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Abstract

The frequent occurrence of climatic extremes has been exerting significant pressure on the agricultural sector worldwide. This pressure
forced the agriculturists to implement intensified agricultural practices such as digital technologies to cope with ever-increasing
environmental stress factors. Given these challenges, this review aims to scrutinize current developments in digital technologies and the
constraints hindering the adoption of digital agriculture. Digital technologies, such as Global Positioning System (GPS), Internet of Things
(10T), spectral sensors, unmanned aerial vehicles (UAVs), robotics, thermal infrared cameras (TIR), Artificial Intelligence (Al), virtual reality,
Big Data, Metaverse, cloud computing, blockchain and digital mapping have been offering new pathways for companies to achieve
economic, social and environmental purposes. Combined use of multiple technologies would be more beneficial for precision agriculture
and economic efficiency. Advanced digital technologies are extensively adopted in many regions of the world, although there are
significant differences among the countries in terms of the digital transformation. A bibliometric evaluation revealed that factors such as
cost, ease of use of technical devices, technological infrastructure, farmers’ willingness, technology reliability and concerns about data
security and privacy are key challenges in the adoption of digital agriculture. Therefore, policymakers should focus on particular
challenges to promote the widespread adoption of digital technologies for sustainable agriculture. Sustainable agricultural production
can be achieved through improved, precise use of affordable digital technologies and effective, site- and crop-specific data-driven
decision support. Present developments demonstrate that Al and new autonomous approaches will become increasingly important for
the detection and management of spatial variability. This review article focused on the bibliometric assessment of current approaches,
feasibility, benefits, restrictions and future perspectives of digital technologies in increasing agricultural production. Overall investigations
revealed that digitalization enables farmers to optimize resource use, enhance crop yields and address pressing challenges such as
climate change and food security by integrating advanced technologies such as remote sensors, drones, robotics and data-driven
decision-making tools. Data presented in this article is anticipated to guide agriculturists to speed up and employ the digital technology
applications on the modern farming technologies.
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Introduction environmental challenges, such as resource shortage and
pollution, which in turn increase plant stress (3). Moreover,
addressing these stress factors using conventional methods
increase production costs and reduces both the quality and
quantity of agricultural output (4). In response to these challenges,
the early detection of plant stress using advanced technologies,
particularly the Internet of Things (loT), has become crucial for
timely intervention (5). Modern computing methods can simulate
virtual digital twins, predict the techno-economic aspects of
complex technologies and optimize Big Data-driven industrial
production and business administration, autonomous machine
perception and multiple manufacturing process management (6).
Breakthrough innovations in digital era show that enterprise
process automation could be improved by digital twin
technologies, multi-agent reinforcement learning, Big Data fusion
simulation algorithms and multi granularity cognitive computing
systems (7). Upon these developments, innovative concepts

Intensifying climate crisis and escalating resource depletion
become a critical issue on the global agenda. Exacerbated by
climate extremes and a volatile macroeconomic environment, the
agriculture sector is facing multiple challenges varying from soil
degradation and increasing water scarcity to labour shortages
and soaring input costs. The deteriorations of environmental and
economic pillars of sustainability threatens the natural resources
and global economies, indicating the urgency of sustainable
development actions. On the other hand, the global population is
projected to reach 9.7 billion by 2050 (1). In order to meet the food
requirements of this population, agricultural production should
be increased by 70 % (2). Traditional agricultural practices, once
aimed at boosting yields, have proven neither economically viable
nor environmentally sustainable. The rapid expansion of
industrial production methods has led to severe caused
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such as, digital agriculture, digital farming, Agriculture 4.0, smart
farming or smart agriculture, all of which comprise the use of
information and communication technologies in collecting,
generating, transmitting, storing and analysing data to enhance
decision-making at all stages of the agricultural production and
postharvest chain, poised to have a transformative impact on the
world (8). Digital agriculture employs tools like loT devices, remote
sensing, artificial intelligence (Al), Big Data analytics, cloud
computing and sensors to provide farmers with actionable insights,
enabling optimized production processes and resource use (9). The
advent of digital tools empowered the companies to carry our
breakthrough innovations. By integrating digital technologies with
business and administration processes, firms can effectively expand
knowledge channels, enhance the efficiency of technological
information flow and ultimately improve the likelihood of achieving
breakthrough innovations. Hence, exploring how enterprises
leverage digital technologies to enhance breakthrough innovations
is of great practical importance in digital era (10).

Plant response to environmental stress factors can be
expressed with numerical information in various ways (11). These
responses can be recorded, transmitted and analysed using digital
technologies such as electronic sensors and mechanical tools. In
recent years the rapid technological development in various
sensors and the loT provided to collect significant data on crops.
Digital technology tools have been used for many purposes such as
height control, leaf area index (LAl), biomass detection, pest and
disease management, including other essential physiological
features. Pathogens alone contribute to global yield losses of
approximately 2040 %, but sensor-based technologies offer
promising solutions for early detection and control (12).
Multispectral sensors receive radiation in the visible and non-visible
spectrum, which can be used to obtain a crop’s phenotype (13). The
development of digital technology offers the possibility to a large
number of devices to incorporate and work together exchanging
information for example detecting soil and water conditions for
efficient use of limited water sources in irrigation management of
farms and vineyards (14). Accurate analyses of the data achieved by
digital technology can support agricultural producers and scholars
make better decisions to increase crop yields, improve energy use
efficiency, manage resources, recycle waste and reduce costs (15).
In spatial planning processes, digital twin-based Internet of Robotic
Things, robotic swarm and virtual and augmented reality
simulation technologies can undertake pivotal roles (16).
Furthermore, crop loss reduction during the production and
marketing processes could be achieved by effective use of
digitalized programs such as industrial Metaverse technologies,
multi-modal machine learning algorithms, enterprise digital twin
system modelling (17). Therefore, it has been hypothesized that
digital technologies offer the potential to boast productivity,
sustainability and income when accurately employed. This review
study followed a systematic approach to collect, scrutinize and
synthesize relevant literature knowledge on the digitalization in
sustainable agriculture.

Digital tools and technologies in sustainable agriculture

Unpredictable ecological changes, worsened by global climate
change, have increased the urgency to understand how plants
physiologically respond to environmental stress for achieving
sustainable food production. Accurate understanding the
physiological and molecular mechanisms of interactions
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between plants and its surrounding environment can provide
more economical and sustainable crop production (18).
However, differential and complex responses of different plants to
stressors prevent researchers from reaching definitive conclusions
under multiple environmental factors (19). Recent developments
on plant sensor devices provided significant benefits on accurate,
non-destructive and prompt definition of the plant response to
environmental variables and stressors. Digital technologies in
agriculture means primarily focus on expanding data collected
from the production area, the contribution of Al, connectivity
protocols and automation in farm management (20). Recent
advances in Al allow agriculturists to estimate the impacts of new
concepts and innovations in the conditions of specific economies
(21). The continuous innovations, driven by Al integration, will
contribute to a deeper understanding of broader social issues and
corporate performance while providing a more comprehensive
view of how different sectors adjust to evolving sustainability
requirements (22). Studies verify that Al innovations significantly
boost economic output, particularly in countries with robust Al
strategies and advanced infrastructure (23).

