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Abstract: This systematic review explores the role of remote sensing technology in addressing the
requirements of sustainable olive growing, set against the backdrop of growing global food demands
and contemporary environmental constraints in agriculture. The critical analysis presented in this
document assesses different remote sensing platforms (satellites, manned aircraft vehicles, unmanned
aerial vehicles and terrestrial equipment) and sensors (RGB, multispectral, thermal, hyperspectral and
LiDAR), emphasizing their strategic selection based on specific study aims and geographical scales.
Focusing on olive growing, particularly prominent in the Mediterranean region, this article analyzes
the diverse applications of remote sensing, including the management of inventory and irrigation;
detection/monitoring of diseases and phenology; and estimation of crucial parameters regarding
biophysical parameters, water stress indicators, crop evapotranspiration and yield. Through a global
perspective and insights from studies conducted in diverse olive-growing regions, this review under-
scores the potential benefits of remote sensing in shaping and improving sustainable agricultural
practices, mitigating environmental impacts and ensuring the economic viability of olive trees.

Keywords: satellite imagery; unmanned aerial vehicles; manned aircraft vehicles; RGB; multispectral;
hyperspectral; LIDAR; vegetation indices; dendrometric parameters; olive tree; precision agriculture

1. Introduction

The world’s population is projected to approach 10 billion by 2050, resulting in a 50%
increase in agricultural demand with moderate economic growth, exceeding the levels
of the previous decade [1]. To address this growing demand, there is a need to increase
agricultural production through intensified practices such as fertilization, irrigation, tillage
and pesticide application [2]. However, these practices, along with the impacts of climate
change, have led to a reduction in arable land, particularly affecting developing coun-
tries [3]. Predictions suggest a progressive decline per capita of approximately 50% in
arable land, from 0.3 hectares in 1990 to 0.15 hectares by 2050 [3]. Climate change has
also increased water demand for crop irrigation, with agriculture currently consuming
around 70% of global freshwater resources [4]. Therefore, adopting sustainable agricul-
tural approaches, including precision agriculture (PA), has become imperative [5]. PA, as
a scientific effort to improve crop yields and management decisions through advanced
sensors and analysis tools, integrates advanced technologies to automate various agricul-
tural operations [6]. Originating in the late 1980s, PA has progressed with technological
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advancements, incorporating features such as artificial intelligence, the Internet of Things
(IoT) and novel platforms and sensors [6,7] used in the remote sensing (RS) field.

In the context of technological progress, RS data emerge as an indispensable tool exten-
sively used in PA for sustainable agriculture management and monitoring [8]. Providing
non-destructive methodologies with high spatial, radiometric and temporal resolutions,
RS allows the characterization and monitoring of spatiotemporal variability for multidi-
mensional purposes [9-13]. Over the past few decades, RS technology has played a crucial
role in the development of new agricultural applications, focusing primarily on monitoring
vegetation cover [14-16], assessing crop vigor conditions [17-19], estimating nutrient and
water status [20-22], determining crop evapotranspiration (ET.) [23-25], identifying and
managing invasive plants [26-28], detecting and monitoring pest/diseases [29-31] and
forecasting crop yields [32-34]. The effectiveness of RS applications in agriculture depends
on several fundamental factors, including the choice of sensing platform, which can be a
satellite, aircraft, unmanned aerial vehicle (UAV) or terrestrial platform; the segment of the
electromagnetic spectrum used; the number and range of spectral bands; spatial, temporal
and radiometric resolutions; and the energy source (passive or active sensors) [9]. Over
the last few years, diverse combinations of platforms and sensors have been extensively
explored across various crops, designed to fulfill the specific requirements of different
agricultural applications [9].

In the context of olive trees, RS has gained extensive interest due to its multidimen-
sional applications. With 98% of global olive production concentrated in the Mediterranean
Basin, the sector’s significance extends beyond consumption to historical uses of olive
fruit, oil and leaves [35-37]. However, the intensive cultivation of olive trees, along with
climate change, needs procedures to ensure productivity and sustainability, including
spatial distribution for inventory management purposes and optimized irrigation and
fertilization practices [37]. Furthermore, monitoring the incidence of diseases and other
phytosanitary issues is equally crucial. Olive Anthracnose (Colletotrichum spp.), Canker
(Verticillium Wilt—V W), Olive leprosy (Phlyctema vagabunda), Peacock Spot (Cycloconium
oleaginum) and Oleander scale (Aspidiotus nerii) are among the most prominent diseases [38].
Moreover, the recent emergence of Xylella fastidiosa (Xf) poses a prominent threat, leading
to significant negative impacts on olive production [39]. This has attracted the interest of
the scientific community focused on the sector, motivating concerted efforts to control its
expansion. RS techniques have been effectively applied in addressing this challenge [29-31].
For instance, researchers have effectively developed semi-automatic approaches, using
geostatistical analysis on multispectral (MSP) data [29] with machine learning (ML) meth-
ods [40] and incorporating vegetation indices (VIs) [39] from hyperspectral (HSP) imagery.
These methodologies enabled the effective monitoring and detection of Xf during its early
developmental stages, before it becomes perceptible to the human eye. Beyond disease
research, RS technology shows considerable potential for diverse applications in olive
orchard management, offering valuable insights and contributing to improved agricul-
tural practices.

Facing the imperative challenges in contemporary agriculture, there is a growing
awareness of the need for a thorough examination of RS applications in the olive cultivation
context. The relationship between the increasing global population, rising food demands
and ongoing environmental constraints requires a re-evaluation of traditional agricultural
approaches. The complex dynamics of climate change, the intensification of agricultural
practices and the association between water scarcity and crop irrigation underscore the
demand for innovative solutions. By offering non-destructive methodologies with high
spatial, radiometric and temporal resolutions, RS has proven effective in addressing the
numerous challenges faced by olive growers. Consequently, this review article aims to
explore the applications of RS in olive cultivation, providing a comprehensive analysis that
extends beyond the surface and emphasizing the transformative role that RS technology can
play in developing sustainable and resilient agricultural practices for the future. This review
allowed for the identification of three publications with similar topics [10-12]. However, the
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temporal scope covered ends in 2021 [10] and March 2022 [11,12]. It was precisely in these
latter two years, not covered by those works, that a significant increase in RS applications
in olive orchards was observed. In fact, approximately 30% of the 218 studies considered
in this review belong to 2022 and 2023. This gap is evident in the mentioned reviews, as
only 56, 72, and 41 studies were considered, respectively, in [10-12]. Therefore, there is a
significant need to investigate these recent contributions to evaluate the advancements of
RS in this field. Additionally, the expanding range of RS applications in these years has led
to the incorporation of new categories within this review. This document assesses the types
of data acquired from RS imagery and explores common image processing techniques,
contributing to an improved understanding of RS technologies for olive growth practices.

2. Materials and Methods
2.1. Literature Review Process

This systematic review aimed to collect peer-reviewed research studies applying
RS imagery for diverse applications in olive cultivation, obtained from satellites, UAVs,
aircraft and terrestrial platforms. Using a rigorous approach, both Scopus (Elsevier B.V.,
Amsterdam, the Netherlands) and Web of Science (Clarivate Analytics, London, UK)
databases were queried without imposing temporal limitations, ensuring the inclusion of
all relevant studies. Table 1 presents an overview of the queries used for each database.
The queries to both databases were performed on 17 November 2023.

Table 1. Databases and queries used to define the scope of this study.

Database Website Query
TITLE-ABS-KEY (olive OR olea) AND TITLE-ABS-KEY (“remote sensing” OR
Scopus https:/ /www.scopus.com/home.uri UAV OR satellite OR Sentinel OR MODIS OR “unmanned aerial vehicle” OR
(accessed on 17 November 2023) aircraft OR LANDSAT) AND (LIMIT-TO (DOCTYPE,”ar”) OR LIMIT-TO
(DOCTYPE,”cp”) OR LIMIT-TO (DOCTYPE,”ch”))
TI = (olive OR olea) AND TI = (“remote sensing” OR uav OR satellite OR
sentinel OR modis OR “unmanned aerial vehicle” OR aircraft OR landsat) OR
AB = (olive OR olea) AND AB = (“remote sensing” OR uav OR satellite OR
Web of Science https:/ /www.webofscience.com sentinel OR modis OR “unmanned aerial vehicle” OR aircraft OR landsat) OR
(accessed on 17 November 2023) AK = (olive OR olea) AND AK = (“remote sensing” OR uav OR satellite OR

sentinel OR modis OR “unmanned aerial vehicle” OR aircraft OR landsat) OR
KP = (olive OR olea) AND KP = (“remote sensing” OR uav OR satellite OR
sentinel OR modis OR “unmanned aerial vehicle” OR aircraft OR landsat)

2.2. Result Filtering

The initial queries produced 1063 research studies. Using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) framework [41], as illustrated
in Figure 1, the results were screened by removing duplicate publications and studies
not aligning with the review’s proposed goals, based on title and abstract analysis. This
process excluded 824 studies, resulting in 239 publications for further analysis. A secondary
manual selection process followed, excluding studies with inaccessible full papers and
those outside the review’s scope, resulting in the inclusion of 218 research studies, including
165 journal articles, 49 conference papers and 4 book chapters.

[ Identification ] [ Screening ] [ Elegibility ] [ Included ]
Records identified from Records screened by title Full-text articles assessed Studies included in review
scopus and Web of Science and abstract for eligibility =218
(n= 623 + 440) (n=1063) (n=1239) (n=218)
{ Records excluded dueto ' | Records excluded due
i duplicates and relevance 1+ ,to illegibility to access full-1
N (n=824) H \ paper (n=21) H

Figure 1. PRISMA workflow diagram of the systematic literature review process.
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2.3. Study Classification and Analysis

The classification methodology aimed to offer a detailed overview of the technological
scenario, as summarized in Table 2. Studies were categorized based on sensor types (RGB,
MSP, HSP, thermal infrared (TIR) and light detection and ranging (LiDAR)) and platforms
(satellites, UAVS, aircraft and terrestrial).

Table 2. Classification types of the research studies based on sensor types, platforms, agronomic ap-
plication areas and number of studies. MSP: multispectral; HSP: hyperspectral; TIR: thermal infrared.

Class Subclass Type
Platform Satellite (103), UAV (88), aircraft (33) and terrestrial (6)
Sensor RGB (182), MSP (145), TIR (58), HSP (18) and LiDAR (7)

Inventory (72), irrigation management and water stress indicator
estimation (34), biophysical parameter estimation (49), crop
evapotranspiration and crop coefficient estimation (26), disease
detection/monitoring (22), yield estimation (10) and others (19).

Application category

Seven agronomic application areas, such as inventory management, irrigation opti-
mization and disease detection, emphasized the multifaceted effectiveness of RS imagery
in olive growing. A critical analysis of methodologies, techniques and main results was
conducted, with a focus on studies published in scientific journals.

Keyword occurrence and clustering analysis was performed using the software
VOSviewer (version 1.6.20), exposing relevant patterns and trends in the analysis of key-
words extracted from the 218 selected research studies. Figure 2 presents a visual repre-
sentation of the 20 most common keywords, excluding terms such as “remote sensing”,
“olive tree” and “Olea europaea” due to their intrinsic association with the main theme of
this review. The identified clusters, categorized by color (Figure 2a), reveal the key thematic
areas within the reviewed literature. In the green category, which includes terms such as
“evapotranspiration”, “irrigation”, “water stress”, “ndvi” and “thermal”, an emphasis on
water-related issues emerges. This cluster underlines the significance of RS in addressing
challenges associated with water stress and optimizing irrigation practices in olive cultiva-
tion. The focus on thermal imagery suggests a specific interest in monitoring and managing
water-related stress. Within the blue category, consisting of keywords such as “UAV”,
“vegetation index” and “multispectral”, there is a clear indication of a growing role of UAVs
in PA. Studies in this cluster used MSP data and VIs derived from UAVs, emphasizing
the increasing application of these technologies for optimized agricultural practices in
olive cultivation. The red category, represented by terms such as “olive tree mapping”,
“satellite”, “image segmentation” and “olive tree volume”, underscores a predominant
application of RS in inventory and biophysical assessments within olive cultivation. This
cluster suggests an exploration of spatial mapping, volumetric analysis and satellite-based
monitoring for olive tree management.

