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Abstract

Amidst the exponential global population growth, the integration of drones into precision crop production emerges
as a pivotal strategy for optimizing agricultural processes. With projections indicating a required increase of over 60%
in food production to feed the 9.7 billion people by 2050, optimizing agricultural practices becomes imperative. In
this study, the utilization of drones in precision crop production was investigated through a systematic review of lit-
erature published in the Web of Science database between 2000 and 2022. Through a systematic review, the research
aimed to assess the publication trends, research focus areas, and key operations related to drone use in precision crop
production. Literature analysis using VOSviewer 1.6.18 software revealed a significant increase in publication activity,
particularly from 2016 onwards, reflecting growing interest and advancements in drone technology in precision crop
production. The United States emerged as the global leader in research on drone applications in precision crop pro-
duction, followed by China and Australia. Notably, the Mann—Kendall and Sen’s Slope trend analysis indicated a sig-
nificantly increasing tendency in the domain’s publication activity (p <0.0001, S=0.25). Key research areas included
remote sensing, deep learning, and vegetation indices, with wheat, maize, and cotton being the most studied crops.
The most significant drone operations included deep learning, vegetation indices, phenotyping, and yield estimation,
individually with a total link strength of 25, 10, 7,7, and 7, respectively. The study recommends expanding research

on drone applications across diverse crops, including horticultural crops, and strengthening support for the partici-
pation of low and lower-middle-income countries to enhance the accessibility and relevance of drone technology

in agriculture.
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Introduction

The best test of this century is how to confront the ris-
ing demand for food needed by the continuously grow-
ing world population. The world population is projected
to have an increment of 2 billion people in the following
30 years, and to about 9.4 to 10 billion people by 2050 [1].
A huge increase in food production must be realized to
meet the needs of the rapidly growing world population.
The initial projections indicated that to feed the world
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population by 2050, world food production needed to
increase by 70% [2], later projections were revised, indi-
cating a required increase in food production of 60%
in order to feed the world population [3]. Population
expansion, climate change, and natural resource over-
exploitation trends have triggered innovative and better
methodologies to produce food [4]. The structure of agri-
culture has progressively changed from many small farms
to fewer larger farms, facilitating economies of scale that
enhance production efficiency and lower costs. This has
been due to labor-displacing mechanisms, new poli-
cies favoring industrial-scale production, specialization,
and pressure to increase output while reducing costs [5],
favoring the adoption of Precision crop production due
to its ability to optimize input usage.
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Precision crop production is advocated for due to its
ability to optimize inputs for better returns on invest-
ment, a decrease in agriculture’s negative environmental
impacts, and a more conducive farming workspace. The
primary objective is to guarantee that the appropriate
treatments are applied in the proper location and at the
correct period [6]. Precision crop production technolo-
gies such as drones, Global Positioning System (GPS),
and real-time kinematics (RTK) optimize crop produc-
tion. Optimization is achieved due to the ability of these
technologies to provide timely critical information on
weather, soil conditions, and plant health status [7]. Pre-
cision crop production is an innovative approach to agri-
cultural management that utilizes digital tools to monitor
and enhance farm production processes [8].

Precision crop production involves the utilization of
the variability between and within the fields and climate
to upgrade input allocation and improve productivity
through optimization. Precision crop production pro-
motes effectiveness by spatially focusing the application
of inputs to where they generally have the highest pro-
ductivity, accordingly, maximizing results for a given
blend of resources [9]. Besides, drones are used in moni-
toring, and application of pesticides, herbicides, and fer-
tilizers in crops, timely and efficiently [10].

Given the recent advancements in drone technol-
ogy, new aviation regulations governing the use of such
systems have emerged. The use of drones in agricul-
ture demands safe integration into the aviation setting
through strict regulations that could enable large-scale
applications, with the possibility for farmers to safely fly
beyond the visual line of sight [11].

Research shows that some countries have progressed
in the use of drones because of favorable policies while
others have stagnated [12]. Some scholars argue that pre-
cision technologies have a low impact on the farm’s net
returns, but the benefits are both actual and perceived
and significantly vary by the type of technology applied
[9].