Digital technologies streamline numerous agricultural
operations by collecting real-time data through sensors, satellites,
smartphones and other interconnected devices (24). Digital
technologies simplify the farm management operations such as
planning, financing, monitoring and reporting efficiency analyses
(25) as well as combining mobile devices like smartphones and
drones to get technical assistance and monitoring the farms like
using satellites and Global Positioning System (GPS) (26). By this
technology, Farm Management Information Systems (FMIS) and
Farm Management Software (FMS) can be established at more
advanced level to control the farm from a centralized platform
(27). The use of these technologies can help in fostering resilience
and sustainability in agriculture, oenology and other agricultural
sectors. By the help of proper digitalization, producers can manage
the agricultural operations more efficiently from a distance through
connecting the remote or proximate sensors and actuators equipped
with loT. This can provide dynamic management of production
stages and reduce the need for human labour, which in turn,
improves productivity and revenue. The collected information can
be combined in cloud-based farm management tools like
SmartFarm and Agrivi strive for proper decision-making processes
(24).

Various digital technologies are being employed in agriculture
and oenology, including spectral sensors, soil tensiometers, thermal
infrared (TIR) cameras, unmanned aerial vehicles (UAVs), leaf
porometers, LiDAR systems, drones, robotics and localized
sensing equipment such as data loggers (28). The combined use of
sensor data (such as humidity and temperature for both air and soil,
soil conductivity, soil pH) and satellite images to monitor in real time
environmental factors would be more effective for precision
agriculture, plant protection, resource protection and food processing
like oenology (29). For instance, the remote sensing to assess phenolic
and colour attributes in Cabernet Sauvignon grapes, enabling
optimized harvest timing (30). Moving forward, precision agriculture
and smart farming practices have evolved toward digitalization with
the emergence of UAVs like drones, loT devices, smartphones and
long-range wireless sensors. Drones have become increasingly
widespread in agriculture due to their ability to create high-resolution
images, reveal crop stress and display crop growth (31). Drone
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Fig. 1. Drone-based real time precision monitoring the plant response to environmental factors for sustainable farm and resource

managements.

assisted real time precision monitoring to decipher plant
physiological response to environmental factors for sustainable farm
managements and efficient resource protection is illustrated in Fig,.
1

The data received from sensors and imagery, enables
agriculturists and winegrowers for the application of Al in
mechanization (29). Al-powered software provides valuable insights
into measurable attributes such as berry size, color and yield, as well
as overall crop and environmental conditions in vineyards and
farms (30). However, Al technologies are still in the experimental
improvement phase and are pending implementation on a
commercial or large operational scale although new potential
developments (32).

The loT describes the network of physical objects of
plans that incorporate sensors, software and other technologies
to link and exchange data with other devices and systems over
the internet (33). These tools vary from common household
objects to sophisticated industrial devices. In vineyard
managements and wineries, digital devices can be implemented
directly in the soil, placed into vine canopy or embedded into
trunk depending on the data to measure, to improve
productivity and climate prediction under the effects of
environmental stressors (34).

In addition to main digjtal technologies, many others have
also been increasingly used in precision agriculture. For example,
the practical use of 3D printed objects in agriculture engineering
projects can open up new avenues for improving the enormous
potential of machine learning (35). On the other hand, the
implementation of the Big Data analytics could efficiently mitigate
agricultural carbon emissions (36). Recent improvement of
technology in the analytics of Big Data sparked a transformative
revolution in precision agriculture, enabling producers to make
informed decisions, optimize resources and empower sustainable
productivity (6). Big Data analysis could also help agriculturists
effectively control processes from production to marketing,
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optimize resource use, improve industrial production efficiency,
sustain economic analyses and autonomise mechanisation (7).
Producers can showcase and sell their produces online by
creation of virtual stands in the Metaverse (37). Common digital
technologies and tools used in agriculture with their application
area have been summarized in Table 1.

Digital transformation for advancing agricultural
sustainability

Digital transformation has become a cornerstone of modern
agriculture strategy, offering new pathways for companies to
achieve economic, social and environmental purposes (50).
Many governments in developed or developing countries have
initiated their journey to digital transformation over the past two
decades. The recent studies reveals that advanced digital
technologies are extensively adopted across the Central Europe
to improving business agility, labor productivity and maintain
business continuity in a crisis (51). Global crises, like the COVID-
19, significantly accelerated environmental innovation across EU
countries, with digital technologies undertaking a pivotal role in
enabling organizations to respond efficiently to the challenges
(52). The crises highlighted the importance of adaptability,
collaboration and technology in driving social innovation,
setting the stage for a more resilient and digitally enabled future.
In this region, UK efficiently improved the digital infrastructure,
with Cloud Computing being the most widely used technology
(with up to 80 % adoption in all sectors and regions), although Al
adoption seems moderate. More specialised technologies such
as Robotics and 3D Printing are adopted less frequently, mainly
in the manufacturing and extractive sectors. Companies are
increasingly employing multiple technologies cooperated with
Cloud Computing most frequently paired with Al and Big Data,
underscoring a trend towards data-driven business processes
(53). As Europe seeks to evolve its agriculture in line with the
European Green Deal, understanding stakeholder perspectives
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Table 1. Key digital tools and technologies and their functions/applications in agriculture

Digital technology

Applications and references

Global Positioning System (GPS)

Farm Management Information Systems
(FMIS) and Farm Management Software
(FMS)

Internet of Things (loT)

Agriculture 4.0

Spectral sensors, soil tensiometers, leaf
porometers, data loggers

Drones and unmanned aerial vehicles
(UAVS)

Cameras

LiDAR systems, robotics

Thermalinfrared (TIR) cameras
Artificial intelligence (Al)

Meteorological systems

Combining mobile devices like smartphones and drones to get technical assistance and monitoring

the farms (24)

Controlling the farm from a centralized platform (27). Current implementations of FMIS and FMS in
farm management is limited due to digital illiteracy and poor he information and communications
technology infrastructures in rural areas (38)

The network of objects of plans that incorporate sensors, software and other technologies to connect
and exchange information with other devices over the internet (39)

Information and communications in collecting, generating, transmitting, storing and analysing data
from production to postharvest chain (8)

Monitoring real time environmental factors and plant response (40)

Technical assistance and real time displaying the farms, plants, diseases or agricultural structures to
promote farming practices by reducing resource wastage and minimizing environmental impact (41)

Yield estimation, plant canopy management (42)
Cultural practices during production, plant protection, harvesting, food processing like oenology,

capture of high-resolution images (28)

Environmental imaging, instantaneous and seasonal variability of plant health status (6)

Measuring plant/crop attributes, soil condition, crop processing procedures, automation in farm
management, economic analyses, automation in farm administration, resource management (32)

Weather forecasting, irrigation scheduling, resource preservation, historical data settings (43)