Regarding the temporal analysis (2004-2023), distinct shifts in research focus are evi-
dent (Figure 2b). In 2016, a significant emphasis on keywords associated with water scarcity,
“evapotranspiration”, “water stress” and “thermal” reflects a heightened awareness of wa-
ter management challenges in olive cultivation. Subsequently, from 2019 onwards, there
is a prominent increase in research activities exploring UAV technologies, with a specific
emphasis on topics such as “olive tree volume” and “image segmentation” using MSP
images and the Normalized Difference Vegetation Index (NDVI) [42]. A recent emergence
of advanced technologies such as “machine learning” and “deep learning” in the cluster
analysis is evident. This suggests a contemporary trend towards applying advanced ana-
lytical approaches to improve the precision and effectiveness of RS applications in olive
cultivation.
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Figure 2. Keyword occurrence and clustering analysis using VOSviewer (1.6.20): (a) network visual-
ization; (b) temporal overlay visualization. Colors indicate the year in which keywords were most
frequently used. Lines represent the strength of co-occurrence links among terms. ET: evapotran-
spiration; HSP: hyperspectral; MSP: multispectral; NDVI: Normalized Difference Vegetation Index;
TIR: thermal infrared; UAV: unmanned aerial vehicle.

3. Overview of Remote Sensing Platforms, Sensors and Image Processing Techniques
3.1. Platforms

RS includes non-contact techniques enabling the observation of areas, phenomena or
objects [43]. Its primary objective is to provide observations of specific physical parameters
within a mapping framework at a given time. In the agricultural context, RS is based
on the interaction of electromagnetic radiation with plants and crops. Several platforms
and sensors, dependent on operating wavelength and relating to biological and physical
parameters in agriculture, can be used for data collection. Traditional RS technologies
include satellites, aircraft, UAVs and terrestrial equipment [44], each revealing distinct
advantages and limitations concerning technological, operational and economic factors.

3.1.1. Satellites

Satellite imagery was first used for agricultural purposes during the early 1970s, with
Bauer and Cipra [45] pioneering its use to identify agricultural crops through computer
processing. Especially in the last two decades, characterized by the launch of new space
missions with improved spatial, spectra, and temporal resolutions, spaceborne RS has
experienced extensive applications in agricultural contexts [45]. These platforms, benefiting
from high-altitude orbits, provide extensive coverage with reasonable spectral capabil-
ity [43]. In particular, these platforms contributed to detecting olive trees within study sites
covering vast areas of 5600 ha [46] and 15,000 ha [47], which would be impractical with
other RS platforms due to associated costs. Technological advancements and increased sen-
sor capacity in recent missions offer multiple optical bands with higher spatial resolution
and shorter revisit times. However, a trade-off exists between cost and spatial resolution.
Despite the abundance of missions with numerous optical bands, non-commercial data
typically demonstrate coarser spatial resolutions (>10 m spatial resolution), making them
unsuitable for several PA applications [48]. In specific cases, especially when study areas
are small, the 10 m spatial resolution may prove insufficient for obtaining the desired data.
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Additionally, the cost of acquiring higher-resolution imagery from commercial missions
may compromise cost-effectiveness [49]. Moreover, satellites are sensitive to cloud cover,
and mission orbital design determines image acquisition timing over specific regions [43].
Despite these challenges, satellite imagery is widely used in olive growing, including in
inventory management, ET and crop coefficient (K.) estimation, biophysical parameter
estimation, yield estimation and phenology monitoring. However, high costs, particu-
larly for greater spectral variety and/or high spatial resolutions, limit its use mainly to
inventory and coverage area purposes. Table 3 outlines the most frequently used satel-
lites in olive growing, along with their key technical specifications. The satellites listed
in this table exclusively correspond to those used in the studies retrieved through the
PRISMA workflow.

Table 3. Satellite platforms used in olive-growing applications from the identified studies.

Price per

— Launch 1 opets No. of Spectral Spatial Swath Width Stud

Mission Year Availability (Ili(ll?lzl) Bands Rarfl’ge (nm) Resollzxtion (m) at Nadir (km) Refererzlces
Landsat-5 * 1984 Free - 7 450-12,500 30-120 185 [50-56]

IRS-1D * 1997 Collaborative - 4 520-1750 23-70 70 [57-59]
Landsat-7 1999 Free - 8 450-12,500 15-60 185 [50-57,60-67]
IKONOS * 1999 Commercial 9 5 445-929 0.8-4 113 [60,68-71]

Terra/Aqua 1999 Free - 36 405-14,385 250-1000 2300 [27,54,60,72-78]
Quickbird * 2001 Commercial 14 5 450-900 0.6-2.6 16.8 [34,79-85]
Formosat-2 * 2004 Collaborative 15 5 450-900 2-8 24 [53]
RapidEye * 2008 Commercial 11 5 440-850 5-6.5 77 [86]
WorldView-2 2009 Commercial 15.7 9 450-800 0.5-1.8 16.4 [25,87-90]
Pleiades-1 2011 Commercial 11.2 5 430-950 0.5-2 20 [46,87,91]
Landsat-8 2013 Free - 9 430-1390 15-100 185 [23,52,54,64,69,72,73,92-94]
SPOT-7 2014 Commercial 4.2 5 450-890 1.5-6 60 95
WorldView-3 2014 Commercial 20.2 29 400-2365 0.3-30 13.1 [88,89,96,97]
Sentinel-2 2015 Free - 13 443-2190 10-60 290 [15,16,18,24,47,91,93,98-122]
PlanetScope 2016 Commercial 2 8 431-885 3-4.1 25 [86,88,102,120,121,123]
PRISMA 2019 Collaborative - 250 400-2500 5-30 30 [111]

* Satellite decommissioned.

3.1.2. Aircraft

Aircraft address satellite limitations by offering higher resolutions, covering large
areas at lower flight heights with superior spatial and radiometric resolutions [124]. How-
ever, similar to satellites, aircraft are sensitive to cloud cover and operational demands.
Moreover, the use of aircraft requires specialized pilots, and factors such as geographic and
atmospheric conditions may make them impractical, consequently leading to increased
operational costs. Consequently, for smaller projects (up to a few hectares), aircraft use can
prove financially unaffordable [124]. In olive growing, aircraft find application in irrigation
management, water stress indicator estimation, ET and K. estimation, biophysical parame-
ter estimation and disease detection/monitoring. In some studies, aircraft were preferred
for medium-scale study areas (400 to 3000 ha) and when sensor weight exceeded UAV
capacity. For instance, the HSP sensor used by Berni et al. [125] and Calderon et al. [126]
can weigh up to 5 kg, and the LiDAR sensor used by Estornell et al. [127] can weigh up to
100 kg.

3.1.3. Unmanned Aerial Vehicles

Over the past decade, the use of UAVs in PA has gained interest, offering high spa-
tial /temporal resolutions, flexibility and reduced costs for small projects and for long-term
monitoring [43,128]. UAVs bridge the gap between the large-area imagery of satellites and
aircraft and the data accuracy of terrestrial techniques [129,130]. Depending on factors
such as sensor type, spatial resolution, coverage area and intended application, the costs
associated with using both platforms show variability, as analyzed by Padua et al. [43].
There are two main UAV types, rotary-wing (RW) and fixed-wing (FW) [130,131], each with
its advantages and disadvantages. RW UAVs can fly at lower flight heights, hover and per-
form low-speed flights, offering flexibility without specific take-off/landing requirements,
which is crucial in some areas [131]. FW UAVs usually have the capability of longer flight
durations, covering larger areas than RW UAVs but with lower image resolution [131]. A



Remote Sens. 2024, 16, 1324

7 of 41

technical comparison by Matese et al. [124] assessed cost-effectiveness, with UAVs as the
most flexible, showing independence from cloud coverage and superior processing tasks. In
small fields (~5 ha), RW UAVs were considered the most economical solution. Smaller FW
UAVs could be used for up to a square kilometer (100 ha) with a spatial resolution from 0.05
m/pixel to 0.10 m/pixel. The extent of the area covered by a single image depends on flight
height, speed, resistance and sensor resolution. UAVs, with high-resolution image sensors,
offer precise data on large-scale crops and trees, even with minor cloud cover [132,133].
Due to UAV flexibility, this sensing platform finds extensive use in olive orchards, including
inventory management, yield estimation, biophysical parameter estimation and disease
detection/monitoring. Table 4 lists UAVs used in olive-growing applications.

Table 4. Unmanned aerial vehicles used in olive-growing applications from the identified stud-
ies. MSP: multispectral; HSP: hyperspectral; TIR: thermal infrared; N.S.: not specified or flexible
depending on the study.

. Release Maximum Autonom Stud
Wing Type Model Year Payload (g) (min) Y Sensors Used Referenyces
Microdones MD4-1000 2010 1200 45 RGB and MSP [134-139]
DJI S800 2012 2500 16 RGB [33]
DJI Phantom 2 2013 1300 25 RGB and TIR [140]
DJI S1000 2014 6000 15 RGB, MSP and TIR [141-145]
G4 Robot 2014 2300 28 RGB and MSP [17]
AscTec Falcon 8 2014 800 26 RGB and MSP [146]
ATyges FV-8 2014 1500 30 RGB and MSP [146]
DJI Matrice 100 2015 1000 40 RGB and MSP [19,20,147,148]
DJI Phantom 3 2015 1000 25 RGB and MSP [149,150]
Rotary DJI Phantom 4 2016 500 30 RGB and MSP [19,22,151-167]
DJI Matrice 600 Pro 2016 6000 38 RGB, MSP and HSP [97,168,169]
DJI Mavic Pro 2016 1200 21 RGB, MSP and HSP [29,154,168,170,171]
Mikrokopter MK8-2500 2016 2500 40 MSP and TIR [172]
Parrot Bluegrass 2017 1000 25 RGB and MSP [173]
DJI Matrice 210 2017 2300 38 RGB and MSP [169,174]
DJI Spark 2017 N.S. 16 RGB [32,175]
DJI Mavic Pro 2 2018 900 30 RGB and TIR [28,155]
DJI Mavic Air 2 2020 800 34 RGB [176]
Modified UAV N.S. N.S. N.S. RGB, MSP and TIR [177-180]
senseFly eBee 2013 800 50 MSP [14,22,156,181-183]
Fixed Parrot DiscoPro AG 2017 700 30 RGB [153]
Trinity FO0+ 2018 700 90 RGB and MSP [184]

3.1.4. Terrestrial

Terrestrial equipment, such as terrestrial laser scanners (TLSs), characterized by its
close proximity to the terrain, offers high-resolution data with excellent positional accuracy
and enables in situ data classification. In agriculture, these tools can accurately delineate
and provide 3D representations of crops, enabling precise dendrometric measurements
from tree crown to trunk [43]. A study by Moorthy et al. [185] used an Intelligent Laser
Ranging and Imaging System to construct and describe dimensional parameters of olive
tree crowns, including foliar assemblage characteristics. However, these tools are not
widely adopted in agriculture due to their labor-intensive and time-consuming nature, as
well as their limitation of only providing line-of-sight observations [43]. Moreover, the use
of equipment such as cranes, tractors, poles or even an operator crossing the field on foot
can be indirectly classified as a terrestrial platform.

3.1.5. Summary

Understanding the trade-offs among key parameters, such as coverage area, spatial
resolution, operational cost and deployability, is essential for optimizing the application
of RS technologies in agricultural contexts. The absence of a universally optimal platform
in RS applied to agriculture demands a discriminating evaluation of these factors. Table 5
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provides a comparative and generic overview of the primary characteristics and limitations
associated with the use of different RS platforms within the agricultural domain.

