southern leaf blight [94]
aize Maize streak virus disease [35,37]
Tar spot [95]
Norway spruce Needle bladder rust [96]
Oil palm Basal stem rot [97-99]
Oilseed rape Sclerotinia [100]
Okra Cercospora leaf spot [101]
Verticillium wilt [32]
Olive tree Xuylella fastidiosa [102,103]
Peacock spot [104]
Oni Anthracnose-twister [105]
nion Stemphylium leaf blight [106]
Opium poppy Downy mildew [107]
Paperbark tree Myrtle rust [34]
Peach tree Fire blight [108]
Peanut Bacterial wilt [109]
Pi Pine wilt disease [110-114]
e tree Red band needle blight [115]
Potato late blight [57-60]
Potato early blight [56]
Potato Potato Y virus [61]
Vascular wilt [62]
Soft rot [61]
Radish Fusarium wilt [116,117]
Sheath blight [118]
Rice Bacterial leaf blight [119]
Bacterial panicle blight [119]
Target spot [120,121]
Soybean Powdery mildew [120,121]
Squash Powdery mildew [122]
Cercospora leaf spot [123-128]
Suear beet Anthracnose [124,125]
& Alternaria leaf spot [124,125]
Beet cyst nematode [129]
Sugarcane White leaf phytoplasma [130]
Switchgrass Rust disease [131]
Tea Anthracnose [132]
Bacterial spot [133-135]
Early blight [133]
Late blight [133]
Septoria leaf spot [133]
Tomato Tomato mosaic virus [133]
Leaf mold [133]
Target leaf spot [133-135]
Tomato yellow leaf curl virus [133,135]
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Table 2. Cont.

Plant Disease Related Reviewed Study

Gummy stem blight [63]
Anthracnose [63]
Fusarium wilt [63]
Watermelon Phytophthora fruit rot [63]
Alternaria leaf spot [63]
Cucurbit leaf crumple [63]
Downy mildew [136]

Yellow rust [42-51]
Leaf rust [42]
Septoria leaf spot [53]
Wheat Powdery mildew [52]
Tan spot [53]

Fusarium head blight [54,55]

The causing pathogens of the diseases found in the articles reviewed in the SQLR
belong to six biological groups: fungi, fungi-like oomycetes, bacteria, viruses, stramenopila,
and nematode (Table S1). Fungi accounted for more than half of the pathogens, followed by
bacteria. The majority of these pathogenic organisms are biotrophs (Table S1). Diseases re-
sulting from infections by hemibiotrophic and necrotrophic pathogens were also identified
using UAV imagery data.

3.4. Sensors Used for the Detection and Monitoring of Plant Diseases

Various types of sensors mounted on UAVs have been used to collect high spatial
and spectral resolution data for plant disease detection and monitoring (Figure 5). The
most used sensors were multispectral, RGB, hyperspectral, and digital cameras. Wheat
was the plant whose diseases were investigated using different sensor types (individually
or in combination) (Figure 5). Thus, symptoms of yellow rust on wheat leaves have been
investigated using data from multispectral sensors [43,45,51], RGB cameras [42,48,50],
hyperspectral sensors [44,46,47], and RGB + multispectral sensors [49]. Symptoms of
Fusarium head blight were identified using data captured by hyperspectral sensors [55]
and thermal infrared + RGB sensors [54], whereas symptoms of Septoria leaf blotch and
tan spot were detected using RGB + multispectral sensors [53] (Figure 5). Images acquired
using multispectral and RGB sensors were more often used to derive vegetation indices
(VIs), which allowed for the detection of changes in vegetation health indicative of disease
(e.g., discoloration, wilting, spots). Owing to their capability to capture images in different
narrow spectral bands, hyperspectral sensors were used to detect more subtle changes in
vegetation health that may not be visible with other sensors. Such data were used to create
spectral signatures characteristic of a given disease.