Enabling optimized production processes and resource use, industrial production efficiency,

Big Data

economic analyses, autonomous machine perception, multiple manufacturing process management,
breakthrough innovations multi-agent reinforcement learning, Big Data fusion simulation algorithms

and multi granularity cognitive computing systems (7)

3D immersive virtual reality (virtual
reality, augmented reality) and digital
twin Metaverse technologies

6G sensing and holographic simulation
technologies

3D object rendering and machine
intelligence algorithms

Metaverse technologies

Cloud computing

Blockchain

Internet-based robotic manufacturing and process management, knowledge accumulation in
synthetic simulated environments (7). Obtaining simulated multi-level crop data in real time. Quick
access to structured data to enable timely action, for optimizing growing conditions (44)

Error elimination in production processes, machine vision-based defect prediction, detection,

diagnosis and management (17)

Production and workflow management operations to enable industrial process automation,
sustainable business growth and economic value co-creation (35)

Crop loss reduction during the production and marketing, autonomous robotics, business
intelligence algorithms, economic value co-creation, supply chain and operations management (45)

Data-driven business processes, increasing productivity, cost reduction, improved efficiency,
reducing infrastructure needs and software costs (46)
Tracking the information on plants, such as growth, seed quality and improving supply chain
transparency and eliminate concerns associated with illegal processes (47)

Detailed and up-to-date understanding of soil distribution, crucial for agricultural planning and

Digital mapping and photogrammetry

natural resource management (48), three-dimensional (3D) reconstructions of landscapes to capture
high throughput phenotyping, monitoring growth patterns, nutrient deficiencies, diseases and pest

attacks (49)

is crucial to address barriers to adoption and foster collaborative
strategies (54).

Recent improvements in information technology and
governmental support promoted the remarkable development of
digital agriculture in several Asian countries. In China, digital
technologies are highly transmissible and adaptable in
agriculture, enabling innovations in cultivation practices and
improvements in efficiency to be quickly adopted across different
regions. The level of digitalization in agriculture in China steadily
improved during the last decade. The agricultural digitalization
levels in the three main regions (eastern, central and western)
showed a decreasing pattern from east to west (55). In general,
the bibliometrics studies revealed that digitalisation in Asian
agriculture policies is still inadequate in areas such as risk control
and prevention, standardization and cooperation. Therefore,
policy makers should focus on improving standardization and
data security to enhance the development and popularization of
digital agriculture. Nonetheless, the available literature data on
smart agriculture in Asia have increased significantly over the
recent years, indicating a promising development soon for
digital agriculture in Asia (56). A bibliometric study analysis of the
state of digitalization in Southeast Asia showed that remarkable
strides in digitalization, marked by improved scholarly attention

and publication output, especially from countries such as
Indonesia, Malaysia, Singapore and Thailand (57). The
mentioned study further highlights a stark digital divide within
the region, with countries like Laos, Cambodia and Myanmar
significant lagging in digital literacy and infrastructure.

In a comprehensive study, a panel data collected from 25
African countries over the period 2005-2021 revealed that digital
transformation has not significantly enhanced total factor
productivity across the Africa. The study further demonstrated
that the absence of a significant moderating effect of human
capital indicates an ongoing skill deficit. The study underlined the
importance of a holistic policy approach that integrates digital
infrastructure development with improvements in education,
healthcare systems and institutions to fully capitalize on the
productivity gains from digital transformation in Africa.
Widespread lack of technical skills remains a major constraint on
the productivity of digital technologies. Besides, inadequate
structural conditions hinder the effective use of digital technology. It
was recommended that African governments perform a
comprehensive policy strategy combining developments in digital
infrastructure, education reforms and health systems for converting
digital potential into sustainable and inclusive economic growth
(58).
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In Antarctica, the emergence of super powered social
media platforms, specialised online sales and the power of
influencers has greatly played a key role in increase in tourism.
Therefore, digital infrastructure has been documented as
resulting in profound shifts in how tourism destinations are
mediated, shared, portrayed and recollected (59). On the other
hand, recent improvements in both fishing technology and new
product markets resulted in a steady increase in Antarctic
fishery, causing excessive krill catches and threatening the
marine ecosystem. Recent studies underlined that development
and implementation of software programs and monitoring data
programs for automatic processing and data transfer will be
beneficial to reduce ecosystem risks with a sustain management
strategy (60).

States in Australia have generally developed the digital
transformation in agriculture, while several of them, including
Victoria still consider digitalisation as less priority (61). On the
other hand, labour shortages cause limitation in digitalisation in
general (62).

In North America, particularly in the United States of
America, agriculture has become increasingly data driven. Field-
level data measurements in smart agriculture technologies to
capture temperature, precipitation, soil quality, input
applications, yields and other indicators of crop and livestock
health have been effectively implemented in many parts of the
country. Reliance on remote sensing practices and geospatial
tools to operate agricultural lands at large scales has rapidly
expanded. For example, smart tractors equipped with GPS are
extensively employed for efficient use of cultivated soil (63).

Bibliometric studies in Latin America show that the
central barriers include insufficient digital literacy, economic
constraints, labor deficiency, inadequate service provider
accessibility and infrastructure constraints. The studies highlight
the requirements for strategic policy interventions to overcome
these barriers, improving digital literacy, infrastructure and
connectivity (8).

Overall literature on the agricultural digitalization over the
world indicated that the lack of reliable infrastructure, mistrust in
technology providers and the burden of legal compliance were
main recurring constraints that obstruct the adoption of digital
technologies. To cope with these challenges, rapid investments in
infrastructure, adequate financial support and efficient
communication between stakeholders are essential. In addition,
improving data security, fostering inclusivity and constructing
collaborative platforms for resource-sharing can help ensure that
the usefulness of digitalization is accessible to all agriculturists. A
brief definition on digitalisation levels of the world on the basis of
continental comparison was summarized in Table 2.

Objectives of digital technologies in agriculture

One of the main objectives for using digital technologies in
agriculture is to forecast and reduce climatic risks during
production and harvesting (9). Most of the digital sensors and
satellites used in the fields focus on plant physiology, crop quality
control (40) or meteorological aspects such as monitoring soil and
water conditions for efficient water use, irrigation management
and weather forecasting (68). Digital sensor technology also allows
monitoring essential parameters such as ambient temperature,
wind speed, relative humidity, leaf wetness, soil moisture and
rainfall. The potential of using remote sensing method as a cost-
effective strategy for monitoring soil water content and predicting
areas at risk of salinization in vineyards, considering the predicted
increase in droughts (69).