Table 5. Overview of the main characteristics of the different remote sensing platforms.

Perforn}ance Satellite Aircraft UAV Terrestrial
Metrics

Coverage area Worldwide Regional Local Sub-Local

Spatial resolution Low Medium High Very high
Cloud sensitivity High High Low None
Deployability Complex Moderate Low Low
Availability Low Medium High High
Accuracy Low Medium High High

Satellites generally provide global coverage, making them suitable for large-scale
agricultural monitoring at the district, province or even country level. However, their
higher orbit flight height typically results in lower spatial resolution compared to other
platforms. This trade-off directly affects the platform’s capability to conduct detailed analy-
ses at the individual crop level. Additionally, sensitivity to cloud cover introduces temporal
constraints on satellite imagery availability, posing challenges during specific periods.
Alternatively, aircraft, ideal for regional applications, offer a balance between coverage
area and spatial resolution. Despite higher operational costs and moderate deployability,
aircraft demonstrate versatility in diverse agricultural environments, particularly those
requiring heavy payload support. They demonstrate flexibility against cloud cover, ensur-
ing improved data availability. UAVs, with superior spatial resolution, surpass others in
local-scale applications. Balancing lower operational costs with reduced susceptibility to
cloud cover, UAVs have become a robust choice for reliable data acquisition. However,
regulatory restrictions on flight operations significantly constrain this platform due to its
extensive use in the past two decades. Terrestrial platforms, limited to local coverage,
feature the highest spatial resolution, making them ideal for detailed research in specific
areas within fields. Characterized by low operational costs and high deployability, these
platforms outperform others in ground-level assessments; however, they face challenges in
efficiently covering large agricultural areas.

3.2. Imaging Sensors

Imaging sensors, or sensing payloads, are crucial components of RS systems, capturing
images without physical contact [43]. These sensors perform a crucial function in generating
spatial information about the area of interest, enabling visual interpretation by identifying
spatial relationships between objects. A diverse range of imaging sensors with varying
spatial, temporal and spectral resolutions is available today. Each sensor can operate
in different wavelengths of the electromagnetic spectrum, such as gamma rays, X-rays,
ultraviolet light, visible light, infrared light, microwaves and radio waves [43].

In the domain of RS applied to agriculture, sensor selection is crucial, influencing
the quality and applicability of data. This section presents critical considerations and
several sensor types, offering insights into their applications in olive orchards. Choosing
a specific sensor for RS agricultural applications demands a detailed evaluation of key
characteristics [186]:

e Deployment platform: ground-based (e.g., terrestrial laser scanner), airborne (e.g.,
aircraft and UAVs) or spaceborne (e.g., satellites), significantly influencing data acqui-
sition, considering orbit geometry, flight height and sensor compatibility.

e  Wavelength spectrum: sensors operate across diverse wavelengths, including opti-
cal, infrared, thermal and microwave. This spectrum choice determines the type of
information captured, impacting the utility of the data.

e  Spatial Resolution: maintaining a balance between high and low spatial resolution is
crucial, influencing the level of detail in the acquired data.
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e  Sensor type: choosing between narrow-band sensors (e.g., HSP) or broad-band sensors
(mono and MSP) affects the sensor’s ability to discriminate specific spectral features.

e Radiometric resolution: this feature delineates a sensor’s capacity to differentiate
between radiation levels, directly influencing the accuracy of the captured data.

The following sections briefly present the most common types of sensors used in
RS, particularly in olive orchards, namely RGB sensors (visible light); MSP, HSP and TIR
sensors; and LiDAR sensors (which can operate in both visible and infrared light).

3.2.1. Visible Light Sensors

Operating within the 400 to 700 nm wavelength range, visible light sensors capture
images perceptible to the human eye. RGB sensors, with their composition of red, green and
blue bands, are extensively used due to their cost-effectiveness and integration versatility.
However, limitations exist regarding spectral information for tasks related to vegetation
reflectance [43,187,188]. Additionally, through photogrammetric processing, these sensors
can also provide digital elevation models (DEMs), primarily used for extracting object
heights [43]. In olive growing, RGB sensors on board satellites and UAVs are primarily
used (standalone) for detecting and inventorying olive trees. Typically, the information
from these sensors is combined with data from other sensors, such as MSP data, and/or
used for visual interpretation purposes.

3.2.2. Infrared Sensors

In the spectrum between 700 nm (near infrared—NIR) and 100,000 nm (far infrared),
NIR sensors are crucial in RS applications for agriculture. Photosynthesizing plants, par-
ticularly in the NIR wavelength (which can be captured by MSP sensors), demonstrate
significant reflection of incident sunlight [189]. This reflectance, which is sensitive to leaf
cell structure, becomes key in assessing several agricultural parameters. Despite their
higher cost compared to RGB, MSP sensors provide precise and consistent data applica-
ble beyond basic detection and inventorying [43]. In olive orchards, these sensors are
indispensable for assessing agro-environmental indicators such as K, managing irrigation
and estimating crown dendrometric parameters. The data from MSP sensors are often
combined with information from HSP or TIR sensors to improve disease detection, identify
irrigated olive orchards, estimate water status indicators and evaluate ET.. [43].

HSP sensors represent a significant advancement in capturing imaging data. In con-
trast to MSP, HSP sensors capture information in narrow and contiguous spectral bands
across a broader spectral range. This capability results in a detailed spectral signature for
each pixel in the scene. Nevertheless, while these sensors offer a high spectral resolution,
enabling the identification and quantification of molecular absorption, there are certain
challenges. The high associated cost and the fact that most HSP sensors are line-array make
them heavier and require specialized software. Consequently, common UAVs may lack the
payload capacity for these sensors, requiring more robust UAVs for deployment [190]. In
olive growing, HSP sensors find application in disease detection, especially for distinguish-
ing variations in spectral signatures associated with specific diseases.

Operating in the electromagnetic spectrum between mid-to-FIR and microwave ranges
(4 to 20 um), TIR sensors are indispensable in agricultural monitoring. While more ex-
pensive than RGB sensors and usually offering lower image resolution, TIR imagery is
useful in several applications. In the context of olive growing, TIR sensors demonstrated
their effectiveness in irrigation management, estimation of water status indicators, ET.
assessment and disease detection [191]. TIR imagery is particularly useful for monitoring
crop and soil conditions, including the estimation of water soil content and crop water
stress for irrigation scheduling. Additionally, TIR sensors support the detection of diseases
and pathogens and the mapping of soil texture. Despite their cost and resolution limi-
tations, TIR sensors provide essential data for comprehensive agricultural analyses and
management strategies in olive orchards.
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3.2.3. LiDAR Sensors

LiDAR technology offers the capability for the three-dimensional scanning of various
objects. Since the 1980s, LiDAR sensors have been extensively used in agricultural studies,
applying principles such as time-of-flight (ToF), interferometry and triangulation [192]. In
contrast to passive sensors, a LIDAR sensor is an active sensor that emits its energy source
for illumination, allowing it to operate even at night. This technology enables a detailed
geometric and radiometric representation of scanned objects. LIDAR sensors are used in
two primary configurations: terrestrial laser scanner (TLS) and airborne laser scanner (ALS).
While ALS provides broader coverage and higher point cloud density, TLS demonstrates
advantages such as low-cost operation and easier multi-temporal data acquisition. In
agricultural applications, these sensors, especially TLSs, are instrumental in estimating
crop height for biomass calculation and growth monitoring [193]. In olive orchards, LIDAR
technology has been successfully applied for the estimation of olive tree dendrometric
parameters and wood volume.

3.2.4. Summary

In an increasingly diverse range of sensor types, understanding critical parameters
such as spectral resolution, atmospheric interference, spatial precision and technologi-
cal adaptability is essential for optimizing the effectiveness of RS methodologies across
diverse fields. As verified in Section 3.1.5, with RS platforms, there is no universally op-
timal sensor type for all agronomical applications. The appropriate choice relies on the
specific parameters and application context. Table 6 provides a comparative overview
delineating the key attributes and limitations inherent to different sensors used in RS plat-
forms, thereby supporting informed decision-making in selecting the most fitting sensor
for customized applications.

Table 6. Overview of the main characteristics of the different remote sensing sensors.

Performance Metrics RGB MSP TIR HSP LiDAR
Cost Low Medium Medium High High
Operational principle Passive Passive Passive Passive Active
Atmospheric interference Minimal Moderate High High Minimal
Wavelength range (nm) 400-700 400-1000 8000-14,000 400-2500 905-1550
No. of bands 3 3-10 1 >100 N.A.
Band narrowness Broad Narrow Broad Very narrow N.A.
Band structure Discrete Discrete Discrete Contiguous N.A.
Pixel size Small Small-Moderate Moderate-Large Small-Moderate N.A.

MSP: multispectral; TIR: thermal infrared; HSP: hyperspectral; N.A.: not applicable.

RGB sensors are widely used in simple agricultural monitoring tasks. These sensors
are used for tasks such as visualization, inventory management and biophysical parameter
estimation. Additionally, they are valuable for identifying visual symptoms in plants
caused by diseases or pests [194]. When integrated into satellites, sensors sensitive to
visible wavelengths occasionally produce panchromatic images with even higher spatial
resolution than those generated by separate bands. Consequently, both panchromatic and
RGB images in the visible spectrum are suitable for studies requiring detailed analysis [195].

In contrast, infrared sensors such as MSP sensors offer a broader spectral range
than RGB sensors, allowing the analysis of vegetation health and crop characteristics.
With moderate to high spatial resolution and the ability to capture data across multiple
bands, they are essential for PA applications. VIs are the most common products used in
multispectral RS for estimating various biophysical parameters. Additionally, some satellite-
based spectral cameras, such as the Moderate Resolution Imaging Spectroradiometer
(MODIS), capture more bands than standard multispectral cameras, providing improved
capabilities [43]. Operating on higher wavelength ranges, TIR sensors, despite technological
advancements, show lower resolution compared to RGB and MSP cameras. However, they
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outperform others in identifying crop water stress conditions and detecting nutrient stress
symptoms earlier than visible sensors [196]. These sensors can be cooled cameras, which
provide direct measurements using quantum detectors cooled to cryogenic temperatures,
while uncooled cameras rely on thermal detectors for indirect measurement [197]. Despite
their lower spatial resolution and sensitivity, uncooled cameras are preferred for their
affordability, compact size and operational convenience, especially for UAVs.

HSP sensors provide the highest level of spectral resolution among the discussed
sensor types. With numerous contiguous narrow bands across a wide spectral range,
HSP sensors enable detailed analysis of crop health, nutrient levels and soil composition.
However, they are often more expensive and complex than MSP and RGB cameras, limiting
their regular applications. Nevertheless, they offer detailed information about each band’s
reflectance in a wide spectral range, enabling the identification of the most informative
bands for specific phenomena [198].

As the only active RS sensor discussed in this study, LIDAR sensors provide high
spatial resolution and detailed 3D information about agricultural crops. Despite lacking
spectral data capture, they are essential for terrain mapping and crop height measurement
using a narrow bandwidth with high intensity and minimal divergence. Although theoreti-
cally operable in any wavelength, specific bands are chosen depending on the application,
with emerging multispectral LiDAR sensors using multiple bands [199]. Despite their
potential, multispectral LiDAR sensors are not yet fully operational, with single-band
LiDAR sensors predominant in agricultural RS.