There were multiple studies in which combinations of different sensors were used.
Combinations of sensors included multispectral + digital, multispectral + thermal, multi-
spectral + RGB, hyperspectral + RGB, RGB + near infrared, thermal + multispectral + RGB,
thermal infrared + RGB, Multispectral + Hyperspectral + Thermal, and hyperspectral +
RGB + Light Detection and Ranging (LiDAR) (Figure 5). In the majority of studies involving
multiple sensors, the information derived from them was used directly for detecting disease
symptoms. However, there were instances where data from one sensor complemented the
processing of data from other sensors in order to identify disease symptoms. Examples
include the study of Yu et al. [114], in which hyperspectral, RGB, and LiDAR sensors
were involved. Data from the LiDAR sensor (i.e., digital elevation model data) were used
during the pre-processing step of hyperspectral data. The identification of pine wilt disease
symptoms was then conducted based on information retrieved from the hyperspectral and
RGB sensors [114].
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Figure 5. The distribution of sensor types and plants whose diseases were investigated in the research
articles reviewed. The segments in each ring are proportionate to the number of related research
articles reviewed in the SQLR. RGB, NIR, and LiDAR stand for red-green-blue, near-infrared, and
light detection and ranging, respectively.

3.5. Methods Used for Image Processing and Data Analysis

By capturing high spatial and spectral resolution images, sensors, and cameras em-
barked on UAVs provide valuable data that can be leveraged to analyze and detect plant
disease symptoms. Results of our SQLR showed that various techniques, including visual
analysis, computer vision, and VI-based analysis, have been used to process and analyze
UAV-based imagery data for plant disease detection. Among these techniques, computer
vision was the most used technique. It was employed in 52 studies out of 103 research
articles reviewed. In computer vision, the algorithms used for image classification and
object recognition were machine learning (ML) algorithms that enabled the extraction
of meaningful information from the images by automatically identifying and classifying
visual patterns associated with disease symptoms. Generally, after image pre-processing,
feature extraction techniques were employed to identify the relevant visual characteristics
associated with disease symptoms. Then, the extracted features were classified into differ-
ent categories (e.g., healthy, diseased, etc.). Next, ML algorithms were trained on labeled
datasets where regions of interest have been annotated manually as healthy or diseased
by human experts. Through the training process, the algorithms learned to recognize
and distinguish between healthy and diseased plant organs. Depending on the extracted
features, the classification analysis was either color, texture, shape, or spectral-based. Color-
based analysis examines variations in coloration of the plant organ of interest (i.e., leaf)
that may indicate the presence of disease. Examples of the reviewed articles employing
this method are [52,57,85,92,96]. Shape-based analysis helps to discern irregularities in
plant structures caused by diseases (e.g., [61,97]). Texture analysis techniques (e.g., the
gray level co-occurrence matrix) enable the quantification of textural differences between
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healthy and diseased plant organs. Such a technique was employed by Guo et al. [47].
Spectral-based analysis involves the identification of specific disease symptoms based
on the distinctive spectral patterns associated with different pathogens or physiological
responses of plants to infections (e.g., [59,78,109,117]). Combining multiple features (i.e.,
color and texture features) was also adopted to achieve a comprehensive representation of
the disease symptoms and enhance the accuracy of subsequent classification algorithms
(e.g., [46,116]).

The second most used method for plant disease detection based on UAV imagery
was through VIs. In studies employing this method (23 in total), commonly used Vls,
such as normalized difference vegetation index (NDVI), green NDVI, triangular green-
ness index, and simple ratio index, or new VlIs, were calculated and used as potential
predictors in regression and ML-based analyses to explain the variability in disease severity
(e.g., [32,69,77,79,80,107,112]). VIs were also used to assess the homogeneity of matched-
pair data (visual and UAV imagery-based disease severity) (e.g., [54,63,84,94,119]) and
for mapping vegetation health status of the study area (e.g., [42,45,83]). To monitor the
progress of the disease over time, temporal analysis involving either computer vision or
VIs-based technique was used. In studies involving temporal analysis (e.g., [42]), changes
in the severity and spatial distribution of disease symptoms were quantified by comparing
the outputs of images captured on different dates.