Accurate crop yield estimation can be achieved using
remote sensing technologies, such as UAVs equipped with RGB
cameras. These technologies enable growers to better manage
fields and vineyards and gain insights into expected harvest
outcomes. In a vineyard in Slovakia, UAVs captured high-resolution
orthophotos of individual grapevine rows, which were used to
generate three-dimensional (3D) model of the area. This allowed
researchers to measure various vine canopy characteristics,
including thickness, side-section dimensions, volume and surface
area. The study concluded that the combination of side-section

Table 2. Comparative adoption levels to digital technologies across the continents

Continent Digitalisation level
Most of the European member states are increasingly using remote sensing technologies such as satellite images,
geotagged pictures and combine this with advanced algorithms and machine learning, although differences have
European existed between the members in terms of digitalisation level (64). Digital technologies are extensively adopted across

the Central Europe to enhance business agility and labor productivity. Cloud Computing is proven as the most widely
used digital technology (46)
Recent bibliometrics studies on smart agriculture indicated that digitalisation in Asia is still inadequate in risk
Asia prevention, standardization and cooperation areas, while number of publications on agricultural digitalisation indicate
a promising development in the near future (56)
Africa has not yet yielded the substantial improvements in economic productivity, primarily due to lack of technical skills
and insufficient digital infrastructure development. Yet adoption rates vary greatly among African countries, reflecting

Africa

deeper structural differences in digital capacity. Internet usage, for example, averages at 15.33 % with significant

disparities between countries. Insufficient internet access, lack of policies and regulations is potentially impeding the
realization of full digitalization potential (65)
Digitalisation has been significantly rising in Antarctic tourism management over the past decade to manage tourist

Antarctica

destinations, operate wildlife safaris, trekking or cruise tours and capturing objects such as Al-transformed 3D digital

map of penguin colonies (59)

Australia

North America

South America

Many states in Australia have already extensively developed the digital transformation, while several of them, including
Victoria still consider digitalisation as less priority (61). Labour shortages cause limitation in digitalisation in general (62)

Reliance on geospatial tools and remote sensing operations to operate agricultural practices at large scales has
expanded. A survey study on Canadian farmers revealed that digital agricultural technologies are put into practices for
many farmers. The most common affective technologies are GPS, computers, auto-steer and loT (33). Many farmers
found digital technologies as expensive, confusing and difficult to implement (66)

In Latin America, digitalisation at agricultural sector has showed slight improvements in spite of a wide range barriers
some of which are insufficient digital literacy, economic constraints, labor deficiency, inadequate service provider
accessibility and infrastructure constraints. Interview data collected from 220 farmers in Argentina, 477 in Brazil and 214
in Venezuela showed that the countries greatly differ in terms of agricultural digitalisation. Latin American data workers
do not experience the same conditions as their counterparts in richer countries. Argentina, Brazil and Venezuela are
three major Latin American countries using Al in several agricultural sectors (67)
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area and canopy thickness yielded the most accurate grape yield
predictions (70). The use of multiple morphological parameters is
recommended for more reliable estimations. Furthermore, imaging
should be conducted close to harvest, following vine canopy
management, for optimal accuracy (71). When applied correctly,
imaging technologies also assist in pre-harvest planning and can
enhance postharvest storage outcomes for perishable crops.

The integrated use of digital tools such as infrared sensors,
drones and multispectral imaging has significantly improved pest
and disease control in agricultural systems (72). Several wineries
have already combined sensor data (humidity and temperature of
both air and soil, soil conductivity, solar radiation, grape and vine
quality) and satellite imagery to monitor key environmental
factors for the harvest in the correct time. Digital technology
allows mitigate the adverse effects that environmental conditions
have on plants. Sensors as digital technologies can help to control
fruit or grape quality parameters for a correct winemaking process
and to guarantee a quality product (73). Because of changing
climate conditions, each year the product, even though it is
produced in the same processes, has certain differences. This fact
can create difficulties in universalisation of digital technologies.

Sensorial devices enable concretely monitoring and
controlling the harvesting and processing such as winemaking in
real time. By this technology, certain modifications can also be
performed to achieve a special product that is as close as possible
towhat is desired. Machine learning based models help producers
to make accurate and techno-economic decisions during
production processed (74). Machine vision systems, as sensorial
devices, have been used in the bottling, capping and labelling
processes to match the desired quality standards. In wine cellars,
these devices can monitor the key factors of temperature, light
and humidity for the proper ageing of wine, because even the
slightest fluctuations in cellar atmosphere may alter the oxidation
of the wine and therefore significantly affect the quality (75). The
effective use of a bienzymatic biosensor for real-time monitoring
of glucose and ethanol during fermentation, providing results that
were consistent with conventional methods and highlighting its
potential in enhancing the winemaking process (76).

Data collected through digital tools at large scale can help
to assess the impact of adverse weather events and pests or
disease outbreaks on crops (77). By integrating remote sensing
with loT and Big Data analytics, farmers can manage their fields or
vineyards more efficiently, control pathogen infection, reduce
plant stress and minimize yield losses from environmental
stressors, including those caused by climate change (78). Big Data
is the complements of techniques that necessitate integration
forms to distinguish unrecognized values from large scale, various
and complex data sets (79). Big Data enables farmers to view all
production parameters of real-time operations and enhance
decision-making processes (80). The use of Big Data enables
early anomaly detection to analyse abundant amounts of data
to foresee potential risks and optimize management practices,
ensuring that the food reaching our tables is safe and of high
quality (81).

Digital technologies play a crucial role in enhancing
traceability within the food supply chain. Providing accurate and
verifiable information on product labels can improve consumer
trust and increase the competitiveness of agricultural companies.
Digital technologies play a crucial role in enhancing traceability

within the food supply chain. Providing accurate and verifiable
information on product labels can improve consumer trust and
increase the competitiveness of agricultural companies. The
entire history of a produce, from its point of origin to the end of the
sale, can be recorded and verified by employing blockchain
technology. The availability of these data can aid in identifying
illegal applications (24).

Practical and site-adapted applications of digital
technologies are transforming urban spaces into productive
agricultural zones. Vertical farming, emerged as a critical solution
for addressing food sustainability challenges in urban areas, is an
innovative food production strategy to agriculture, offering
numerous advantages such as traceability in food production,
over common rural agriculture, as evidenced by its alignment with
the three pillars of sustainability: economic, social and
environmental. The integration of soilless culture techniques such
as hydroponics, aquaponics, aeroponics and solid volume
contains culture has revolutionized the agricultural landscape,
challenging the needs for soil-based farming for a wide range of
crops. This innovation is further enhanced by the integration of
modern greenhouse technologies-using glass or plastic structures
-and supporting systems including multi-tier mechanized setups,
renewable energy sources (solar, wind), LED lighting, recycling
systems, drones, storage batteries, software applications and loT
networks. To fully harness these technologies, interdisciplinary
collaboration is essential to develop advanced vertical farming
models and ensure sustainable food production for future urban
populations (81).

Digital technologies can play a pivotal role in attracting
young farmers and encouraging new participants in agriculture.
Innovations in digitalization empower producers with timely
access to market data, financial tools and customized solutions,
thereby promoting more inclusive and resilient livelihoods. To
ensure wider adoption, policy makers should implement support
programs that connect farmers through teleconferencing, video
platforms and digital advisory services. Such initiatives can
enhance awareness and motivation for adopting cost-effective
digital tools in agricultural production (54).