3.3. Data Type and Image Processing Techniques

RS data obtained from UAVs and aircraft are essential in large-scale photogrammetric
mapping [200,201]. Despite challenges such as platform stability and the use of non-metric
cameras, photogrammetry remains attractive due to its higher spatial resolution, flexibil-
ity in acquisition timing and cost-effectiveness [202-205]. High-resolution digital images
acquired by these platforms have largely replaced analog aerial photography, assisted by
onboard navigation systems and ground control points (GCPs) for precise positioning [200].
Nevertheless, this type of imagery requires post-processing and orthorectification pro-
cesses. The post-processing phase involves the generation of digital surface models (DSMs)
through aerial triangulation and the subsequent creation of a point cloud from image
pairs [201]. This process can also produce digital terrain models (DTMs) by filtering the
dense point cloud or interpolating dispersed points [206]. The resulting DSMs and DTMs
can be used for orthorectification, enabling direct measurements and mosaic creation [207].
Digital image processing techniques in agriculture often include pre-processing and pixel
classification steps [208]. Vegetation detection relies on segmenting pixels into vegetation
(crops, invasive plants and trees) and background (soil and infrastructures). Common
segmentation technologies can rely on color indices or VIs, thresholding, ML and deep
learning (DL). More information about ML and DL can be found in [209]. VIs, derived from
arithmetic operations on different bands, are widely used in RS for extracting information
related to water status, vegetative vigor, disease presence and biomass estimation [210].
In this context, Rasmussen et al. [211] evaluated VIs, including Excess Green (ExG) [212],
Normalized Green Red Difference Index (NGRDI) [213], NDVI and Enhanced Normalized
Difference Vegetation Index (ENDVI), derived from cameras mounted on UAVs. Their
study addresses the importance of addressing factors such as stability under ambient light
conditions and angular reflectance variation during sunny conditions when using VIs for
quantifying crop responses to treatments. The authors also highlighted the significance of
testing mosaic production software for bidirectional reflectance evaluation.

4. Results
4.1. Overview of Annual Distribution of the Research Studies

The introduction of RS imagery to olive-growing applications was first documented in
2004, generating an increasing interest in recent years (Figure 3). RS, supported by diverse
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platforms such as satellites, UAVs, aircraft and ground-based systems, has progressed into
a critical tool for monitoring and improving agricultural practices in the specialized field of
olive growing. Over the past two decades, there has been an advancement in the quality
and resolution of data captured by the sensors on board RS platforms, enabling a precise
analysis of olive orchards. This technological progress, coupled with an increasing scientific
focus on improving the management and monitoring of olive orchards, became particularly
evident in 2019. During this period, the number of research studies in this domain doubled
compared to previous years. In the following three years, there was a remarkable and
exponential increase in scientific publications, reaching a peak in 2022 with 38 research
studies conducted across numerous applications in the field of olive growing. Publications
from 2023 were excluded from Figure 3 as, when the queries were performed (17 November
2023), there was not a complete overview of the entire year allowing a comprehensive
conclusion on this topic. However, it is crucial to mention that this review also covers
studies published throughout 2023.
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Figure 3. Number of research studies using remote sensing imagery for olive-growing applications
by year.

The diverse RS applications in olive growing have significantly contributed to op-
erational efficiency, cost reduction and the mitigation of environmental impacts. In the
future, the essential role of RS in the sustainable development of the olive sector is expected
to persist. The integration of emerging technologies, such as DL and ML, stands as the
promise of unveiling novel perspectives and further enhancing the efficacy and precision
of RS applications within the olive-growing context.

4.2. Overview of Geographical Distribution of the Research Studies

The exploration of olive cultivation through RS imagery involves contributions from
17 countries. Despite this modest participation, a visible distribution across continents is
evident, as illustrated in Figure 4. Regions such as Europe, North Africa, South America,
Asia and Australia actively contribute to research studies related to olive growing. As
expected, countries in the Mediterranean Basin and/or with a Mediterranean climate,
known for their extensive olive cultivation practices, hold an important position in both
production and harvested area, as outlined in Table 7.

A detailed analysis of scientific research, olive production quantity (t) and harvested
area (ha) reveals discerning patterns (Table 7). Spain, the world’s leading producer of olive
oil, exceeds other countries in both scientific studies and olive cultivation metrics. Italy
and Greece also show significance, presenting distinctions in production and harvested
area. Countries such as Tunisia and Portugal, despite a substantial number of scientific
studies, show comparatively smaller olive production and harvested areas than their Euro-
pean counterparts. Analyzing the production-to-harvested-area ratio reveals intriguing
variations. Saudi Arabia stands out for its efficient production regarding its harvested
area, suggesting effective agricultural management. In contrast, Israel and France present
more conservative production concerning their harvested areas, suggesting potential areas
for optimization in agricultural practices. The inclusion of diverse countries such as Iran,
Iraq, Chile, Brazil and China in the analysis emphasizes the geographical diversity and
varying scales of olive cultivation globally. This highlights the importance of considering
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distinct regional contexts in comparative analyses. This critical examination reveals the
complexities of the global olive landscape, emphasizing the need for contextual and in-
tegrated approaches when evaluating the application of RS and its implications for olive
production worldwide.
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Figure 4. Geographical distribution of research studies on remote sensing imagery in olive growing.

Table 7. Number of research studies using remote sensing data in olive growing, production quantity,
area harvested and global contribution (data from FAOSTAT database 2021).

Production Plantation Harvested
Country Number of Studies -
Quantity (t) Global (%) Area (ha) Global (%)
Spain 70 8,256,550 35.1 2,623,290 25.4
Italy 51 2,270,630 9.7 1,129,000 10.9
Greece 21 3,045,100 13.0 826,390 8.0
Tunisia 18 700,000 3.0 1,251,313 12.1
Portugal 11 1,375,750 5.9 380,410 3.7
Chile 8 130,344 0.6 21,364 0.2
Turkey 7 1,738,680 7.4 889,168 8.6
Saudi Arabia 6 382,105 1.6 31,864 0.3
Croatia 6 23,870 0.1 19,940 0.2
Morocco 4 1,590,504 6.8 1,104,083 10.7
Israel 4 70,000 0.3 33,700 0.3
Australia 3 115,962 0.5 47 837 0.5
France 3 27,560 0.1 17,010 0.2
Iran 3 78,235 0.3 24,397 0.2
China 2 2619 0.01 315 0.003
Brazil 1 3417 0.01 2121 0.02
Iraq 1 33,314 0.1 8033 0.1

4.3. Overview of Technological Distribution of the Research Studies

The integration of RS applications in olive cultivation includes a diverse technological
scenario, taking advantage of various platforms and sensors (Figure 5). In this context,
satellites and UAVs emerge as predominant platforms, included in 47% and 40% of re-
search studies, respectively. These platforms are crucial across multiple tasks, including
inventory management, irrigation control, water stress estimation, biophysical parameter
assessment and yield prediction. The distinct advantages of satellites, with extensive cov-
erage, can be found in tasks related to ET and K, estimation and phenology monitoring.
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Conversely, UAVs present more usage in tasks such as biophysical assessments and disease
detection/monitoring. The choice between these platforms depends on factors such as
ground cover, spatial resolution and temporal information. Satellites provide large-scale
temporal data crucial for phenology monitoring, while UAVs offer detailed spatial informa-
tion, enabling individual tree monitoring, and are particularly valuable for the volumetric
characterization of tree crowns. Aircraft, present in 15% of research studies, contribute to
biophysical measurements, ET assessments, water stress indicator estimations and disease
detection/monitoring. Equipping aircraft with HSP sensors improves their efficiency, espe-
cially considering weight considerations. In terms of sensors, RGB and MSP sensors emerge
as the predominant choices, used in 84% and 67% of studies, respectively. RGB sensors
find versatile applications, enhancing mosaic visualization, while MSP sensors, offering
information across multiple spectral bands, contribute to diverse categories, including
the estimation of biophysical parameters, yield assessments and inventory management.
TIR, HSP and LiDAR sensors demonstrate comparatively lower usage, with their higher
cost being one of the possible causes. TIR sensors, however, gain importance in irrigation
management, water stress indicator estimations and ET assessments due to the correlation
between crop temperature (T.) and water stress. HSP sensors are useful for disease de-
tection and monitoring due to their wide and selective electromagnetic spectrum range.
LiDAR sensors show extreme precision in biophysical estimations.

Application
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Figure 5. Summary statistics of the technological distribution in the research studies analyzed per
platform and sensor. UAV: unmanned aerial vehicle; MSP: multispectral; TIR: thermal infrared;
HSP: hyperspectral. The application categories are as follows: 1—inventory; 2—irrigation manage-
ment and water stress indicators; 3— biophysical parameters; 4—crop evapotranspiration and crop
coefficients; 5—disease detection/monitoring; 6—yield; 7—others.

4.4. Remote Sensing Applications in Olive Growing

RS applications represent a classical and traditional approach extensively used in
agriculture and agronomy for various purposes [8]. These applications include data
acquisition and processing, establishing the basis for vegetation-related decision-making.

According to Salami et al. [214], RS applications can be classified as passive, proac-
tive or reactive based on their contribution to the process. Passive applications primar-
ily focus on information acquisition, including inventory, dendrometric measurements,
multi-temporal analysis of vegetation changes, modulation of biophysical and biochemical
characteristics and mapping plant species [215,216]. In agriculture, passive applications
can also monitor changes in crops over time to predict future growth [217]. In contrast,
proactive applications include monitoring vegetation status to detect diseases, nutrient de-
ficiency and invasive plants. Distinct from passive applications, proactive data acquisition
is used for short-term decision-making [214]. This is commonly applied in PA, enabling
precise estimation and application of fertilizers, pesticides, herbicides and irrigation based
on specific crop needs in a particular area. In particular, monitoring water content in vegeta-
tion is crucial for optimizing irrigation strategies [130,217-219]. In olive growing, proactive
applications have focused on disease detection, especially the detection of VW and Xf,
which pose significant challenges in traditional olive orchards globally. The future potential
for UAVs in reactive applications is expected to increase, enhancing their autonomous
decision-making capabilities. In Japan, UAV-based systems are already applied for crop
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spraying [188], considered a reactive application where sensor data are processed in real
time and the system reacts based on verification results [214]. However, as reported by
Zecha et al. [220], future advancements in such applications will require standardized data
exchange and system components, addressing challenges such as the limited accuracy
of position and orientation data, synchronization issues between image sensors and GPS
navigation systems, variation between images, perspective distortion and variability in
lighting conditions [221].

The following sections present an integrated analysis, emphasizing the strategic use
of platforms and sensors in olive-growing applications, with a focus on platforms, sensors
and outcomes. The distribution percentage of the RS platforms and sensors according
to each application category is presented in Figure 6. Given the substantial volume of
research studies in this review, only those published in scientific journals were selected
for this detailed analysis. The sections are methodically organized based on predefined
categories, where satellite platforms mainly contribute to broad-scale assessments, and
UAVs, particularly those equipped with RGB and MSP sensors, are extensively used in
tasks requiring detailed information.
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Figure 6. Summary statistics by application category. UAV: unmanned aerial vehicle; MSP: multi-
spectral; TIR: thermal infrared; HSP: hyperspectral.

4.4.1. Inventory

In the context of inventory tasks in olive growing, satellites (52%) and UAVs (40%)
represent the most common platforms used (Figure 6). This combined application reflects a
strategic approach that influences the broad coverage offered by satellites and the detailed
insights provided by UAVs. Within this context, RGB (56%) and MSP sensors (42%) repre-
sent the most common sensors used. The prominence of visual and MSP data underscores
the significance of detailed color and spectral information in conducting detailed inven-
tory assessments. To map olive trees effectively, numerous studies have explored diverse
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platforms, sensors, segmentation methods and classification techniques in various olive
orchards. Figure 7 shows an illustrative example regarding the detection and delineation of
olive tree canopies using a threshold method applied to both the DEM and VIs from UAV-
based data. This type of method represents a widely adopted approach in the literature;
an example is presented in Figure 7. Initially, the NDVI is computed (Figure 7a), followed
by the application of Otsu’s method for thresholding (Figure 7b). However, the binarized
image is composed of pixels from non-canopy olive trees due to low vegetation and other
objects in the olive orchard. To address this issue, the canopy height model (CHM) is
applied, considering only height values above 0.5 m (Figure 7c). Then, by merging the
two previously binary images (Figure 7b,c), another image is generated (Figure 7d). This
combination enables the identification and precise delineation of the olive tree canopies, as
represented in Figure 7e.