Whereas Unmanned Aerial Vehicles (UAVs)/drones
have a wide range of applications in precision crop pro-
duction, selecting the most suitable task for their appli-
cation is influenced by social and economic factors such
as the cost of the technology, attitude, and farmers’ level
of education [13]. Evidently, the application of drones in
precision crop production encounters several challenges,
such as requiring flight control expertise, the effect of
weather conditions such as wind and light, coverage
limitations due to energy budgets, limited flight time, the
need for ground equipment for controls and decisions,
and restrictions due to policies and regulations [14]. It is
therefore vital to map and analyze such published studies
through a literature review to create a knowledge base,
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highlight the limits to knowledge, and define potential
gaps for future research (Tranfield et al. 2003). This study
seeks to provide an evidence-based assessment of the
most effective applications of drones/UAVs in precision
crop production by: (i). Assessing the research and devel-
opment trends of the published studies on drone usage
in precision crop production between the years 2000 and
2022. (ii). Analyzing the key evidence-based operations
for the application of drones in precision crop produc-
tion, and (iii). To identify nationally important crops for
drone applications

Literature review

Brief history of drones in agriculture

One spearheading step in the use of drones in crop
production was recorded in 1906, when John Chay-
tor applied a hot air balloon guided by ropes from
the ground to spread grass seed in New Zealand. The
licensed innovation by Nikola Tesla in 1898 allowed
ropes to later be replaced by a radio wave-based system
[15]. In agricultural aerial imagery, an early application
involved a lightweight radio-controlled aircraft equipped
with a gimbal-mounted 35 mm camera to capture high-
resolution vertical images illustrating competition levels
between oilseed rape and weeds [16]. In 1987, Yamaha
introduced the R-50, which it set out as the first pilot-
less helicopter for crop spraying that could practically be
used. Nevertheless, this innovation was still at the test
stage. A commercial version of the R-50 was presented on
the market in 1989. This technology was not user-friendly
due to its weight. Users were not permitted to purchase
one of their own, all things considered, Yamaha decided
to lease them to clients, and the offer included train-
ing [15]. In 1991, the Swedish University of Agricultural
Sciences (SLU) began a venture to develop an aircraft
with a camera to map crop trials [17]. Later, a Hungar-
ian engineer Laslo Kiss constructed a methanol-driven
RC-aircraft that was roughly 3 m wide and weighed 17
kg, whereas Anders Larsolle and colleagues made the pri-
mary tests in 1992 with infrared photography applied to
late blight in potato [15]. Initially developed for military
and security objectives, drones achieved a major break-
through in crop production around 2011, marking their
emergence as valuable tools in agriculture [18]. Because
of the accelerated developments in innovation and tech-
nology, drone capabilities have constantly evolved since
the mid-nineteenth century. This was because the tech-
nology became relatively inexpensive and less compli-
cated to use due to the use of automated electronic flight
controls like gyro, and electrical engines as opposed to
fueled engines. Similarly, the development of electrical
batteries with high power and less weight, enabled more
admissible flight time (in excess of 5 minutes) [15]. The
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increased accessibility of technologies such as global
navigation satellite system (GNSS), Inertial Measure-
ment Units (IMU), lithium polymer (LiPo) batteries and
electric speed controllers (ESC) for brushless motors in
combination with new micro-processors, and imaging
systems greatly contributed to the increased usage of
drones in civil operations, including precision crop pro-
duction [19]. The gradual advancements in the use of
drones for precision crop production activities have since
attracted increased research, leading to a substantial pub-
lication activity of related literature.

Precision crop farming

Precision crop farming is an idea based on observing or
sensing and altering management operations/activities
depending on the spatial and temporal variability in crops
and crop needs, which can be simplified to site-specific
crop management. The concept of precision crop farm-
ing is guided by “sensing” as a primary component [10].
Sensors in fields and crops are utilized to generate min-
iature data of interest on soil conditions in addition to
extensive data on climate, plant nutrition requirements,
water availability, and pest and disease invasions. Broadly,
mixed, and separate technologies are applied to achieve
distinct objectives in precision crop production such as
soil property evaluation [20], precision seeding [21], pre-
cision irrigation [22], precision fertilization [21], preci-
sion spraying [23], remote sensing and monitoring [24],
and creating possibilities for inter-communications and
linking technology to farm machinery [25, 26]. Excep-
tionally, the use of drones in precision crop production is
multifunctional, with the ability to independently execute
precision operations or complement the process.