3.6. Increasing Popularity of Machine Learning-Based Approaches

Table 3 provides an overview of the statistical, ML, and mapping approaches used to
analyze UAV imagery data for plant disease detection, along with the temporal distribution
of related research articles, as reviewed in this study. Unsurprisingly, ML-based approaches
were the most adopted approaches, with 2/3 of related reviewed papers (Table 3, Figure 6).
They have been used to analyze data acquired from virtually all the sensors surveyed in
the SQLR (Figure 6). Another method employed for UAV data analysis was regression
modeling (Figure 6). The choice of an ML-based approach for disease detection using UAV
imagery is guided by various factors, including data complexity and scale, diversity of
training data, computational resources, the model interpretability, scalability, and domain
expertise [25]. Moreover, in the articles reviewed in our study, the ML algorithms most often
used included support vector machine, random forest, K-nearest neighbors, Naive Bayes,
artificial neural networks, and deep learning (DL) algorithms (i.e., convolutional neural
network (CNN), back-propagation, and multilayer perceptron), with the latter approaches
being increasingly used in recent years. For example, in 2022 alone, there were 11 research
articles in which DL algorithms were employed to identify symptoms of plant diseases
(Table 3). In comparison, for the same year, there were 12 research articles dealing with
ML-based approaches other than DL-based (Table 3).

Of particular interest in DL-based approaches are the CNNs, which are gaining in
popularity for image classification tasks in plant disease monitoring because of their good
capability to learn hierarchical features from raw data, compared to traditional ML algo-
rithms, and their ability to automatically and simultaneously extract spatial and spectral
features [25,27,137]. The CNN architectures used in the research articles reviewed in
this study comprised classical and customized architectures. Classical CNN architec-
tures included the ResNet (e.g., [56,91-93,101,111,132]), U-Net (e.g., [49,56]), DarkNet53
(e.g., [111,132]), LeNet-5 (e.g., [85]), SqueezeNet (e.g., [101]), GoogleNet (e.g., [116]), and
DeepLabv3+ (e.g., [50]). Customized architectures were a combination or modified version
of the classical architectures. Examples of combined architectures included the EfficientNet-
EfficientDet network (see [64]), the vine disease detection network (VddNet), which is a
parallel architecture based on the Visual Geometry Group (VGG) network encoder (see [86]),
the MobiRes-Net, which combines the ResNet50 and MobileNet architectures (e.g., [104]),
the Inception-ResNet architecture, which combines the Inception and ResNet architectures
(see [46]), and the CropdocNet, which consists of three encoders (i.e., spectral information,
spectral-spatial feature, and class-capsule encoders) and a decoder (see [60]). The modified
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versions of classical architectures used in the reviewed research articles were the “enhanced
CenterNet”, which was employed in [113], the fully convolutional DenseNet, employed
in [126], and the efficient dual flow U-Net, employed in [51]. The performance of ML
algorithms heavily relies on the quality and representativeness of the training dataset,
as well as the choice of appropriate features [25]. In recent years, there have been more
concerted undertakings in employing DL techniques to identify plant diseases using data
publicly available UAV imagery datasets (e.g., [133]). Efforts to make methodologically
collected and annotated data publicly available for research (e.g., PlantVillage dataset [40])
are commendable and must be sustained as such dataset would enhance the benchmarking
of ML methods and allow for a better orientation of research.

F
]
g
i
5
]
g
2

Figure 6. The distribution of sensor types and methods used for data analysis. The segments in each
ring are proportionate to the number of related research articles reviewed in the SQLR.

Table 3. Methods used to identify plant disease symptoms from UAV imagery and temporal distribu-
tion of related research articles published.

Yo
Method ! o
2013 2014 2016 2017 2018 2019 2020 2021 2022 Total

ANOVA 1 1 3 5
Clustering analysis 2 2
Correlation analysis 2 1 3
Geostatistics /GIS 1 1 1 3
Machine learning (ML) 2 2 3 5 15 6 12 43
ML/Deep learning 3 1 1 4 4 3 10 23
ML and Deep learning 1 1 2

ML and regression models

1 1
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Table 3. Cont.

Year
Method !
2013 2014 2016 2017 2018 2019 2020 2021 2022 Total
ML and statistical comparison 1 1
Pixel-wise comparison 3 1 4
Regression models 1 1 2 1 2 2 9
Threshold-based colour analysis 1 1 2
Vegetation health mapping 2 2
Visual analysis 1 1 1 3

1 ANOVA: analysis of variance. GIS: geographic information system. > Examples of ML used include support
vector machine, random forest, K-nearest neighbors, Naive Bayes, and artificial neural networks. 3 Although deep
learning is a subset of machine learning, the differentiation made here aims to highlight its relative importance
among ML-based approaches over the years.