Restrictions and difficulties to overcome

Despite the opportunities created by advances in digital
technologies, several limitations remain. One major gap is the lack
of fully automated systems that can manage the entire agricultural
cycle-from vineyard establishment to harvesting and post-
processing stages such as winemaking. Currently, smart farms and
vineyards are equipped with advanced measurement tools,
primarily wireless sensors integrated with satellite or drone imagery
and powered by Al The uncontrolled fast development in
equipment and processes for data collection, transport, storage
and computation might aggravate the adverse environmental
effect.

The adoption and accurate use of digital technologies in
agriculture vary across different countries due to differences in
environments, policies and cultural traditions. For example, France,
Germany, the Netherland, the United States, Brazil and Canada are
among the countries with high level of adopting the digitalization in
agriculture due to funding from the European Union (41). In China,
the government has also been supporting the use of digital
technologies to increase agricultural produces and reduce
environmental damages (82). Conversely, agricultural digitalization
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remains limited in many parts of Africa, primarily due to restricted
access to technology and infrastructure-despite efforts like the
African Agricultural Technology Foundation’s Digital Agriculture
Services Project (83).

The high cost of establishing and maintaining the
equipment of digital technologies can be a barrier for many farmers
(84). The costs of both sensor devices and networks to collect high
spatiotemporal data should be as logical as pollable to widen their
employments in sustainable agriculture. The collected data can be
fused in a data platform, providing standardized exchange
interfaces for stakeholders to improve and reduce costs (54). On the
other hand, small-scale farmers should be supported for proper use
of digital technologies to prevent them from disappearing, as they
are important for biodiversity, climate, food security and resilience,
food sovereignty and livelihoods in rural areas. Policymakers and
development agencies should prioritize inclusive digital strategies
that empower smallholders to thrive in a rapidly evolving
agricultural landscape.

Usefulness of technology and growers’ willingness to
innovate are also factors determining the extension of the digital
technologies in agriculture. Resistance of the older generation of
farmers who have more difficulty to adapt to the use of new digital
technologies, new sources of information can be an important
barrier to overcome (85). Therefore, devices and programs used in
digital technology should be easy to understand and operate.

The vast amounts of rich data generated by sensing
equipment-including multi-sensor inputs, meteorological records,
land observation data, map services and historical datasets-are
often highly complex and vary significantly in format (43). Therefore,
there is a need to develop a concept that enables combining and
using variable data sources to demonstrate the utility of upscaled
data for more economically resilient and sustainable agriculture.

Lack of standardization in data collection and analysis
hampers the ability to compare outputs across different sources
and technologies. Complex or unclear data further complicates
governance and discourages farmers from adopting digital
agricultural tools (86). Data governance is known as a set of
processes, standards and guidelines that express how the data assets
are managed (87). Data governance refers to establishing rules for
data collection, processing, recording, usage, sharing and security to
ensure that data is accurate, consistent and trustworthy (85).

Data privacy and security remain critical concerns in digital
agriculture, especially regarding sensitive information such as crop
yields, land use patterns and farm management practices. Many
producers are reluctant to share such data due to its business-
sensitive nature. In this context, edge computing offers a viable
solution by enabling producers to process data locally-on-site or
on-device-without the need to transmit sensitive information to
external servers. This approach allows for real-time analytics
while preserving data ownership and confidentiality (88).

Adoption to digital farming is also affected by social
factors, education and training. Trust, education and awareness
are important issues that affect farmers' decision-making
processes in adoption. Recent studies demonstrated that farmers
frequently put off implementing SFTs because they are resistant
to change and worry on data security. Adoption rates are also
impacted by gender-related inequities, generational variances
and peer pressure. The effect of these elements on the adoption of
smart farming technology should be modulated by governmental
regulations and institutional supports, underscoring the necessity
of focused interventions. Collaborative research, interdisciplinary
approaches and policy frameworks would also beneficial to
increase adoption (89).

To overcome the difficulties in digitalisation, researchers
emphasized the significance of using integrated digital tools for
monitoring the performance of cultivation practices and farm
management rather than standalone tools that are currently
widely available. Integrated tools that incorporate different
applications and approaches can simplify data collection and
encourage precise record-keeping, prevent or reduce human
error and save time and cost. Combined use of various tools can
also help producers to adjust their agricultural plans with accurate
weather forecasts in regions susceptible to climate change effects
(90). Common barriers in agricultural digitalisation and proposed
solutions are listed in Table 3.

Future perspectives and Conclusions

The growing global population and shifting lifestyles have
placed immense pressure on the agri-food sector to increase
food production under increasingly severe environmental
stressors intensified by climate change. To meet this demand, it
is imperative that the agricultural industry rapidly adapts by

Table 3. Major challenges/barriers and proposed solutions for digital agriculture

Challenges/barriers

Proposed solutions

Insufficiency for fully automated systems to
manage the entire processes

Difficulties in adoption digital technologies for
different countries, environments, policies and
cultural traditions

High cost of establishing and maintaining the
digital technologies

Precision modelling of production and handling stages in agricultural cycle from plant
cultivation to marketing and properly combining the multiple data sources could improve the

combined use of digital technologies

Providing governmental supports to producers for learning and implementing new technologies
could provide easier adoptions for digitalization in agriculture

Policymakers and development agencies should prioritize inclusive digital technologies that
support smallholders to thrive in a rapidly evolving agricultural landscape

Devices and programs in digital technology should be easy to understand and operate. National

Lack of agriculturists’ willingness

and international projects on courses and demonstrations could help agriculturists to acquire

the use of digital technologies

Combining different data sources in an easy program to improve the usefulness of upscaled

Complexity and variations in format

Lack of standardization in data collection and
analysis
Data privacy and security

Limitation in accessing the modern computing
methods and new technologies

data for more economically resilient agriculture could encourage the agriculturists to

implement

Development of high throughput standardisation of data collection and evaluation programs
would allow agriculturists to utilize digital technologies
Edge computing would offer a viable solution without the need to transmit sensitive

information

Governmental support to strengthen the accessibility of digital technologies would help
producers and marketers for implementing and empowering breakthrough innovations in

precision agriculture
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developing innovative and sustainable strategies that reduce
environmental impacts, preserve biodiversity and contribute to
carbon sequestration. Studies indicated that interest in remote
and proximal sensing technologies, variable rate technology
machines and robotics will increase for precision agriculture
technologies to challenge with ever-increasing environmental
stress factors, including global climate change. The capture of
high-resolution images and obtaining accurate digital data from
the cultivation area or natural sources can provide higher
precision for sustainable modernization in agriculture. The easy-
to-handle proximate and remote sensor devices with high
accuracy level will lead to record more detailed data on crops
and cultivation area. Establishing clear methodologies
combined with molecular interactions and plant biophysical or
biochemical characteristics will provide new innovations to
sustain food production. This innovation will not only enhance
productivity but also provide cost-effective protection of
environment and plant genetic resources. Further research is
needed to fill gaps and guide policies for sustainable adoption of
digital technologies in agriculture under the effects of climatic
extremes. Scientific, public and political efforts should focus on
integration of digital monitoring tools in improving data
accuracy, collecting the Big Data, preventing the human
mistake, decreasing the cost, streamlining certification
processes and promoting eco-friendly practices, all of which are
crucial for the evolving carbon market under the effects of ever-
worsening climate change.