Figure 7. Exemplification of the detection and delimitation of olive tree crowns: (a) Normal-
ized Difference Vegetation Index (NDVI); (b) NDVI threshold; (c) canopy height model threshold;
(d) combination of (b,c); () RGB orthophoto mosaic with the delimitation of olive tree crowns.

In the literature, also using UAVs, Torres-Sanchez et al. [134] recommended optimal
configurations for 3D reconstruction, achieving around 95% accuracy. Karydas et al. [181]
mapped orchards using an MSP sensor, reaching 93% overall accuracy. Beniaich et al. [150]
used RGB imagery for color-based segmentation with an accuracy exceeding 99%. Jurado
et al. [174] used 3D point clouds for detailed mapping, fusing photogrammetric point clouds
and MSP data. Ye et al. [157] applied a DL approach (UAV-U2-Net) obtaining high precision
(97.69% precision, 98.55% recall). Alshammari and Shahin [154] introduced Swin-TU-net,
achieving 98.4% accuracy with low-cost sensors. Martinez-Ruedas et al. [222] classified
orchard management systems with DL, presenting overall accuracies exceeding 0.8. Siljeg
et al. [169] compared ML models for olive tree crown extraction, where Geographic Object-
Based Image Analysis-Support Vector Machine (GEOBIA-SVM) outperformed others. They
also compared GEOBIA and VIs, with the Random Forest (RF) classifier showing the highest
accuracy [184]. Yang et al. [158] explored OBIA-RF for crown outline extraction, achieving
96.5% accuracy. Lima-Cueto et al. [173] quantified vegetative ground cover with VIs, high-
lighting the importance of suitable algorithms and indices. Sarabia et al. [148] introduced a
methodology for automated crop tree identification, demonstrating 99.67% accuracy. More
information regarding OBIA, GEOBIA, RF and SVM can be found in [223-225].

However, different platforms, sensors and methods can be applied for the purpose of
inventory. In particular, using Pleiades 1A satellite imagery, Alganci et al. [46] achieved
89% accuracy in estimating the spatial distribution and area of olive trees. Lin et al. [88]
used WorldView-2, WorldView-3 and PlanetScope imagery, demonstrating 0.87 precision,
0.89 recall and 0.88 F1-score in semi-arid regions. Waleed et al. [226] addressed boundary
issues with a high-pass filter and circular Hough transform, achieving a 1.27% overall
estimation error. Khan et al. [227] introduced an automated method for olive tree count-
ing using multi-level thresholding, achieving 96% overall accuracy. Castillejo-Gonzalez
et al. [82] assessed canopy delineation with pixel-based and object-based image analysis
(OBIA), with Decision Tree (DT) [228] showing the highest overall accuracy (94.2%). Rivera
et al. [98] compared unsupervised algorithms, and k-means clustering outperformed others.
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Waleed et al. [229] performed olive tree detection with RGB images, concluding that RF
was the most accurate (97.5%). Mezzi et al. [95] used Conditional Random Fields [230] for
olive tree mapping, reaching a mean overall accuracy of 87%. Volpi et al. [109] developed a
web-based tool for discriminating orchards, integrating NDVI patterns with 85% accuracy.
Abozeid et al. [231] presented SwinTUnet, achieving 98.3% accuracy in olive tree detection,
with challenges noted in dense areas. Martinez-Ruedas et al. [113] developed an automated
methodology for inventory using Sentinel-2 imagery, characterizing 92% of Andalusian
olive orchards. Martinez-Ruedas et al. [232] also validated a DL approach using convolu-
tional neural networks (CNNSs), achieving 95.7% accuracy for sub-images and 82.6% at the
farm level.

Nevertheless, aircraft were also used for inventory purposes. Chemin and Beck [233]
detected olive tree crowns using an aircraft and Leica RGB-infrared sensors, improving
detection by 40% with the watershed method. Pefia-Barragan et al. [234] employed an RGB
sensor to assess cover crops, offering a cost-effective alternative to on-ground visits.

4.4.2. Trrigation Management and Water Stress Indicator Estimation

The investigation of irrigation management and the estimation of water stress indi-
cators involved a diverse selection of platforms and sensors, as illustrated in Figure 6.
Significant contributors to this field include satellites (38%) and UAVs (32%), with aircraft
being used in 19% of the research studies. Furthermore, terrestrial platforms, such as imag-
ing sensors placed above the canopy or readings conducted using a crane, were identified
(11%). Regarding the sensors, a consistent usage pattern emerged among RGB (36%), MSP
(30%) and TIR sensors (27%). While RGB images remain indispensable for visualization
purposes, MSP and TIR images prove crucial for vegetation classification and T, extraction,
respectively. A modest use of HSP sensors (7%) was also observed in this category.

Using the Landsat 8 TIR and MSP data, Kefi et al. [92] performed a regional iden-
tification of irrigated and non-irrigated olive orchards. NDVI, Ratio Vegetation Index
(RVI), Land Surface Temperature (LST) and Brightness Temperature (BT) characterized soil,
while Vegetation Condition Index (VCI), Temperature Condition Index (TCI) and Vegetation
Health Index (VHI) assessed stress conditions. NDVI indicated a higher vegetative vigor for
irrigated orchards, and TIR data revealed stressed trees. Navrozidis et al. [104] developed
a stress detection methodology with Sentinel-2 data, where quadratic discriminant analy-
sis outperformed others. Sepulcre-Canto et al. [235] used ASTER imagery to distinguish
irrigated and rainfed orchards, achieving a 78% agreement. Chiraz et al. [112] assessed
water productivity in different cultivation systems, revealing variations in productivity
and efficiency.

In regard to the use of UAV platforms, Jorge et al. [152] used an MSP sensor to detect
irrigation variations, finding strong correlations between NDVI and Green Normalized
Difference Vegetation Index (GNDVI) [236]. Caruso et al. [143] assessed irrigation effects
using both RGB and MSP sensors, highlighting significant water savings with minimal
yield impact under deficit irrigation (DI). Santos-Rufo et al. [168] compared subsurface
drip irrigation and surface drip irrigation impacts using RGB and HSP sensors coupled
to UAVs. Different classification methods were used, highlighting the significance of
wavelength ranges in detection. As for the estimation of water status indicators, Marques
et al. [22] conducted an extensive evaluation of numerous spectral VIs and thermal data
derived from UAV-acquired imagery for estimating water status indicators and leaf pigment
content in olive trees under DI and full irrigation (FI) irrigation strategies. The results
revealed that DI negatively impacted chlorophyll (Chl) and carotenoid levels, affecting
spectral reflectance. Crop Water Stress Index (CWSI) [237] accurately predicted Relative
Water Content (RWC), Stem Water Potential (Yyp) and Stomatal Conductance (gs) with
R? =0.80,0.61 and 0.72, respectively. Modified Chlorophyll Absorption in Reflectance Index
(MCARI) [238] estimated Chl, (R? = 0.52), while Transformed Vegetation Index (TVI) [239]
outperformed others in estimating Chl, (R? = 0.61) and Chly, (R? = 0.64). All VIs presented
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poor correlations with carotenoid estimation due to the absence of the blue spectrum. Egea
et al. [140] correlated CWSI with water status indicators in super-high-density orchards.

Ben-Gal et al. [240] estimated soil and crop water status using analytical and empirical
CWESI, showing high correlations with T.. Berni et al. [130] investigated water status
dynamics using a crane equipped with a TIR sensor, highlighting the effectiveness of
empirical CWSIE in capturing water status dynamics. Noguera et al. [21] used a manually
operated TIR sensor on a crane, revealing varied T, responses between irrigation strategies.
The authors suggested that DI-exposed olive trees showed higher T, particularly at 15 PM.
However, correlations between water status indicators and T. were lower at this time of
day. Figure 8 shows an example of CWSI used for irrigation management and water stress
estimation purposes.
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Figure 8. Example of the Crop Water Stress Index (CWSI) of an olive orchard (adapted from [156]).

4.4.3. Biophysical Parameter Estimation

Biophysical parameters, including biomass, crown dendrometry, LAI and Chl, rep-
resent crucial indicators for assessing the health status, growth and productivity of agri-
cultural crops [100]. The timely availability of such data throughout a crop’s life cycle
not only supports farmers but also has proven invaluable for governmental institutions
in making informed decisions. Through PA, driven by these biophysical metrics, farmers
can implement targeted and sustainable practices, improving yield predictions and overall
operational efficiency [102].

As observed in Section 4.4.1, approximately 85% of the studies in this field rely on
satellite and UAV platforms equipped with RGB and MSP sensors, as illustrated in Figure 6.
This indicates that, when estimating biophysical parameters, authors do not prioritize high-
resolution images or sensors with higher spectral capabilities. Consequently, it is evident
that, for this particular task, more cost-effective platforms and sensors are considered
sufficient. Additionally, in studies that perform dendrometric measurements, DEMs stand
out as the predominant data product, providing a critical component for estimating the
height of olive trees. Figure 9 provides a visual representation, highlighting a segment of an
olive tree row within a dense point cloud (Figure 9a) captured by a UAV in an olive orchard.

The corresponding elevation is presented using a false color representation (Figure 9b),
complemented by the RGB representation of the same point cloud section. A demonstration
of the normalized point cloud section is also presented, where the ground is highlighted in
blue, while other colors show height values attributed exclusively to the olive trees. This
enhancement not only improves interpretability but also supports the discrimination of
specific features, particularly the contrast between the ground and the olive trees. For
this particular case of dendrometric estimations, the use of LIDAR sensors was verified,
constituting 10% of the research studies. This technology, while exceptionally precise, is
relatively expensive, which is reflected in its limited adoption.
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Figure 9. Elevation profile visualization of an olive tree row using a photogrammetric dense point
cloud: (a) overview of the olive orchard; (b) isolated row with heights illustrated in false colors, along
with the profile perspective of the isolated row section, and with normalized heights illustrated in
false colors.

Moreover, in applications of this category, Vs are widely used, serving as a valuable
correlation for the desired parameters. Figure 10 exemplifies the estimation of Chl in an
olive orchard using UAV-captured imagery and TVI [22].

Chl ab
(ug/g)
2 000

Irrigation strategies

3 Full-Irrigation 100% Sustained Deficit Irrigation 30% (. Regulated Deficit Irrigation 60% A
[ Full-Irrigation 120% [ Sustained Deficit Irrigation 60% Regulated Deficit Irrigation 100%

Figure 10. Estimation of Chl,, using vegetation indices: (a) RGB imagery; (b) vegetation index
TVI; (c) estimation of Chl,;, shown in false color, overlaid onto the RGB mosaic for improved visual
representation. The Chl,;, estimation was carried out through the function Y = 306.84 x e (02077 x TVI)
as mentioned in [22].

For this application category, only Gomez et al. [81] used a satellite platform to perform
dendrometric measurements, using Quickbird imagery and an HSP sensor to evaluate tree
crown characteristics, achieving R? values from 0.82 to 0.65 for crown area and varied R2
values from 0.87 to 0.70 for olive crown volume. The HSP approach outperformed others in
the estimation of Leaf Area Index (LAI) and olive crown transmittance, showing superior
R? values ranging from 0.71 to 0.75. However, for the estimation of other parameters
such as Chl, LAI and Fraction of Photosynthetically Active Radiation (fPAR), this platform
found its applicability. Makhloufi et al. [100] used RGB and MSP data from Sentinel-2
to implement an artificial neural network (ANN) for inverting the Discrete Anisotropic
Radiative Transfer (DART) model. The study aimed to estimate biophysical properties,
including Chl, Equivalent Water Thickness (EWT) and LAIL The ANN effectively captured
phenological stages, exhibiting a decrease in Chl,, during summer-induced tree stress.
Spatial analysis revealed consistent evolutions in biophysical parameters, outperforming
traditional methods. Abdelmoula et al. [102] estimated biophysical variables (LAI, Chl,
water content (Cw) and mesophyll structure (N)) using a 3D RTM and a spatially and tem-
porally regularized Markov Chain Monte Carlo (MCMC) approach. The study suggested
potential improvements in parameter retrieval by combining data from both Sentinel-2 and
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Sentinel-3. Adjustments to the MCMC time-series inversion approach were proposed to
address temporal dependencies during significant changes. Leolini et al. [105] evaluated dif-
ferent VIs for estimating fPAR at the pixel scale using Sentinel-2 imagery. The 3D rescaling
methodology highlighted the contributions of woody and herbaceous parts, overcoming
biases introduced by variations in canopy height. GEMI and MCARI2/OSAVI showed
superior performance in estimating olive tree fPAR compared to NDVI, emphasizing the
limitations of conventional satellite imagery in accurately assessing olive orchard dynamics.