Understanding the term “drone”

A drone or an unmanned aerial vehicle (UAV) is defined
by the International Civil Aviation Organization as an
aircraft flown without a pilot on board [27]. Another
related term, Unmanned Aircraft System (UAS) is
referred to as the unit comprised of parts like a drone, the
controllers (based on ground), and the communication
framework between the two (the drone and the operator)
[28]. Remotely Piloted Aircraft System (RPAS), referred
to as a remotely guided aircraft, is related to remote pilot
station(s), the necessary command and control links, plus
some other components in accordance with the design
type specification. Remotely Piloted Aircraft (RPA), is an
automated aircraft operated remotely from a pilot station
[27]. All the above terms allude to a drone that is oper-
ated by a pilot on the ground or pre-modified to fly spe-
cific routes [29]. According to the UK Aviation Authority,
drones are categorized into civil and military, where
military drones are designed for defense operations with
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advanced capabilities, while civil drones are used for
commercial and recreational purposes with simpler tech-
nology [30].

UAV/Drone application in precision crop production

In a bid to enhance efficiency, crop production has real-
ized some technological advancements that help farm-
ers in upgrading optimization through the accurate use
of inputs. Drone technology, one such innovation, has
acquired popularity in farming [31]. Research shows
that various optical sensors are linked to global position-
ing systems (GPS), and geographic information systems
(GIS) to record the position of the readings that can accu-
rately be mapped to facilitate monitoring and variable
rate application of inputs in a wide range of crops such
as maize, cereals, brassica and ryegrass [32]. Depending
on the type of analysis or data to be collected and crop,
various cameras such as multispectral, red, green, and
blue (RGB), thermal cameras, hyperspectral and other
consumer-grade low-cost cameras are modified, fixed
on drones to capture near-infrared (NIR) pictures [33].
The use of drones along with other Information Com-
munication Technologies (ICTs) are developing a unique
stage in the agribusiness space where we have digitized
farming, e-agriculture, smart agriculture, and precision
crop production [34]. Drones, equipped with powerful
data collection tools, are the most complex systems that
have ever graced farmers’ fields. With the help of sen-
sors attached to drones, data collection from a square-
mile field could be achieved in a few hours, transferred,
accumulated into huge data, decoded, and interpreted for
practical use. Nowadays, researchers’ ability to convert
raw data into useful intuitions has upgraded, increas-
ing farmers’ potential to reap more benefits from the
increased efficiency of the new UAV technological sys-
tems [35].

Publication activity on the application of drones

in precision crop production

The remarkable increase in research publications regard-
ing drone application in agriculture calls for condensing
the broad literature and discovering the realm’s rationale
within various studies. Since drone technology is consist-
ently improving, systematic reviews must be carried out
regularly to digest current literature and establish critical
gaps for research [36]. Various scholars have examined
the general use of drones in agriculture, presented vari-
ous drone classifications, system and technological pros
and cons, applications, and future potentials. For exam-
ple, Rahman et al. [37] argued that quadcopter drones
have been conferred as the widely used type of drones
in agriculture due to their excellent aeronautics and abil-
ity to convey larger payloads. In addition, the greatest
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advantages were their ability to improve efficiency, save
costs on inputs and minimize environmental pollution.

On the contrary, the high cost of the technology, the
need for extensive software and hardware knowledge,
the effect of severe weather conditions, and personal pri-
vacy were some of the major limitations to drone use in
crop monitoring and spraying operations. Furthermore,
Puri et al. [38] reviewed the role of drones in agriculture
and emphasized the technical characteristics. Discretely,
other scholars reviewed the application drones for spe-
cific precision crop farming operations, for example,
weed detection [38], plant breeding [39], crop biomass
monitoring [40], and spraying [41, 42].

The increasing availability of literature has enabled
review studies on drone application in specific categories
of crops, for example, in orchards [43]. Additionally, it
has also been possible to conduct review studies on the
use of drones in single crops such as sugarcane [44]. Cur-
rently, it is practically possible to summarize and synthe-
size literature through structured reviews focusing on a
narrow and specific subject area on the use of drones and
the level of precision in crop production.