Authors' contributions

AS carried out the conceptualization of the study and applied
the required methodology for the study and written the article
and drafted the manuscript. ZO carried out the literature
investigations and writing the draft format. All authors read and
approved the final manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of
interests to declare.

Ethical issues: None

References

1.  Sadigov R. Rapid growth of the world population and its
socioeconomic results. Scientific World Journal. 2022;1:8110229.
https://doi.org/10.1155/2022/811022

2. Pawlak K, Kotodziejczak M. The role of agriculture in ensuring food
security in developing countries: considerations in the context of
the problem of sustainable food production. Sustainability. 2020;12
(13):5488. https://doi.org/10.3390/su12135488

3. Afifa KA, Nazim H, Muhammad HA, Muhammad ZS. Air pollution
and climate change as grand challenges to sustainability. Science of
The Total Environment. 2024;928:172370. https://doi.org/10.1016/
j.scitotenv.2024.172370

4. Erbasi A, Sabir A. Raising awareness on extending precision
agriculture techniques for the effects of climatic changes on
agricultural production. European Union Project.
2019;TR2013/0327.05.01-02/111:373p.

5. Babu GR, Gokuldhev M, Brahmanandam PS. Integrating loT for soil
monitoring and hybrid machine learning in predicting tomato crop

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

disease in a typical south India station. Sensors. 2024;24(19):6177.
https://doi.org/10.3390/s24196177

Liu J, Ma C, Wang S. Thermal-structure finite element simulation
system architecture in a cloud-edge-end collaborative
environment. Journal of Intelligent Manufacturing. 2023;36:1063-
94. https://doi.org/10.1007/510845-02302269-z

Stefko R, Frajtova Michalikova K, Strakova J, Novak A. Digital twin-
based virtual factory and cyber-physical production systems,
collaborative autonomous robotic and networked manufacturing
technologies and enterprise and business intelligence algorithms
for industrial metaverse. Equilibrium. Quarterly Journal of
Economics and Economic Policy. 2025;20(1):389-425. https://
doi.org/10.24136/eq.3557

Dibbern T, Romani LAS. Main drivers and barriers to the adoption of
digital agriculture technologies. Smart Agricultural Technology.
2024;8:100459. https://doi.org/10.1016/j.atech.2024.100459

Aslan B, Sabir A. Sensor technology for precision viticulture under
the effects of climate change. In: 2nd International Conference on
Agriculture, Food, Veterinary and Pharmacy Sciences. May 19-21,
2023 Belgrade. ICAFVP. p. 56-70.

Mu R, Rao J, Zhu J. Empowering breakthrough innovations through
digital technology: The effects of digital technology dept and
breath. Sustainability. 2025;17(5):1924. https://doi.org/10.3390/
sul7051924

Zengin H, Sabir A. Physiological and growth responses of grapevine
rootstocks (Vitis spp.) to organic and synthetic mulch application in
arid ecology under the effect of climate change. Journal of Central
European Agriculture. 2022;23(3):655-64. https://doi.org/10.5513/
JCEA01/23.3.3557

Ayaz M, Li CH, Ali Q, Zhao W, Chi YK, Shafiq M, et al. Bacterial and
fungal biocontrol agents for plant disease protection: journey from
lab to field, current status, challenges and global perspectives.
Molecules. 2023;28(18):6735. https://doi.org/10.3390/
molecules28186735

Candiago S, Remondino F, De Giglio M, Dubbini M, Gattelli M.
Evaluating multispectral images and vegetation indices for
precision farming applications from UAV images. Remote Sensing.
2015;7(4):4026-47. https://doi.org/10.3390/rs70404026

Kucukbasmaci A, Sabir A. Long-term impact of deficit irrigation on
the physiology and growth of grapevine cv. ‘Prima’ grafted on
various rootstocks. Acta Scientiarum Polonorum Hortorum Cultus.
2019;18(4):57-70. https://doi.org/10.24326/asphc.2019.4.6

Sujitha E, Valliammai A, Nagarajan M. Estimation of crop coefficient
for radish using digital lysimeter under polyhouse. Plant Science
Today. 2025;12(SP3). https://doi.org/10.14719/pst.8236

Faraboschi P, Frachtenberg E, Laplante P, Milojicic D, Saracco R.
Digital transformation: lights and shadows. Computer. 2023;56
(4):123-30. https://doi.org/10.1109/MC.2023.3241726

Chatterjee S, Kliestik T, Rowland Z, Bugaj M. Immersive
collaborative business process and extended reality-driven
industrial metaverse technologies for economic value co-creation
in 3D digital twin factories. Oeconomia Copernicana. 2025;16(1):125
-61. https://doi.org/10.24136/0c.3596

Minofar B, Mil¢i¢ N, Marousek J, Gavurova B, Marouskova A.
Understanding the molecular mechanisms of interactions between
biochar and denitrifiers in N,O emissions reduction: pathway to more
economical and sustainable fertilizers. Soil and Tillage Research.
2025;248:106405. https://doi.org/10.1016/j.still.2024.106405

Gayretli Y, Abdulhadi SAA, Demirkeser OK, Turkoglu I, Aslan B, Sabir
A. Physiological responses of different grapevine genotypes (Vitis
spp.) to variable temperatures artificially established as climate
change scenery. AgroLife Scientific Journal. 2024;13:98-105. https://
doi.org/10.17930/AGL2024110

Ali Z, Muhammad A, Lee N, Wagar M, Lee SW. Artificial intelligence
for sustainable agriculture: a comprehensive review of Al-driven

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1155/2022/811022
https://doi.org/10.3390/su12135488
https://doi.org/10.1016/j.scitotenv.2024.172370
https://doi.org/10.1016/j.scitotenv.2024.172370
https://doi.org/10.3390/s24196177
https://doi.org/10.1007/s10845-02302269-z
https://doi.org/10.24136/eq.3557
https://doi.org/10.24136/eq.3557
https://doi.org/10.1016/j.atech.2024.100459
https://doi.org/10.3390/su17051924
https://doi.org/10.3390/su17051924
https://doi.org/10.5513/JCEA01/23.3.3557
https://doi.org/10.5513/JCEA01/23.3.3557
https://doi.org/10.3390/molecules28186735
https://doi.org/10.3390/molecules28186735
https://doi.org/10.3390/rs70404026
https://doi.org/10.24326/asphc.2019.4.6
https://doi.org/10.14719/pst.8236
https://doi.org/10.1109/MC.2023.3241726
https://doi.org/10.24136/oc.3596
https://doi.org/10.1016/j.still.2024.106405
https://doi.org/10.17930/AGL2024110
https://doi.org/10.17930/AGL2024110

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

technologies in crop production. Sustainability. 2025;17(5):2281.
https://doi.org/10.3390/su17052281