4. Discussion
4.1. Promising Means for Improving Plant Disease Management

Eleven years on from the work of Mahlein et al. [14], which critically reviewed the
use of non-invasive sensors for the detection, identification, and quantification of plant
diseases, there has been noticeable progress in the field of plant disease detection and
monitoring using remote sensing derived information. In recent years, UAV-based imagery
has become the new norm for plot and field-level studies. UAV-based approaches for plant
disease detection and identification have several advantages over traditional methods
as sensors mounted on UAVs provide high-resolution and spectral images that can be
used to identify small-scale changes in crop health. UAVs also provide a fast and effective
solution for capturing images over larger farmland areas, which can be challenging when
using ground-based methods, though the use of UAVs in larger areas can be limited by the
payload capacity and battery resources [13]. Other advantages of UAV-based approaches for
plant disease monitoring include the reduced reliance on manual inspection and scouting,
thereby saving time and resources. While initial investments in UAV technology might
be significant, they can lead to long-term cost savings. As such, UAVs offer a promising
approach for improved plant disease management. The variety of approaches used in the
research articles reviewed in this study, the limited number of plant species whose diseases
have been investigated (35 plant species for the period ending in December 2022, Figure 4),
and the different plant diseases involved (over 80 diseases, Table 2) indicate that the use of
UAVs for plant disease detection and monitoring is most likely to become widespread in
the coming years, that is, being used in different regions and/or extended to other plant
species and diseases.

While UAV-based approaches for plant disease monitoring offer several advantages, it
is important to acknowledge their limitations [13,17,24]. Challenges related to background
interference, weather conditions, sensor constraints, resource limitations (e.g., peripherals,
sensors) and disparities between ML-based model training and validation stages, variations
in disease symptoms over time and in space have been addressed in [13,17,24]. In papers
published after these review articles, we found that researchers were still facing similar
challenges and constraints. Therefore, these challenges will not be discussed extensively
here. We briefly discussed some. Adverse weather, such as strong winds, rain, or low
light conditions during UAVs flights, can hinder image acquisition and potentially impact
the accuracy of disease detection. Another limitation is related to the image annotation
consistency. Because the accuracy of disease detection relies on the expertise and experience
of the human annotators who label the training datasets, variations in annotations among
different operators can introduce inconsistencies and affect the generalization capabilities
of the classification models. To overcome limitations associated with weather conditions,
careful consideration and planning are required to avoid unfavorable weather conditions
as much as possible and ensure a representative sampling of the field. Another potential
solution would be to develop autonomous UAV systems that can operate in complex
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environments (e.g., under reduced light conditions) and adapt to changing conditions
to improve flight operations. To address annotation consistency, regular training and
calibration sessions are possible solutions to help overcome such a challenge.

4.2. Addressing the Potential Ethical Implications and Privacy Concerns

From a broader perspective, the increasing use of UAVs in precision agriculture can
raise several ethical and privacy concerns [138,139]. These include (1) privacy intrusion: Im-
ages of individuals or private properties can inadvertently be captured by UAVs, resulting
in privacy infringement and concerns about surveillance, (2) consent and awareness: Farm-
ers and individuals residing in areas where UAVs are deployed might not be adequately
informed about the data collection activities, raising concerns about informed consent and
awareness, (3) data collection and ownership: Sensitive information about crops, farms
and even land use can be collected by UAVs, which can lead to concerns over data access
and usage rights, (4) data security: The transmission and storage of data collected by UAVs
could be susceptible to cyberattacks or unauthorized access, leading to the compromise of
sensitive agricultural information, (5) regulations and oversight: Insufficient regulations
and oversight could lead to misuse of UAVs for unauthorized activities, such as trespassing
or unauthorized surveillance, and (6) confidentiality: Competing agricultural businesses
might be concerned about their proprietary techniques or practices being revealed through
UAV surveillance. Addressing these ethical and privacy concerns involves technology
development, regulatory measures, public awareness, and responsible practices. Govern-
ments and regulatory bodies should establish clear guidelines and regulations governing
the use of UAVs for agricultural purposes, including data collection, storage, and sharing.
These regulations should address privacy, data ownership, and informed consent. For some
countries, regulations governing the use of UAVs to facilitate data collection and monitor-
ing in agricultural activities do exist [140] (https:/ /www.droneregulations.info/index.html;
accessed on 14 August 2023). A potential solution to address privacy intrusion concerns
is to conduct thorough privacy impact assessments before deploying UAVs. This would
involve evaluating potential privacy risks and developing mitigation strategies to min-
imize data collection and privacy intrusion. Likewise, before operating UAVs in fields,
one should ensure that farmers, landowners, and individuals in the vicinity are informed
about the purpose of data collection and provide their informed consent. Regarding data
security concerns, they could be addressed by implementing strong data anonymization
and encryption techniques to protect the identity of individuals and property captured by
UAVs and ensure that collected data cannot be easily traced back to specific individuals or
locations. Minimizing data collection, e.g., collecting only the necessary data for plant dis-
ease monitoring and minimizing the amount of personal or sensitive information collected,
can also help protect farmers. Lastly, collaboration with experts in ethics, law, privacy,
and technology is needed to develop comprehensive strategies for addressing ethical and
privacy concerns effectively.