Due to safety and ethical concerns, national and supra-
national regulatory bodies publish guidelines, regu-
lations, and policies to govern the use of drones. For
example, the International Civil Aviation Organization
(ICAQ) drafts and publishes guiding policy frameworks
on drones for National Aviation Organizations [27]. The
European Aviation Safety Agency (EASA) drafts simi-
lar policies for EU member states [45]. Unfortunately, in
many developing countries, such guiding policies have
not been drafted and published or have been drafted but
unpublished, limiting accessibility and hindering related
studies. For example, a study by Jeanneret and Rambaldi
[46] shows that only 7 of the 48 African, Caribbean and
Pacific (ACP) countries! in Africa had drone rules and
policies in place, pending approval in 4 countries, while
37 countries had no policies and regulations in place. On
the other hand, developing countries are progressively
drafting and publishing legal documents governing the
use of drones. For example, Uganda now has a detailed
drone policy that includes the prohibition of operations
in the interest of safety and security and restrictions on
dropping or discharging any objects unless authorized
[47]. These, among other provisions, could potentially
limit the use of drones in precision crop operations such
as spraying, which involves aerial object discharge.

Essentially, the literature published includes primary
scholarly articles investigating the use of drones for

! Botswana, Cote d’Ivoire, Kenya, Madagascar, Nigeria, Rwanda, South
Africa.
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specified operations in precision crop production, sec-
ondary studies such as review articles and books, grey
literature, and legal documents like statutes and circulars.
To gain novel insights into drone use in precision crop
production, researchers ought to maximize the use of
multiple data sources and literature types.

Trends in the annual growth of published literature
Various trends can be traced in the publication activity
within the domain of drones and agriculture, as well as
precision crop production, since the evolution of drone
technology. A review by Rejeb et al. [36] that utilized the
Scopus database and focused on drones and their gen-
eral application in agriculture between 1990 to 2021, in
an attempt to show the temporal distribution of English,
peer-reviewed journal articles, two different stages could
be identified that is the build-up stage (1990-2010), with
an annual average publication of only 7 papers, and the
growth-stage (2010-2021) which showed a significant
increase in the number of publications per year with
1275 journal articles published in the year 2020. A simi-
lar review by Delavarpour et al. [48] aimed at defining the
features of drones used in crop spraying and field moni-
toring, and the practical challenges associated. Without
limitation to the start period, the authors found that over
50% (~3000) of the publications in the Web of Science
database had been published in the period after the year
2016. It can be asserted that the publication activity on
the use of drones in precision crop production steadily
expanded after the year 2010 and exponentially increased
after the year 2016. Although the body of literature is
consistently expanding, certain aspects of drone use in
precision crop production remain substantially under-
represented. For example, feasibility studies aiming to
assess the economic efficiency of drone use in precision
crop production can hardly be retrieved from any data-
base [48]

Materials and methods

Research design

The research design was based on content analysis, which
involves the study of recorded human communications,
such as scientific literature, laws, and constitutions [49].
The technique helps to systematically categorize, code,
and quantify data to reveal both the visible and hidden
meaning behind the content [50]. To generate scientific
proof, a systematic review was conducted to identify,
evaluate, and deduce evidence relevant to each research
question. A realistic review criterion was applied to fur-
ther synthesize the literatures. A realistic review can
be applied as a means of determining what worked for
whom, in what circumstances, in what respect, and how.
The Systematic Literature Review (SLR) protocol was



Ategeka and Bai Agriculture & Food Security (2025) 14:58

followed. The key steps in the protocol included deter-
mining research questions, identifying literature data-
bases, establishing search keywords, searching databases,
finding primary studies, conducting quality checks,
extracting data, and synthesizing [51].

Identification of databases and literature

Presently, there are various databases used to gener-
ate scientific literature, such as Scopus, Web of Science,
Google Scholar, and PubMed, and each of these employs
a unique approach in its research disciplines. Whereas
Scopus is one of the most preferred databases due to the
high number of records and its application of the peer
review technique for research validation [52], Web of Sci-
ence was selected for this study after conducting scoping
searches as prescribed by [53], and it was found to con-
tain more articles relating to the research topic compared
to other databases. The Web of Science (WOS) database
is also appreciated for containing the most respectable
and prominent journals and is, in this way, appreciated as
the most definitive information hotspot for concentrating
studies and accessing publications on most subjects [54].

Literature search procedure

The search keywords used were: UAV, Unmanned Aer-
ial Vehicle, Drones, Remotely Piloted Aircraft System,
RPAS, Unmanned Aircraft System, UAS, crop produc-
tion, and crop farming. The search string was: (UAV or
“Unmanned Aerial Vehicle” or Drones or “Remotely
Piloted Aircraft System” or RPAS or “Unmanned Aircraft
System” or UAS) AND ("crop production” or "crop farm-
ing”). The search was limited to topic (tittle, abstract and
keywords).