Kliestik T, Kral P, Bugaj M, Durana P. Generative artificial
intelligence of things systems, multisensory immersive extended
reality technologies and algorithmic big data simulation and
modelling tools in digital twin industrial metaverse. Equilibrium.
2024;19(2):429-61. https://doi.org/10.24136/eq.3108

Zvarikova K, Lubica Gajanova L, Hordk J. Exploring CSR
performance as a proxy for competitive ad-vantage across sectors
in the Central European countries. Oeconomia Copernicana.
2024;15(3):991-1020. https://doi.org/10.24136/0c.3247

Huy TP, Hong TP, Cuong NT, Tran P. Al innovation and economics
growth: A global evidence. WSB Journal of Business and Finance.
2024;58(1):198-216. https://doi.org/10.2478/wsbjbf-2024-0017

Abiri R, Rizan N, Balasundram SK, Shahbazi AB, Abdul-Hamid H.
Application of digital technologies for ensuring agricultural
productivity. Helyon. 2023;9:e22601. https://doi.org/10.1016/
j.heliyon.2023.e22601

Santesteban LG, Di Gennaro SF, Herrero-Langreo A, Miranda C,
Royo JB, Matese A. High-resolution UAV-based thermal imaging to
estimate the instantaneous and seasonal variability of plant water
status within a vineyard. Agricultural Water Management.
2017;183:49-59. https://doi.org/10.1016/j.agwat.2016.08.026

Hitimana E, Kuradusenge M, Sinayobye OJ, Ufitihema C,
Mukamugema J, Murangira T, et al. Revolutionizing coffee farming: a
mobile app with GPS-enabled reporting for rapid and accurate on-
site detection of coffee leaf diseases using integrated deep learning.
Software. 2024;3(2):146-68. https://doi.org/10.3390/software3020007

Bellon-Maurel V, Huyghe C. L’innovation technologique dans
l'agriculture. Géoéconomie. 2016;80:159-80. https://doi.org/10.3917/
geoec.080.0159

Coll-Ribes G, Torres-Rodriguez 1J, Grau A, Guerra E, Sanfeliu A.
Accurate detection and depth estimation of table grapes and
peduncles for robot harvesting, combining monocular depth
estimation and CNN methods. Computers and Electronics in
Agriculture. 2023;215:108362. https://doi.org/10.1016/
j.compag.2023.108362

Talaviya T, Shah D, Patel N, Yagnik H, Shah M. Implementation of
artificial intelligence in agriculture for optimization of irrigation and
application of pesticides and herbicides. Artificial Intelligence in
Agriculture. 2020;4:58-73. https://doi.org/10.1016/j.aiia.2020.04.002

Lamb D, Weedon MM, Bramley RG, Using remote sensing to predict
grape phenolics and colour at harvest in a cabernet sauvignon
vineyard: timing observations against vine phenology and optimising
image resolution. Australian Journal of Grape and Wine Research.
2004;10:46-54. https://doi.org/10.1111/j.1755-0238.2004.tb00007.x

Guebsi R, Mami S, Chokmani K. Drones in precision agriculture: a
comprehensive review of applications, technologies and challenges.
Drones. 2024;8(11):686. https://doi.org/10.3390/drones8110686

Osamy W, Khedr AM, Salim A, Al-Ali Al, El-Sawy, AA. Coverage,
deployment and localization challenges in wireless sensor
networks based on artificial intelligence techniques: a review. IEEE.
2022;10:30232-57. https://doi.org/10.1109/ACCESS.2022.3156729

Ebrahimi HP, Schillo RS, Bronson K. Systematic stakeholder
inclusion in digital agriculture: a framework and application to
Canada. Sustainability. 2021;13(12):6879. https://doi.org/10.3390/
sul3126879

Sabir A, Sahin Z. The response of soilless grown ‘Michele
Palieri’ (Vitis vinifera L.) grapevine cultivar to deficit irrigation under
the effects of different rootstocks. Erwerbs-Obstbau. 2018;60(Suppl
1):521-7. https://doi.org/10.1007/s10341-018-0378-6

Zhang Y, Cui S, Yang B, Wang X, Liu T. Research on 3D printing
concrete mechanical properties prediction model based on
machine learning. Case Studies in Construction Materials.
2025;22:e04254. https://doi.org/10.1016/j.cscm.2025.04254

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Neethirajan S. Net Zero dairy farming-advancing climate goals with
big data and artificial intelligence. Climate. 2024;12(2):15. https://
doi.org/10.3390/cli12020015

JoverV, Sempere S, Ferrandiz S. The creation of virtual stands in the
metaverse: applications for the textile sector. Electronics. 2025;14
(2):359. https://doi.org/10.3390/electronics14020359

Mushi GE, Burgi P-Y, Serugendo GM. Designing a farmers digital
information system for sustainable agriculture: the perspective of
Tanzanian agricultural stakeholders. The Electronic Journal of
Information Systems in Developing Countries. 2025;91:e12344.
https://doi.org/10.1002/isd2.12344

Verdouw CN, Wolfert J, Beulens AJM, Rialland A. Virtualization of food
supply chains with the Internet of Things. Journal of Food
Engineering. 2016;176:128-36. https://doi.org/10.1016/
jjfoodeng.2015.11.009

Sabir A, Yazar K. Diurnal dynamics of stomatal conductance and
leaf temperature of grapevines (Vitis vinifera L.) in response to daily
climatic variables. Acta Scientiarum Polonorum Hortorum Cultus.
2015;14:3-15.

di Gennaro SF, Battiston E, di Marco S, Facini O, Matese A, Nocentini
M, et al. Unmanned Aerial Vehicle (UAV)-based remote sensing to
monitor grapevine leaf stripe disease within a vineyard affected by
Esca complex. Phytopathologia Mediterranea. 2016;55:262-75.

Yuan H, Zhang J, Zhang H, Xu W, Peng J, Wang X, et al. Monitoring
autumn phenology in understory plants with a fine-resolution
camera. Remote Sensing. 2025;17(6):1025. https://doi.org/10.3390/
rs17061025

Orphanidou C. A review of big data applications of physiological
signal data. Biophysical Reviews. 2019;11(1):83-7. https://
doi.org/10.1007/s12551-018-0495-3

Gupta RK. Revolutionizing agriculture: The magic of virtual reality
(VR) and augmented reality (AR). Farm Chronicle. 2024;03(08):20-5.
https://doi.org/10.5281/zenodo.15570294

Dolgui A, Ivanov D. Metaverse supply chain and operations
management. International Journal of Production Research. 2023;61
(23):8179-91. https://doi.org/10.1080/00207543.2023.2240900

Tudor C, Florescu M, Polychronidou P, Stamatiou P, Vlachos V,
Kasabali K. Cloud adoption in the digital era: an interpretable
machine learning analysis of national readiness and structural
disparities across the EU. Applied Sciences. 2025;15(14):8019.
https://doi.org/10.3390/app15148019