4.3. The Way Forward

Research on using UAV-based approaches to detect and monitor plant stress caused
by diseases is still underway, and there are ample opportunities to develop innovative
solutions and improve the effectiveness and efficiency of these approaches. Current image
analysis techniques for plant disease detection can be time-consuming, labor-intensive, and
computationally demanding, particularly when it comes to using sophisticated CNN-based
approaches, that require graphical processing units to train models. Balancing the trade-offs
between resource requirements, model complexity, performance, and interpretability, and
transfer learning opportunities has guided the choice of the most suitable ML technique
for analyzing UAV imagery data. Future research can focus on improving the efficiency of
ML-based approaches through the development of more advanced ML algorithms that can
analyze images quickly and accurately. This will allow for the development of methods
for real-time data analysis and decision-making tools that can be integrated with UAV


https://www.droneregulations.info/index.html

Remote Sens. 2023, 15, 4273

16 of 23

systems. In this line, future research can investigate the use of reinforcement learning
algorithms for plant disease management, which will involve training the models to learn
from past actions and make decisions that optimize long-term plant health and minimize
disease outbreaks.

There have been encouraging outcomes in integrating multiple sensors to provide
more detailed and accurate data for plant disease detection, as highlighted by the number of
related research articles, though this remains limited to a few numbers of plant species and
diseases (Table 2). Future research can explore extending such approaches to economically
important plant diseases of major food crops, such as rice, wheat, maize, cassava, plantains,
potatoes, sorghum, soybeans, sweet potatoes, and yams, around the world. Research can
also focus on integrating UAV data from multiple sensors or with satellite imagery (i.e., data
fusion) for plant disease detection, as it has been explored for crop yield forecasting [141]
and crop monitoring [142]. Such UAV and satellite data fusion will allow for a better
understanding of crop health patterns and trends over large areas [143].

When a plant is infected with a disease, the infection can cause changes in the plant’s
physiological functions, namely the way it uses and loses heat. These changes are often
reflected in the plant’s temperature, which can be detected by thermal imaging [32,115].
As of December 2022 (end year of the literature search for this study), the use of thermal
cameras as a single source of data or in combination with other sensors was reported in
only six studies [32,54,89,100,107,115] (Table 2). This limited number of studies can be
explained by the affordability of thermal sensors, which can hamper their widespread use.
Indeed, the price for a drone equipped with a thermal camera can be something between
US$5,000 and US$15,000. Our SQLR also revealed that there are multiple diseases whose
symptoms are yet to be investigated using the sensors and cameras currently available
(Table 1), pointing to potential research directions in the future. However, the selection of
sensors and /or cameras to investigate such research questions remains contingent upon the
crop type, the target disease and level of precision desired, and the study resources. There
was no report on the use of UAVs equipped with electrochemical sensors for plant disease
detection. Electrochemical sensors detect changes in the concentration of certain chemicals,
such as enzymes or metabolites, that are released by plants in response to infections by a
pathogen. There have been several studies dealing with the use of biosensors for pathogens
recognition at the plant level (see for a comprehensive review Cardoso et al. [144]). As the
field of remote sensing of physiological markers of plants through electrochemical sensors
continues to evolve, it is worth investigating the integration of such sensors with UAV-based
systems for early detection of plant diseases in different environmental conditions. Similarly,
there is a need to develop real-time disease detection systems that can be integrated with
UAVs, ground-based sensors, and other Internet of Things (IoT) devices [18].