In contrast to satellite usage, UAV application within this domain has demonstrated
significantly greater effectiveness in estimating dendrometric parameters. Zarco-Tejada
et al. [241] assessed the canopy height within a discontinuous olive tree canopy using
DSMs. The results demonstrated high accuracy, with an RMSE of 35 cm, relative RMSE of
11.5% and R? of 0.83. Furthermore, an assessment of the spatial resolution of input images
on DSMs revealed stable relationships within the range of 5 to 30 cm per pixel. However,
relationships declined rapidly for input images with resolutions below 35 cm per pixel. In
particular, when using imagery with a resolution of 30 cm per pixel, errors below 15% were
consistently achieved in DSM generation. De Castro et al. [136] used the OBIA algorithm
for olive identification, reaching superior performance in intensive orchards for crown
parameters, achieving R? values of 0.63 for hedgerow area and 0.79 for intensive volume.
Torres-Sanchez et al. [135] achieved an accuracy of over 96% in modeling single-tree fields
and of 100% in tree-row fields using an OBIA approach with an MSP sensor on a UAV. The
reported tree height estimation accuracy average errors ranged from 0.17 to 0.53 m. Crown
volume R? values were 0.65 and 0.63 for 50 m and 100 m flight height images, respectively.
Also using an OBIA algorithm, Rallo et al. [138] analyzed the utility of such a method
for selecting promising olive genotypes in breeding programs. Trait values consistently
exceeded 0.85 for all traits, achieving good results in crown volume. Diaz-Varela et al. [242]
applied DEMs with a low-cost UAV equipped with RGB and color infrared sensors for
estimating olive tree crown parameters. Genotype-averaged data demonstrated high linear
fits, particularly in height estimation for hedgerow plantations (R? = ~0.9). Coslu and
Sonmez [149] achieved 96% accuracy in individual tree detection using only an RGB sensor
on board a UAV. The study reported high user and producer accuracy for single tree crown
borders. Stateras and Kalivas [147] used MSP and RGB sensors to estimate geometrical
characteristics, showing significant correlations between aerial and ground measurements,
particularly for crown volume. Safonova et al. [153] applied a DL method (Mask R-CNN)
to estimate olive tree biovolume using RGB and optical VIs at different spatial resolutions.
The best crown segmentation performance (F1-score = 100%) was achieved with the RGB
subset at 0.03 m spatial resolution.

Moreover, the predominant use of UAVs has demonstrated a significant effectiveness
in providing a comprehensive understanding of dendrometric parameters essential for
orchard management. Studies such as the one conducted by Anifantis et al. [175] show
the utility of UAV photogrammetry and 3D modeling techniques in assessing tree row
volume (TRV). Despite the tendency of the 3D modeling technique (TRV1) to underestimate
crown volume in super-high-density olive orchards, its accuracy, low labor requirements
and time efficiency make it a valuable tool, particularly for orchards with dense canopies.
Furthermore, research into the impacts of pruning methods, as highlighted by Jiménez-
Brenes et al. [137], revealed the efficacy of UAV imagery. Adapted pruning (AP) and
traditional pruning (TP) significantly reduced crown volume, revealing the potential of
UAVs in evaluating and optimizing pruning strategies for economic and environmental
benefits. However, in addition to the widespread use of UAVs for directly estimating
geometrical crown parameters, they have also been used for estimating parameters such
as Chl and fPAR. Catania et al. [162] explored NDVI’s effectiveness using multispectral
data to evaluate the nutritional status, biometric characteristics and vegetative condition.
Despite low NDVI values, strong correlations were verified with vegetative parameters
and the prediction of productivity. Moreover, canopy volume demonstrated a strong
relationship with canopy area and total cross-sectional area, emphasizing the interconnected
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nature of vigor conditions. Guillén-Climent et al. [180] investigated modeling methods
for estimating instantaneous fIPAR in olive canopies using an MSP sensor. The results
indicated the Orchard Radiation Interception Model (ORIM) yielded better accuracy than
the 3D Forest Light Interaction Model (FLIGHT) for simulating fIPAR from field-measured
parameters in olive canopies. Zarco-Tejada et al. [243] explored the efficacy of VIs in
estimating Chl,;, in open tree canopies using high-spatial-resolution HSP data from an
aircraft. Strong correlations were verified, with MCARI/OSAVI showing the highest at
R’ = 0.69. The study emphasized the importance of modeling approaches considering
spatial resolution and scene characteristics for stress mapping and crop chlorosis detection
in open-canopy scenarios.

Regarding the use of LiDAR technology coupled in aircraft, Estornell et al. [244] used
LiDAR data to quantify pruning residual biomass, achieving an R? of 0.88 for crown area.
While challenges were verified in accurately estimating maximum and minimum crown
heights, the study contributes to the understanding of the impact of pruning on olive trees.
Moreover, Hadas et al. [245] explored the detailed aspects of LIDAR data processing. The
study focused on the importance of processing methodologies, highlighting the accuracy of
parameters derived from dense LiDAR point cloud data, especially for tree and crown base
heights. The exploration of different radius size settings and the application of the & shape
algorithm led to complexities of tree geometric parameter estimation, offering insights into
potential strategies for optimizing LiDAR data analysis in agricultural management.

The integration of platforms such as UAVs, satellites and LiDAR not only refines
dendrometric parameter estimation and other crown-related parameters but also provides
a complete approach to orchard management, ultimately contributing to sustainable and
efficient olive cultivation practices.

4.4.4. Crop Evapotranspiration and Crop Coefficient Estimation

Estimating ET. is essential in PA for optimizing irrigation and resource management.
It provides farmers with information regarding crop water needs, enabling efficient water
use and maximizing yields [51]. Technologies such as satellites, UAVs and aircraft provide
critical data on variables such as LST and VIs. The predominant adoption of satellites
(68%), in combination with MSP (39%) and TIR sensors (35%), highlights the most common
strategy for ET and K. estimation (Figure 6). This category shows a lower use of UAVs.
This low usage can be attributed to their limited coverage area compared to satellites and
aircraft. Moreover, an essential consideration in studies related to ET estimation is the use
of data across a more extensive and consistent temporal extent, such as daily data over a
week/month. This factor makes the use of satellite RS data more favorable.

Combining Landsat 5 TM and Landsat 7 ETM+ data, Paco et al. [50] investigated the
computation of K. using SIMDualKc and METRIC models (more information regarding
METRIC models can be found in [246]). The strong correlation (R? = 0.86) between ET
and K. derived from both models shows their reliability and precision in estimating ET in
the context of olive growing. This not only validates the models but also highlights their
applicability for fine-tuned water management strategies. Exploring the impact of pixel
size on METRIC model’s estimation, Ramirez-Cuesta et al. [247] provided insights into the
model’s performance at different resolutions. While radiative net flux (Rn) and soil heat flux
(G) demonstrated scale-insensitive behavior, sensible heat flux (H) showed variations at
varying image scales. The study highlights the importance of considering spatial resolutions
for accurate ET estimations. Pocas et al. [51] extended the application of the METRIC
model to super-intensive olive orchards, revealing a robust correlation (R? = 0.85) between
METRIC-derived ET and ground-based computations. Despite a slight overestimation of
ET, the study emphasizes the model’s potential, although with considerations for specific
orchard settings. In a comparative analysis of empirical ET calculation methods, Bchir
et al. [23] validated METRIC estimates against five different methods, demonstrating
strong correlations (R? values: 0.85 to 0.99). Minor underestimations were verified when
incorporating Landasat-8 satellite imagery, supporting the reliability of these methods
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for olive orchards. Alternative models, such as the Shuttleworth-Wallace (SW) model,
were explored by Elfarkh et al. [64], revealing their efficacy in mapping ET and optimizing
agricultural water use. The results indicated a promising RMSE of 0.38 mm/h and a bias of
—0.1 mm/h, highlighting the model’s potential for providing precise estimates of orchard
water requirements. Pieri et al. [54] reported a substantial improvement in the accuracy of
actual ET estimation using the Spatial Enhancer of Vegetation Index Image Series (SEVIS).
This improvement was particularly noticeable during critical periods, such as the summer
dry period. Furthermore, Hausler et al. [55] and Ortega-Salazar et al. [65] analyzed Landsat
7 (ETM+) imagery and Radiative Surface Energy Balance (RSEB) models for estimating
actual ET in fragmented olive orchards, revealing the utility of these models for irrigation
management and stress conditions.

Using an aircraft as the main platform, Cammalleri et al. [248] observed that the
Penman-Monteith approach outperformed FAO-56 in measuring daily K. fluctuations
based on meteorological conditions. Incorporating local information improved potential
transpiration estimates, enabling the model to accurately represent transpiration dynamics
throughout the irrigation season, including dry and wet periods. The modeled ET showed
strong agreement with micrometeorological observations, achieving an overall accuracy of
approximately 0.3 mm day~!. In a subsequent investigation [249], the authors evaluated
the DisALEXI [250] and TSEB-IC [251] approaches for ET prediction, revealing robust agree-
ment with local weather station measurements. The modeled fluxes showed negligible
differences, consistently below 10 W/m ™2, with spatial patterns aligning, except in areas
with extreme vegetation cover. However, challenges were verified when using absolute
surface—air temperature differences in TIR-based energy balance modeling. While both
TSEB applications presented advancements, TSEB-IC required specific conditions and eval-
uation at larger scales, whereas DisALEXI performed well for the study area but required
further testing for small-scale applications. Similarly, Minacapilli et al. [252] conducted a
comparative analysis, comparing the soil-water-atmosphere plant (SWAP) model with
two surface energy balance (SEB) models (TSEB and SEBAL). Both SEB models accurately
characterized spatial ET patterns; however, their ET values were smaller than those from
SWAP. The study highlighted the imperative need for additional research to determine the
better-performing SEB model. The findings, based on a single RS acquisition, underscored
the critical importance of validating results through a time series of acquisitions for robust
ET assessments.

Using a UAV equipped with a TIR sensor, Riveros-Burgos et al. [253] conducted an
evaluation of a model for estimating actual ET in a super-intensive drip-irrigated olive
orchard, applying meteorological data. The authors concluded that the simulated values of
Rn, H, G, latent heat (LE) and actual ET generally showed good agreement with ground-
based measurements within the olive orchard. However, significant discrepancies were
identified when the olive trees experienced moderate water stress. With a distinct approach,
Ortega-Farias et al. [172] estimated incoming solar radiation (Rs), Rn, H, G and LE over a
drip-irrigated olive orchard using an RSEB algorithm with MSP and TIR cameras mounted
on a UAV. The results revealed differences between energy balance fluxes above the tree
canopy and the soil surface among rows. The study shows the efficacy of this RS platform
in providing detailed, high-resolution images (spatial resolution of 0.06 m), providing a
valuable tool for assessing spatial variability in the partitioning of Rn into G, H and LE
over heterogeneous orchards.