Inclusion and exclusion criteria

To ensure quality, all articles were carefully screened
according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) standards as
defined by [55, 56]. Articles were included if they were
published in English, contained the keywords for each
search equation for the respective objectives, and met the
specified criteria. This aligned with Snilstveit [57], who
highlighted the importance of critical validation of all
studies before inclusion in any review as a means of qual-
ity assessment. A total of 153 documents were published
between 2000 and 2022. The period from 2000 to 2022
was selected to capture significant advancements in agri-
cultural research and technology, particularly in remote
sensing and precision agriculture, which have seen rapid
growth since the early 2000s [43]. Additionally, this time-
frame aligns with the increasing use of digital tools in
agriculture, as highlighted by recent studies showing a
surge in related publications after 2000 [36, 58]. Through
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a screening process, 7 documents were eliminated after
limiting the document type to articles, and 40 articles
were further excluded after limiting the search by topic
and English language. The final number of articles used
for the bibliometric analysis was 76. The 76 articles were
manually screened through full reading to identify spe-
cific articles to address objective two. The screening was
guided by the following question: Was there a specific
crop production operation or experiment? Answers: (a)
yes (growth monitoring and vegetation mapping, spray-
ing, pest and disease detection, spraying, seeding, ferti-
lization, yield estimation, soil mapping, other remote
sensing operations), (b) no (something different), (c)
unclear. Only articles with a yes answer were considered
(63) to address objective 2.

Data analysis

To assess research and development trends in drone use
for precision crop production from 2000 to 2022, a bib-
liometric analysis was conducted. Bibliometric analysis
involves the application of mathematics and measurable
methods to books and different media of communication.
It is a scientific study detailing the measurement of the
process by which information is transferred. Bibliometric
analysis can be summarized as the logical investigation of
recorded discourse [59]. VOSviewer 1.6.18 software was
used to analyze different research publications. VOS-
viewer software provides the most significant features
for investigating and detailing recent research trends in
different subject areas. For example, [60] applied VOS-
viewer to analyze advances in precision coffee growing
research. Units for analysis in this study included years of
publication, authorship, country, institutions, document
citation, link strengths, and Keywords. In bibliometric
analysis, link strength quantifies the intensity of the rela-
tionship between two items, such as authors, institutions,
keywords, or publications and a research subject, while
in bibliographic coupling, a link represents the connec-
tion between two articles, and its numerical value indi-
cates the strength of that connection, with higher values
reflecting stronger relationships [61]

Authorship as a unit of analysis helps identify key
contributors and collaborations within a research field,
allowing for the mapping of influential researchers and
their impact on the evolution of specific topics. Further-
more, results were coded and analyzed using Excel to test
the significance of various variables. The Mann—Kendall
trend test/Two-tailed test was run to determine the sta-
tistical significance of the publication trend at a 5% sig-
nificance level and 95% confidence interval (Sen’s slope).
Results were summarized and presented in tables and
graphs.
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To determine the key evidence-based operations for
the application of drones in precision crop production,
articles were scanned through full reading to identify the
types of crops and the related operations for the applica-
tion of drones. Results were further classified according
to the geographical location of the experimental site by
country.

Results and discussions

Status of research on drone use in precision crop
production

The annual publication activity on the use of drones in
precision crop production presents three stages. Stage 1:
between 2000 to 2008 with no publication, stage 2: from
2009 to 2015 with 5 publications, and stage 3: from 2016
to 2022 with 71 publications (Fig. 1).

Stage 1: was attributed to the earlier decades when
drones were primarily designed for military operations
[18]. After 2008, there was a growing interest in con-
sumer drones, resulting in their first introduction to
some European, Asian, and North American markets.
Several drone manufacturing companies, such as DJI,
Parrot, and 3DRobotic, have advanced research and
development to design and produce consumer drones for
various civil operations, including agricultural applica-
tions. The substantial increase in the number of publica-
tions between 2016 and 2022 is largely attributed to the
significant decrease in prices for consumer drones, which
made them more affordable to farmers. It is not sur-
prising that the consumer electronics report by Statista
[62] presents exactly similar trends and phases in the
consumer drone market, as shown in Fig. 2. The results
also conform to the study by Rejeb et al. [36] who attrib-
uted the post-2010 growth in publications on the use of
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drones in precision agriculture to the development of
complementary technologies such as hyperspectral sen-
sors and artificial neural networks (ANN).

The Mann-Kendall trend test/Two-tailed test (Table 1)
indicates a significant positive trend in the growth of the
publication activity on the utilization of drones in preci-
sion crop production.