Operating a drone requires a certain level of technical skill and training, making it
difficult for some farmers to utilize drones for plant disease management effectively. This
may require additional investment in training and education programs to ensure that
farmers are able to use drones safely and effectively. Moreover, our analysis showed that
research on UAV-based approaches for plant disease detection and monitoring is not evenly
distributed globally (Figure 3). This highlights the need for new and/or more assessments
of UAV systems in diverse agricultural settings to ascertain their effectiveness and adapt-
ability to different crops, weather conditions, and topography. The global disparity in
research on UAV-based approaches for plant disease monitoring also suggests that such
research in a given country is not driven by the country’s scientific and technical capacity
or wealth. This is evident as countries with a relatively small number of reported research
articles included both wealthy, technologically advanced countries and developing ones
(Figure 4b). Implementing suitable strategies to overcome the different barriers to UAVs use
in farming activities (e.g., by establishing enabling guidelines and regulations governing
the use of UAVs) can help to address such disparity. Additionally, assessing the perfor-
mance of UAV-based approaches for plant disease management could be carried out for the
world’s major socio-economically important crops (e.g., food staple crops), which would
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improve the current state of research in the field. This will require strong and continuous
support from funding institutions willing to promote and back the creation of consistent
and extensive reference UAV imagery data and other remote sensing technologies over
large spatial scales.

5. Conclusions

We fully examined over 100 peer-reviewed research articles that specifically discussed
UAV-based approaches for detecting, identifying, and quantifying plant diseases. Current
research has covered a range of diseases affecting various plant species in different regions
worldwide, with diseases affecting wheat, sugar beet, potato, and maize being the most
investigated. The choice of sensors and cameras depends on the target disease, the desired
level of detail, the type of crop being monitored, and the resources available for the study.
Our systematic quantitative literature review showed that UAVs equipped with multispec-
tral sensors, RGB cameras, hyperspectral sensors, and digital cameras were most often
used to capture the data. While UAVs have the potential to greatly improve plant disease
management and crop protection, there are several limitations that must be considered to
fully realize the potential benefits of UAVs for plant disease management in farms. These
limitations include those associated with weather and flight conditions, the variability
in disease symptoms under different agricultural settings and environmental conditions,
operational costs, the need for qualified personnel, and the constraints related to data
management and analysis. Possible solutions to address these limitations include careful
consideration and planning to avoid unfavorable weather conditions as much as possible,
the use of combinations of sensors to leverage their individual capabilities, and regular
training and calibration sessions to help improve annotations consistency. Addressing such
limitations will require close and continuous collaboration between farmers, researchers,
and industry. As future research directions, we suggest the development of autonomous
UAV systems that can operate in complex environments, the development of more ad-
vanced ML algorithms to improve the efficiency of UAV-based approaches and allow for
real-time data analysis and decision-making process, leveraging emerging technologies
to improve the overall decision-making process for plant disease management in fields,
and the evaluation of UAV-based approaches for plant disease management in diverse
agricultural settings. Furthermore, with the increased use of UAVs in precision agriculture,
it is important to address potential ethical and privacy concerns related to data collection
and sharing through responsible and ethical use of the technology, proper regulations and
guidelines, and transparent and fair decision-making processes.

This review, although comprehensive, is subject to some limitations. First, it is based
on a limited number of research articles, and only peer-reviewed articles were consid-
ered. Secondly, the findings presented in our review are derived exclusively from English
academic literature, which may introduce a bias in our results. Lastly, it is worth noting
that our review did not encompass gray literature, which includes reports, theses, and
dissertations, thus reflecting primarily the corpus of published peer-reviewed academic
research. Nonetheless, we believe that the sample of relevant research articles reviewed
accurately represents the current body of literature pertaining to the review topic. As
technology continues to improve, the potential of UAVs for plant disease detection and
monitoring will keep growing, providing farmers with valuable tools to help manage crop
health and ensure sustainable and profitable agricultural production.
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//www.mdpi.com/article/10.3390/rs15174273/s1, Table S1: List of the plant diseases and their
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