4.4.5. Disease Detection/Monitoring

The timely detection and monitoring of diseases such as Xf and VW in olive trees are
extremely important for the sustainability of olive orchards. These phytosanitary issues
pose substantial threats to the health of olive trees, resulting in substantial economic impacts
for farmers. Rigorous monitoring not only enables knowledge of disease dynamics but
also allows the adoption of targeted strategies for prevention and management [170]. As
observed in Section 4.4.2, a diverse range of platforms and sensors has been used for the
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detection and monitoring of olive tree diseases (Figure 6). UAVs represent the majority,
used in 46% of these studies, while satellites and aircraft also show some applicability.
Among the sensors used, in addition to the widely used RGB (32%) and MSP sensors (30%)
for visualization and vegetation detection, TIR (21%) and HSP sensors (17%) have also
been used. This category stands out for its heightened use of HSP sensors, underscoring
the critical role of detailed spectral information in disease identification.

Using MODIS satellite data, Telesca et al. [76] analyzed temporal variability in ET as
an indirect indicator of plant water status, specifically related to Xf infection. The study
identified distinct seasonal cycles, with infected orchards showing a more pronounced six-
month cycle aligned with Xf infectivity duration. Multifractal analysis revealed differences
in ET dynamics, showing the impact of Xf-induced desiccation on tree behavior. Hornero
et al. [99] focused on satellite-based VIs for monitoring Xf infection, highlighting the
effectiveness of Atmospherically Resistant Vegetation Index (ARVI) [254] and Optimized
Soil-Adjusted Vegetation Index (OSAVI) [255] in disease incidence accuracy. The results
indicated that indices minimizing atmospheric and background effects achieved the best
performance. Poblete et al. [89] conducted a comparative analysis of high-resolution
WorldView-2 and WorldView-3 imagery against HSP and TIR datasets for detecting Xf-
and VW-infected olive trees. The study showed successful disease detection with an
overall accuracy range of 0.63-0.83. Incorporating thermal information, such as CWSI,
improved prediction accuracy by 10-15%, emphasizing the role of high-resolution MSP
data in disease identification.

Regarding the use of UAVs for disease detection, Di Nidio et al. [256] used TIR and
MSP data for nearly real-time assessment of olive trees affected by olive quick decline
syndrome (OQDS) induced by Xf. Despite challenges in segmentation, the hybrid approach
achieved high performance in disease detection, emphasizing the potential of UAVs for
real-time monitoring. Castrignano et al. [29] classified Xf symptom severity on olive
trees using a combination of geostatistics and linear discriminant analysis (LDA). The
method demonstrated overall accuracy for asymptomatic and symptomatic trees, with
better performance at initial and low severity levels. In contrast, for VW detection, Calderén
et al. [196] used UAV-based MSP and TIR sensors. The study revealed optimal conditions
for maximizing differences in canopy temperature at midday. Several VIs, including
Photochemical Reflectance Index (PRI) [257] and NDVI, were correlated with physiological
stress and structural damage caused by VW. TIR indices such as CWSI and pigment indices
(Blue Green Pigment Index (BGI) and Blue Red Pigment Index (BRI) [258]) emerged as
effective indicators for early VW detection. Mamalis et al. [31] evaluated YOLO models in
UAV imagery for tree detection and health classification on olive trees infected by VW. The
m640 model outperformed other evaluated methods (YOLOvS5, YOLOv3 and YOLOv5m),
showing suitability for real-time applications. Additionally, Iatrou et al. [181] explored the
application of a plant-growth-enhancing formulation (PGEF) for managing VW in olive
trees, revealing positive impacts on VW management. As for the use of DL models, Ksibi
et al. [259] assessed the classification of olive leaf diseases based on a UAV imagery dataset.
MobiRes-Net outperformed other models (ResNet50 and MobileNet), achieving the highest
accuracy, F1-score and recall, showing superiority in classifying specific disease categories
(Aculus olearius, Olive scab, Peacock spot and Healthy).

Using aircraft, Calderdn et al. [126] aimed at early detection and classification of VW
severity in olive orchards using HSP and TIR sensors. The automatic classification method,
applying LDA and SVM, achieved higher overall accuracy, with LDA showing a superior
performance at initial and low severity levels. Poblete et al. [40] achieved Xf detection
accuracies using RGB and NIR spectral bands, with VIs related to pigment degradation
and Chl, such as CRI700M, modified PRIM1, VOG2 and TCARI/OSAVI coupled with
CWE6I, demonstrating high accuracy. The study concluded that MSP and TIR sensors can
effectively monitor large-scale Xf-infected areas when carefully selecting band sets based
on spectral band sensitivity. In an ML multi-stage method applied to HSP and TIR imagery,
Poblete et al. [30] differentiated infections caused by VW and Xf. Spectral traits such as the
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blue index B and carotenoid pigment content Cx + ¢ were identified as key differentiators,
demonstrating improved discrimination accuracy in sensitivity tests.

These studies show the importance of RS technologies, ranging from satellites to UAVs
and aircraft, in disease detection and monitoring in olive orchards. The integration of MSP,
HSP and TIR data, coupled with advanced image analysis techniques and ML models,
provides an extensive and effective approach for identifying and managing diseases such
as Xf and VW.

4.4.6. Yield Estimation

Crop yield prediction has generated significant attention within the research com-
munity and agricultural organizations. Precise yield prediction is extremely important
for farmers, enabling them to improve fruit quality while simultaneously reducing oper-
ational costs. This is achieved through informed decision-making regarding the optimal
intensity of fruit thinning and the appropriate resources for harvest operations [260]. With
consistent trends, as observed in Sections 4.4.1 and 4.4.6, studies dedicated to predicting
olive production predominantly focus on RGB and MSP data acquired from satellites or
UAVs, accounting for over 90% of the total studies (Figure 6). This reaffirms the concept
that opting for more cost-effective and readily available equipment proves sufficient for
fulfilling this objective.

The methodologies proposed in this category, incorporating kNN segmentation and
k-means clustering [32], Clustering Assessment® (CLUAS) software [80], CNN [34] and
linear regression [33], reveal advancements in automated processes for data extraction and
analysis in this field. Garcia Torres et al. [80] and U. Khan et al. [34] used the Quickbird
satellite for olive tree detection and yield estimation. Although these studies achieved high
accuracy (95%) in olive tree detection and yield estimation, promising efficient orchard
management, the authors acknowledged uncertainties in interpretation due to the low
resolution of the imagery. Despite the higher spatial resolution (30-50 cm) of QuickBird
satellite imagery in comparison to other satellites, it remains inferior to the resolutions
achieved by UAVs (approximately 5 cm). Thus, when research intends to estimate the yield,
such disparities in spatial resolutions may misrepresent the outcomes. Brilli et al. [77],
using Landsat ETM+ and MODIS satellites, introduced a novel multi-step methodology for
estimating gross primary productivity (GPP) in olive orchards. While the study emphasized
the potential enhancement of the model with high-resolution satellite data, the modified
C-Fix parametric model successfully simulated daily GPP, with discrepancies noted during
post-tillage periods.

For the same purpose, several authors opted for higher spatial resolution images
provided by UAVs [32,33,142], performing distinct approaches. Caruso et al. [142] focused
on canopy variations and correlating spectral features with fruit yield. The study provided
satisfactory estimations of canopy characteristics and introduced an innovative method for
pruning material estimation. A positive linear relationship between NDVI and fruit yield
was established, enhancing the understanding of orchard dynamics. Ortenzi et al. [32]
investigated early yield estimation (during the flowering phase) using the canopy radius.
The approach proved effective, providing a robust and reliable estimate of total production,
with deviations from real values within acceptable limits. On the other hand, Sola-Guirado
et al. [33] used olive tree crown volume and area for correlation with annual yield across
various orchard categories, excluding super-high-density ones. The results revealed satisfac-
tory correlations between tree crown characteristics and annual yield, offering flexibility in
making predictions using either manual canopy volume or individual crown area. Despite
minor variations among orchard categories in overall annual yield, the findings underscore
the critical importance of optimizing canopy volume per hectare to mitigate yield gaps
and improve harvesting efficiency. However, the authors emphasize that these relation-
ships are context-specific, specifically to southern Spain, requiring adjustment coefficients
for application in different regions. Additionally, the research identifies irrigation as an
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essential factor influencing annual yield, further emphasizing its significance in the olive
orchard context.

In summary, while the choice of platforms varied, all studies demonstrated the efficacy
of RS in improving orchard management. However, challenges such as misinterpreta-
tion uncertainties and spatial resolution limitations were acknowledged in some studies,
indicating areas for future improvement.

4.4.7. Others

This category includes studies that use RS techniques for tasks such as phenology
monitoring, landslide evolution, soil monitoring and fertilization monitoring. Depending
on the specific task, different combinations of platforms and sensors were observed. How-
ever, the predominant approach involves using RGB and MSP data from satellites or UAVs,
constituting the majority of studies (approximately 90%), as illustrated in Figure 6.

Accurate monitoring of crop development patterns, including phenology and growth,
holds significant importance in farm management. It enables the assessment of whether
crucial growth stages align with favorable weather conditions. Additionally, phenological
monitoring improves knowledge of the intricate processes involved in crop development
and growth [261]. Figure 11 illustrates a graphical representation of the influence of
different phenological stages in an olive orchard on the temporal trends of NDVI values.
Clearly, a decline in NDVI values is evident as the phenological stages develop. The
establishment of correlations between these variables through such products enables the
identification and monitoring of phenological states. This information is critical for guiding
targeted interventions in the field.

I\
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Figure 11. Temporal surveying of olive orchard phenological states using satellite NDVI: (a) RGB
imagery captured by UAV; (b) Leaf BBCH stage: 11, Inflorescence BBCH stage: 51; (¢) Leaf BBCH
stage: 11, Inflorescence BBCH stage: 54; (d) Leaf BBCH stage: 19, Inflorescence BBCH stage: 57;
(e) Leaf BBCH stage: 19, Flowering BBCH stage: 68; (f) Leaf BBCH stage: 11, Fruit BBCH stage: 71;
(g) Leaf BBCH stage: 11, Fruit BBCH stage: 75. The chart next to the legend represents the histogram
of values within the orchard.

Azpiroz et al. [261] used ML methods to predict olive phenology in MODIS satellite
imagery, incorporating climate reanalysis data. Numerous feature-selection techniques,
including filtering and embedded methods, were used to assess the impact of different
feature sets on prediction, aiming to simplify model complexity through a reduction in
input variables. Recursive Feature Addition (RFA) emerged as the method with optimal
performance without compromising accuracy. Among ML models, RF and extra tree
regression proved the most efficient, with extra tree regression demonstrating the most
accurate predictions. The model demonstrated adaptability across locations, maintaining
accuracy even without geographic variables. The inclusion of precipitation, temperature
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and features from climate data and VIs improved accuracy. Guermazi et al. [108] used RGB
and MSP data from Sentinel-2A to determine olive tree phenological stages. Using time-
series Vls, the research observed changes in Chl content, which is crucial for assessing olive
phenology. The TCARI/OSAVI index effectively distinguished growth stages, revealing
significant differences between rainfed and irrigated fields. Additionally, Clgreen emerged
as the VI with the best performance in estimating Chl content variability. However, the
authors suggest that the method is more suitable for arid and semi-arid regions like the
Mediterranean, where olive trees are traditionally rainfed.

Using the HidroMORE model to spatially assess the impact of drought on olive
orchards in southern Tunisia, Sghaier et al. [262] developed a decision support system with
RS data and on-site measurements. The study demonstrated its reliability in mapping
drought stress in diverse conditions, offering a scalable approach for wider applications.
Emphasizing the effectiveness of traditional water harvesting systems and the significance
of soil type selection, the findings provide an objective tool for prioritizing interventions
during extended drought. Shaik et al. [111] explored the relationship between tree canopy
temperature, canopy height and vegetation types in the Monte-Arcosu Forest of southern
Sardinia Island. Canopy heights were estimated using an RF regression model with an R?
=0.79. Land use and land cover types were mapped using an SVM classifier with over
80% accuracy for each class. Furthermore, the authors observed a negative correlation
between canopy height and T, for several vegetation types. For a distinct purpose, Castelli
et al. [66] used Landsat-7 imagery to assess the effectiveness of the jessour system in olive
tree cultivation by comparing Normalized Difference Infrared Index (NDII) values in
jessour and non-jessour sites, where high correlation were verified (R? between 0.62 and
0.67) throughout the year. Despite differences in soil characteristics, the linear relationship
between NDII and soil moisture demonstrated the potential of NDII as a reliable indicator.