Based on two hypotheses, that is the null hypoth-
esis (Ho): There is no trend in the series, the alterna-
tive hypothesis (Ha): There is a trend in the series,
the computed p-value was lower than the significance
level alpha=0.05, resulting in the rejection of the null
hypothesis Ho, in favor of the alternative hypothesis
Ha, indicating a significant growing trend in the sub-
ject’s publication, with the observed pattern more closely
conforming to an exponential growth trend as indicated
by the Sen’s slope (Fig. 3). Similarly, Simonton [63] con-
tended that breakthrough ideas occur infrequently and
by chance, thus asserting that the frequency of attempts
increases the likelihood of success, which highlights the
significance of increased research activity to technologi-
cal advancements, including drone technologies in preci-
sion crop production.

Level of research participation

The results indicate that, currently USA is the global
leader in research related to the use of drones in preci-
sion crop production with 28 publications, followed by
China (22), and Australia (7) (Fig. 4).

The USA’s market of agricultural drones was valued at
USD 1,197.05 million in 2021 and is expected to increase
to about USD 6,029.86 million by 2030, at a Compound
Annual Growth (CAGR) rate of 19.68% from 2023 to
2030 [64]. It is no wonder that the USA is leading in
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the number of publications regarding the use of drones
in precision crop production. In addition, the USA has
also significantly invested in drone research, for exam-
ple, through the National Institute for Food and Agri-
culture, Kansas City State University was awarded more
than $100,000 for a drone research program aimed at

Table 1 Mann-Kendall trend test/two-tailed test

Series\Test Kendall’s tau p-value Sen’s slope

Number of 0.748 <0.0001 0.250

articles published

Source Author’s own calculations based on search string 1 results

Number of articles published

I
]
t

Number of articles published
“n 5

Years of publication

Sen's slope

Fig. 3 Sen'’s slope on the article publication trend. Source Author’s own analysis based on search results from the Web of Science
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improving the use of drones in the USA’s major crops,
such as wheat and other grains (Mordor [65]).

Moreover, a report by Drone Industry Insights [66]
showed that the highest number of drone manufacturing
companies are based in the USA and China. Three out of
the top 5 civil drone manufacturing companies are based
in China, with DJI company on top of the list, while 3 out
of 5 of the top 5 dual-use drone manufacturing compa-
nies are based in the USA, with Aero-Vironment at the
top of the list. Another important aspect that greatly
influences research publications is the availability and
access to research grants. The National Natural Science
Foundation of China currently stands out as the world’s
leading research funding agency. Out of the 76 publica-
tions analyzed, 13 (17%) were funded by the National
Natural Science Foundation of China, followed by the
United States Department of Agriculture with 4 publica-
tions (5%). [67] found similar results, with China leading
the publication on the application of drones in precision
crop production and the National Natural Science Foun-
dation of China having funded the majority (18%) of the
publications.

Geographically, North American, Asian, European, and
South American countries dominated in the number of
publications. There was limited research from African
countries, with only Senegal among the top 10 leading
global researchers, having 2 publications.

Level of research and collaboration between institutions
and organizations

The overlay visualization of co-authorship by organiza-
tion indicates that the Chinese Academy of Science is the
world’s leading institution in research and collaboration
on the use of drones in precision crop production, fol-
lowed by Wuhan University (China), and Aarhus Univer-
sity (Denmark) (Fig. 5). The size of the circle indicates an

organization’s level of publication and collaboration with
other organizations. The highest level of collaboration
was between Chinese organizations, and this is partly
so because of the similarity in the language. Lately, there
has been a growing level of collaboration with organiza-
tions outside China, for example, between the two Chi-
nese universities (Hunan Normal University and Chinese
Academy of Science) with Leibniz Institute of Agricul-
tural Development in Transition Economies (Germany)
and the University of Antwerp (Belgium) indicated by
the red circles. Contrary to Peter et al. [68], who found a
positive correlation between the number of publications
and citation levels, the Chinese organizations had the
most collaborations, implying more publications, yet the
most influential documents were from the Agricultural
Research Service of the USA (4 documents with a total of
189 citations).

It can be asserted that increased collaboration
between research institutions from different coun-
tries could potentially improve the impact of scholarly
publications. The level of collaboration is crucial as it
enhances knowledge sharing, fosters innovation, builds
capacity, and strengthens the credibility and over-
all effectiveness of research projects, as evidenced by
studies highlighting the benefits of collaborative net-
works in research [69-71]. The higher collaboration
from Chinese institutions can be attributed to strong
funding incentives from the National Natural Science
Foundation of China (NSFC) that prioritize interdis-
ciplinary research and partnerships with international
scholars at top-tier Chinese institutions and private
sector involvement [41, 42], geographic proximity that
reduces costs and eases coordination [72, 73], and the
role of language, as the growing English proficiency of
Chinese researchers facilitates international scientific
communication and lowers collaboration barriers [74].
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Moreover, national programs such as the International
Cooperative Program for Innovative Talents explicitly
encourage global collaboration as part of China’s strat-
egy to enhance scientific visibility and leadership [75],
as reflected in partnerships with institutions such as
Aarhus University in Denmark and the University of
Antwerp in Belgium.

Key research areas in the use of drones in precision crop
production

Analysis of the co-occurrence of author keywords shows
that the current focus areas of research are remote sens-
ing, deep learning, vegetation indices, phenotyping, and
yield estimation, each with a total link strength of 25, 7, 7,
7, respectively (Fig. 6). Other vital areas of research were
photogrammetry, multispectral sensors, biomass, and
various indices used in understanding vegetation den-
sity and analyzing critical changes in plant health such as
leaf area index, Normalized Difference Vegetation Index
(NDVI), and other models useful for growth monitor-
ing and pest inspection, such as Faster-R-CNN (Region-
based Convolutional Neural Network).

Interestingly, object detection can be identified as one
of the latest areas of focus within various publications
(red circle). This highlights the significance of drones
in growth monitoring and vegetation mapping-related
operations. It is worth noting that UAV (Unmanned
Aerial Vehicles) is the most common term used to refer
to drones in most publications.

Crops most researched with drones in leading countries
From the articles analyzed, a total of 24 crops were
studied by different authors through experiments. This
included wheat, maize, cotton, rice, rapeseed, barley,
grapes, soybean, potatoes, apples, sugarcane, banana,
bambara groundnuts, olives, alfalfa, peanuts, sorghum,
millet, peas, camelina, oats, almond, chicken peas, and
walnuts. The rest of the publications were about non-
crop-specific farm operations, and others focused on
environmental tests. Wheat was the most studied crop
with a total of 13 studies, and it was most studied in
China in 6 different study sites. The second most stud-
ied crops were maize and cotton, with a total of 9 pub-
lications each. Cotton was most studied in the USA, in
5 different experimental sites, whereas maize was most
studied in China in 4 different study sites. However, the
distribution of crops studied reveals notable gaps. While
staple and industrial crops such as wheat, maize, and cot-
ton dominate the literature, research on vegetable crops
like cabbage, onions, and lettuce remains limited. This
imbalance is compounded by the relatively low engage-
ment of low and lower-middle-income countries, which
may hinder the generation of context-specific knowledge
and the adoption of drone technologies in settings where
such crops are crucial for food security and smallholder
livelihoods. Figure 7 presents the top 10 most-studied
crops in the utilization of agricultural drones among the
world’s top 10 leading countries.

Wheat, maize, and rice are the world’s most important
cereal crops [58]. China is the world’s biggest producer
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and consumer of wheat [76]. Wheat is uniquely treasured  [76], the USA and China are the world’s leading coun-
in China and used to make special foods like noodles, tries in the production of maize, with annual production
buns, dumplings, and many pastries. According to FAO  of 384 and 272.6 million tons, respectively. Maize plays
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a significant role in both countries, mainly for livestock
feed, fuel ethanol production and processing of several
food and industrial products such as corn oil, starch,
sweeteners, and industrial alcohols. On the other hand,
China is the global leader in the production of cotton
(seed, unginned), with a total production of 17.4 mil-
lion tons, while the USA is the third after India with a
total production of 11.2 million tons. It can be deduced
that the economic role of these crops (wheat, maize,
and cotton) in the USA and China defined the coun-
tries’ research efforts to optimize resource use, enhance
production and profitability through drones. The pro-
duction of maize and wheat in the USA and China has
steadily increased over the years. In 1961, China pro-
duced 18,027,091 tonnes of maize, while the USA pro-
duced 91,388,000 tonnes. By 2023, these figures had risen
to 289,086,202 tonnes for China and 389,694,460 tonnes
for the USA. Similarly, wheat production increased
from 14,294,248 tonnes in China and 33,539,008 tonnes
in the USA in 1961 to 136,596,100 tonnes in China and
49,313,930 tonnes in the USA in 2023, as shown in Fig. 8.
This significant increase in maize and wheat production
highlights the growing need for innovative technologies,
such as drone research, to monitor and optimize agricul-
tural practices for enhanced productivity.