UAV-based imagery was also used for several distinct applications in olive orchards.
Specifically, olive orchard soil characteristics were assessed by Dindaroglu et al. [114] using
ML methods on UAV and Sentinel-2A imagery. Positive correlations between VIs from
UAYV and Sentinel-2A data were observed. MLP models based on both UAV and Sentinel-
2A demonstrated similar accuracy in estimating soil properties, with Gradient Descent
Boosting Tree (GDBT) performing comparably to MLP in the Sentinel dataset. The authors
recommend the fusion of Sentinel-2 and UAV images for reliable digital soil mapping, using
both datasets for enhanced predictive modeling. Beniaich et al. [150] presented a novel
UAV-based methodology for soil erosion monitoring. Using low-cost cameras and the RF
classification algorithm, the study achieved accurate vegetation and bare soil classification
(93% and 91%, respectively). The intercropping of olive plantations with spontaneous
vegetation effectively controlled water erosion. Total Cover Index (TCI) proved a reliable
predictor of soil loss and C-factor determination. The combination of TCI and erosivity
demonstrated the best predictive performance, highlighting correlations between rainfall
erosivity and C-factor. With a similar purpose, Fernandez et al. [167] analyzed the erosion
processes in a 16-hectare active gully. GIS analysis revealed gully area and perimeter
increases, with bank line point displacement and surface changes indicating evolution
mechanisms. In a distinct application, Fernandez et al. [146] used DEMs retrieved from
UAV imagery for a multi-temporal analysis of an earth flow affecting an olive orchard.
The results enabled the characterization of slope movement flow rate and morphological
features on a hillslope. The technique allowed multi-temporal analysis, measuring vertical
displacements and identifying depletion and accumulation areas inside the landslide with
an accuracy of about 0.10 m in XY and 0.15 m in Z. Furthermore, UAV imagery was
also used for monitoring fertilization in olive orchards. In this context, Roma et al. [163]
developed a GIS-based methodology for generating precision fertilizer prescription maps
in olive orchards, addressing significant spatial variability in soil variables. UAV-based
imagery allowed the analysis of vegetative vigor variability, resulting in a 31% reduction in
fertilizer use compared to standard doses. This approach promoted economic, agronomic
and environmental benefits, including sustainability and cost reduction. Similarly, Noguera
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et al. [20] developed a method for assessing nitrogen, phosphorus and potassium foliar
content in olive trees using MSP imagery acquired from a UAV. The image processing
technique with an ANN proved to be optimal for nutrient content retrieval under field
conditions. The method is capable of continuous assessment of olive orchard nutrient
status, potentially optimizing fertilizer use and improving productivity and profitability in
the olive sector.

4.5. Limitations and Future Perspectives

In the exploration of RS technologies applied to olive orchards, several limitations
have emerged, offering valuable insights into the challenges faced by different RS platforms.
These limitations included various aspects, including satellite imagery resolution, timing
constraints and challenges associated with LIDAR and UAVs. Additionally, the estimation
of critical parameters such as CWSI faces drawbacks, delaying the unified integration of RS
into olive orchard management.

Satellite imagery, despite its widespread use, deals with intrinsic limitations. The
coarser spatial resolutions, such as the resolution from Sentinel-2 (10 m GSD) and others
with 1 km/pixel resolution, pose limitations to individual tree analysis. This issue, high-
lighted by Weissteiner et al. [263], Akcay et al. [47] and Alganci et al. [46], compromises
the accuracy of identifying individual trees due to mixed information. A graphical repre-
sentation illustrating this limitation is presented in Figure 12, where visual representations
and NDVI maps of an olive orchard with approximately 1.5 ha are shown at different
spatial resolutions (0.05 m from a UAV, 0.30 m from an aircraft, 3 m from PlanetScope, 10 m
from Sentinel-2 and 30 m from Landsat 8). The visual distinctions between the data are
easily observable. Regarding olive orchard perimeter identification, images with a spatial
resolution inferior to 3 m proved to be visually informative (Figure 12a—c,f-h). However,
for the individual identification of olive trees, a clear olive tree crown is evident only in data
with a spatial resolution inferior to 0.3 m (Figure 12k,1). This outcome was expected in this
specific scenario, given the olive trees in the example have a crown diameter of less than
3 m. Moreover, in raster products with a spatial resolution exceeding 10 m, a single pixel
includes multiple olive trees. Specifically, at 30 m spatial resolution (Figure 120), all four
olive trees are contained within the same pixel. The distinctions among the various spatial
resolutions are also easily visible in the pixel count of the olive orchard area: 70 million,
166,000, 1665, 151 and 17 for data from UAYV, aircraft, PlanetScope, Sentinel-2 and Landsat
8, respectively. Regarding the mean pixel count per olive tree crown, the values are 78,000,
25,000, 1.8, 0.17 and 0.02 for raster products from UAV, aircraft, PlanetScope, Sentinel-2 and
Landsat 8, respectively. These disparities across different spatial resolutions are also visible
in the NDVI values. A visible pattern emerges: the lower spatial resolution, the lower the
maximum NDVI values. This effect is clearly observed at the upper section of the olive
orchard, where NDVI values are lower in coarser resolutions.

Moreover, temporal constraints associated with satellite overpasses, as stated by
Ortega-Farias et al. [61] and Fuentes-Pefailillo et al. [62], result in incomplete datasets
due to cloudiness and system noise. This limitation constrains the reliability of field mea-
surements and assessments, impacting the overall efficacy of satellite-based monitoring.
Furthermore, Sentinel-2A and B satellites, while providing valuable data, face challenges in
determining phenological stages and accurately classifying orchards. Guermazi et al. [108]
faced difficulties in capturing phenological changes due to local cloudiness, which limited
the effectiveness of medium-spatial-resolution imagery in specific orchard types. Abubakar
et al. [15] reported classification challenges, particularly in young orchards and heteroge-
neous plots. The interference arising from sparse canopies and age differences in trees
underscores the need for improved classification methodologies customized for diverse
orchard conditions.
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Figure 12. RGB and NDVI maps of olive orchard area and olive tree crown acquired with different
platforms and spatial resolutions: (a,f k) from a UAV with 0.05 m; (b,g 1) aircraft with 0.30 m; (c,h,m)
PlanetScope with 3 m; (d,i,n) Sentinel-2 with 10 m; (e,j,0) Landsat 8 with 30 m.

LiDAR sensors and UAV technologies, crucial for high-resolution data acquisition,
also showed limitations. Estornell et al. [127] and Hadas et al. [264] highlighted errors in
estimating dendrometric parameters, attributing them to low-density data and the absence
of GCPs. This limitation underscores the importance of meticulous data collection and
validation processes. UAV imagery encounters challenges in estimating diameter at breast
height (DBH) in areas with high tree density, as reported by Moreira et al. [166]. The dense
canopy obscures trunk images, affecting the accuracy of DBH estimation and calling for
improved methodologies to address this limitation.

The estimation of CWSI emerges as a common challenge across RS platforms. Agam
et al. [265] identified uncertainties related to the empirical value of 5 °C and the need for a
wet reference in every flight campaign, limiting the frequency of data acquisition for stress
monitoring. Egea et al. [140] further reported that the non-water-stressed baseline (NWSB)
for CWSI calculation in super-high-density olive orchards is not constant throughout the
growing season, complicating stress assessments.

Despite these limitations, the path of RS in olive orchard applications shows promising
trends for the future. Continuous advancements in satellite technology, with the launch
of high-resolution imaging satellites, are anticipated to address the spatial resolution
challenges. Improved revisit times and enhanced capabilities for cloud penetration will
contribute to more comprehensive and frequent data acquisition. The integration of Al
and ML algorithms, especially DL, is expected to revolutionize feature extraction and
classification processes. This will mitigate challenges related to tree detection, canopy
delineation and classification accuracy in diverse orchard scenarios. Regarding the use of
LiDAR in UAVs, increased data density and advancements in data processing algorithms
will enhance the precision of dendrometric parameter estimation. Overcoming limitations
in DBH estimation under dense canopies will be a focal point, with the integration of
complementary technologies such as CHMs and improved image registration techniques.

Moreover, the future of RS in olive orchards is predicted to include the development
of innovative methodologies for stress monitoring. Integration with ground-based sensing,
IoT devices and improved models for CWSI calculation will provide more accurate and
real-time insights into the water stress conditions of olive trees. As RS technologies con-
tinue to develop, collaborative efforts between researchers, technologists and agricultural
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practitioners will be important in overcoming existing limitations and unlocking the full
potential of RS for sustainable and efficient olive orchard management.

5. Conclusions

In the extensive exploration of RS applications in olive cultivation, this review analyzed
studies from around the world, revealing the numerous benefits and diverse methodologies
used. The versatility of RS platforms, from satellites and UAVs to aircraft and ground
equipment, was a central theme of this article. As exposed in Section 3, the correct choice
of a platform is crucial for the intended scope of the study, with satellites proving effective
for large-scale district-level analyses due to their extensive coverage. However, if the size
of the study area is relatively small or local, the use of UAVs will be the most suitable due
to their high spatial resolution and costs. Concerning the type of sensors that can be used,
as verified in the platforms, it also depends on the objective of the study and the type of
data. If an analysis of crop water status indicators is intended to be carried out, the use of
TIR sensors is recommended. However, if the objective is to detect and count the number
of trees, RGB sensors are the most viable solution in terms of cost-benefit. Regarding the
distribution of studies by countries, these studies were carried out in countries with a
tradition in olive oil production, such as Spain, Italy, Greece, Tunisia, Turkey and Portugal,
with emphasis on Spain, where 32% of the studies were carried out.

Case studies related to the use of RS in olive growing, the main theme of this
manuscript, are presented in Section 4, with a critical analysis. In this area, the main applica-
tions are as follows: inventory, irrigation management and water stress indicator estimation,
biophysical parameter estimation, ET and K. estimation, disease detection/monitoring,
yield estimation, phenology monitoring and others. The majority of the studies (30%)
developed applications related to olive orchard inventory, i.e., detection and counting of
the number of olive trees. Regarding the type of platform used, the majority of the studies
used aerial images obtained by satellite (47%) and UAV (40%). However, it is expected that
the use of UAVs will increase due to their increasingly reduced price due to the evolution
of this technology and its advantages when compared to satellites [188]. Only 15% of the
studies used aircraft, mainly due to the high cost associated with this technology [43,124].
As expected, RGB and MSP sensors are widely used (84% and 66% of the studies) since
they are cost-effective and operate in the infrared spectrum, thus including the zone where
the vegetation has high reflectance, in the NIR.

As evidenced by this review, despite the numerous works focusing on RS applications
in olive growing, there is a noticeable lack of established techniques and frameworks that
are reproducible and applicable across diverse conditions. The accuracy of RS data analysis
methods depends on factors such as image resolution, atmospheric conditions and crop
characteristics, resulting in uncertainties in decision-making processes [248].

Regarding trends and future perspectives in this field of application, there is no
doubt that areas such as computing science, platforms and sensors will significantly be
influenced by universal development trends. Advanced information and communication
technologies, as well as spectral decomposition methods, will be a key factor in synthesizing
data effectively and generating practical information crucial for PA applications. Artificial
intelligence techniques hold considerable promise in generating spatially and temporally
continuous information from RS data, addressing various PA needs. Hybrid approaches,
integrating Al with knowledge from physically based models, will further enhance PA
decision-making processes.

While challenges persist, there are opportunities to overcome them through techno-
logical advancements and interdisciplinary collaborations. Improvements in RS platforms,
sensors, and data analysis techniques hold the potential to revolutionize olive cultivation
practices, leading to more sustainable and efficient agricultural operations.
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