Key drone applications in precision crop production

Results show that the most common operations for the
utilization of drones in precision crop production include
growth monitoring, vegetation mapping, yield estima-
tion, pest inspection, spraying, soil mapping, and other
remote sensing operations, such as monitoring a farm’s
irrigation system. From the top 10 most studied crops

450,000,000
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350,000,000
300,000,000
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150,000,000
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(Table 2). Growth monitoring and vegetation mapping
were mainly in wheat, cotton, and maize. Yield estimation
was mainly in cotton and soybean, while spraying was
mainly in rapeseed. Interestingly, the drone applications
were dominated by remote sensing operations mainly
focused on the collection of data on the field conditions
and crop growth status.

The data focus areas included germination status, pest
and disease detection, nutrient deficiencies, drought
stress, the impact of various treatments, and other field
conditions such as lodging. Consequently, spatial field
data were utilized to create management zones. Con-
sistent with Tsouros et al. [78], this study elucidates that
remote sensing operations, including weed mapping,
growth monitoring, and vegetation mapping, currently
represent the predominant applications of drone tech-
nology within the realm of precision crop production.
Remote sensing operations utilize low-weight sensors
that are easily conveyed by drones. Nonetheless, heavier
loads such as pesticides and fertilizers can also conveyed
although such operations are limited by payload capacity
and lower flight time [14].

Conclusion

Results showed a significant level of research interest in
the use of drones in remote sensing, deep learning, cot-
ton, vegetation indices, phenotyping, and yield estima-
tion, each with a total link strength of 25, 12, 10, 7, 7,
and 7, respectively. The USA was the global leader in
research related to the use of drones in precision crop
production, with 28 publications, followed by China (22).
The Mann—Kendall and Sen’s Slope trend analysis indi-
cated a significantly increasing tendency in the domain’s

0 — I > O n © NN n 0 —
0 NS DO D = = =
XD S S S oo o o
- - =~ A A QA AQAQ
Years
Wheat China Wheat USA

Fig. 8 Annual maize and wheat production for China and the USA from 1961 to 2023. Source Own result with data from [77]
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Table 2 Operations for drone applications in the top 10 studied crops

Number of articles per drone applications for the top 10 studied crops

Crop Spraying Growth monitoring and Pest scouting Yield estimation Soil mapping Other remote

vegetation mapping sensing
operations

Wheat 10 2

Cotton 6 3 1

Maize [§ 1 2 1

Rice 1 1 1

Rapeseed 3 2 1

Grapes 2 1

Soybean 1 3

Alfalfa 1 1 1

Banana 2

Sugarcane 1 1

Total 4 31 2 13 3 2

Source Author’s own calculations based on search string 1 results

publication activity (p<0.0001, S=0.25). Most research
focused on drone use in intensive industrial cultivars like
wheat, cotton, maize, and bananas. Despite the grow-
ing body of research on drone applications in precision
crop production, significant gaps remain. In particular,
the application of drones in non-industrial crops, such
as cabbage, onions, and lettuce is underrepresented in
the literature. Moreover, this research domain is further
constrained by the limited engagement and collaboration
of low and lower-middle-income countries, including
African countries, which may restrict the development
of context-specific innovations and slow the diffusion of
drone technologies in regions where such crops are vital
for food security and livelihoods.

The study recommends expanding research on drone
applications across diverse crops, including horticultural
crops, and strengthening support for the participation of
low and lower-middle-income countries to enhance the
accessibility and relevance of drone technology in agri-
culture. A key limitation of this review was its exclusive
reliance on the Web of Science (WoS) database. Although
WoS offers broad coverage and rigorous indexing that
enhances study quality and reliability, this reliance may
have limited the review’s scope by omitting relevant
research not indexed in the database. Additionally, the
focus on peer-reviewed journal articles was intended to
ensure methodological rigor as they underwent strin-
gent review processes. However, this may have excluded
valuable insights from other sources, such as conference
proceedings and reports. Given these limitations, future
research could incorporate multiple databases and var-
ied publication types to enhance the review’s scope and
depth.
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