Zarba C, Chinnici G, Matarazzo A, Privitera D, Scuderi A. The
innovative role of blockchain in agri-food systems: a literature
analysis. Food Control. 2024;164:110603. https://doi.org/10.1016/
j.foodcont.2024.110603

Ramalingam K, Chidambaram PP, Mylsamy J, Moorthi NR,
Ramasamy J, Dhanaraju M, et al. Digital soil mapping of soil
subgroup class information in Coimbatore district using decision
tree approach. Plant Science Today. 2025;12(2). https://
doi.org/10.14719/pst.5295

Vasumathi V, Manivannan V, Raja R, Ragunath KP, Sakthivel N,
Balachandar D, et al. A review on advancing agricultural practices
using photogrammetric images. Plant Science Today. 2025. https://
doi.org/10.14719/pst.8813

Bindeeba DS, Tukamushaba EK, Bakashaba R. Digital
transformation and its multidimensional impact on sustainable
business performance: evidence from a meta-analytic review.
Future Business Journal. 2025;11:90. https://doi.org/10.1186/
$43093-025-00511-z

Aleca OE, Mihai F. The role of digital infrastructure and skills in
enhancing labor productivity: Insights from Industry 4.0 in the
European Union. Systems. 2025;13(2):113. https://doi.org/10.3390/
systems13020113

Varzaru AA, Bocean CG. Digital transformation and innovation: the

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.3390/su17052281
https://doi.org/10.24136/eq.3108
https://doi.org/10.24136/oc.3247
https://doi.org/10.2478/wsbjbf-2024-0017
https://doi.org/10.1016/j.heliyon.2023.e22601
https://doi.org/10.1016/j.heliyon.2023.e22601
https://doi.org/10.1016/j.agwat.2016.08.026
https://doi.org/10.3390/software3020007
https://doi.org/10.3917/geoec.080.0159
https://doi.org/10.3917/geoec.080.0159
https://doi.org/10.1016/j.compag.2023.108362
https://doi.org/10.1016/j.compag.2023.108362
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.1111/j.1755-0238.2004.tb00007.x
https://doi.org/10.3390/drones8110686
https://doi.org/10.1109/ACCESS.2022.3156729
https://doi.org/10.3390/su13126879
https://doi.org/10.3390/su13126879
https://doi.org/10.1007/s10341-018-0378-6
https://doi.org/10.1016/j.cscm.2025.e04254
https://doi.org/10.3390/cli12020015
https://doi.org/10.3390/cli12020015
https://doi.org/10.3390/electronics14020359
https://doi.org/10.1002/isd2.12344
https://doi.org/10.1016/j.jfoodeng.2015.11.009
https://doi.org/10.1016/j.jfoodeng.2015.11.009
https://doi.org/10.3390/rs17061025
https://doi.org/10.3390/rs17061025
https://doi.org/10.1007/s12551-018-0495-3
https://doi.org/10.1007/s12551-018-0495-3
https://doi.org/10.5281/zenodo.15570294
https://doi.org/10.1080/00207543.2023.2240900
https://doi.org/10.3390/app15148019
https://doi.org/10.1016/j.foodcont.2024.110603
https://doi.org/10.1016/j.foodcont.2024.110603
https://doi.org/10.14719/pst.5295
https://doi.org/10.14719/pst.5295
https://doi.org/10.14719/pst.8813
https://doi.org/10.14719/pst.8813
https://doi.org/10.1186/s43093-025-00511-z
https://doi.org/10.1186/s43093-025-00511-z
https://doi.org/10.3390/systems13020113
https://doi.org/10.3390/systems13020113

SABIR & OZKECECI

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

influence of digital technologies on turnover from innovation
activities and types of innovation. Systems. 2024;12(9):359. https://
doi.org/10.3390/systems12090359

Najem, R., Bahnasse, A., Fakhouri Amr, M. Talea M. Advanced Al and
big data techniques in E-finance: a comprehensive survey. Discover
Artificial Intelligence 2025;5:102. https://doi.org/10.1007/s44163-
025-00365-y

lliopoulos C, Theodorakopoulou I, Giotis T, Brunori G. Perceptions
of costs and benefits of farm digitalization in Europe. International
Food and Agribusiness Management Review. 2025;28(3):543-64.
https://doi.org/10.22434/ifamr.1274

Meng Y, Dong L. Digital pathways to sustainable agriculture:
examining the role of agricultural digitalization in green
development in China. Sustainability. 2025;17(8):3652. https://
doi.org/10.3390/su17083652

Yuan F, Ospina R, Perumal AB, Noguchi N, He Y, Liu Y. Smart
agriculture in Asia. Plant Communications. 2025;6(7):101377.
https://doi.org/10.1016/j.xplc.2025.101377

Suranto B, Kovac N, Haryono K, Rahman SFA, Shukri AFM, Suder M,
et al. State of digitalization in the Southeast Asia region -
bibliometric analysis. Quality and Quantity. 2025. https://
doi.org/10.1007/s11135-025-02296-3

Egbeleo E, Sodokin K. Digital transformation, institutional quality and
productivity in Sub-Saharan Africa. Cogent Economics & Finance.
2025;13(1):2519924. https://doi.org/10.1080/23322039.2025.2519924

Hardy A, Ma Y, Ooi CS. Tik tokking Antarctica: re-presentations of
place. The Polar Journal.  2025;15(1):55-80.  https://
doi.org/10.1080/2154896X.2025.2492487

Menze S, Macaulay GJ, Zhang G, Lowther AD, Krafft BA. KRILLSCAN:
An automated open-source software for processing and analysis of
echosounder data from the Antarctic krill fishery. Fisheries
Management and  Ecology. 2024;32(1):e12739.  https://
doi.org/10.1111/fme.12739

Sabri S, Kurnia S. Digital transformation of urban planning in
Australia: Influencing factors and key challenges. arXiv.
2025;2506:13333. https://doi.org/10.48550/arXiv.2506.13333

Gupta M, Arif RN. Digital shift in construction in Australia: unlocking
potentials with Al and blockchain. Journal of Resilient Economies.
2024;4(2):1-8. https://doi.org/10.25120/jre.4.2.2024.4155

Rissing A, Spangler K. How do we know what we grow?
Interrogating the datafication of agricultural landscapes in the
United States. Economic Anthropology. 2025;12(2):€700032025.
https://doi.org/10.1002/sea2.70003

Velden D, Klerkx L, Dessein J, Debruyne L. Governance by satellite:
remote sensing, bureaucrats and agency in the common
agricultural policy of the European Union. Journal of Rural Studies.
2025;114:103558. https://doi.org/10.1016/j.jrurstud.2024.103558

Osei DB. Digital infrastructure and innovation in Africa: Does human
capital mediates the effect? Telematics and Informatics.
2024;89:102111. https://doi.org/10.1016/j.tele.2024.102111

Ruder SL, Wittman H, Duncan E, Satterfield T. Sociotechnical
imaginaries for Canadian agri-food futures: a farmer survey.
Agriculture and Human Values. 2025;42:1439-56. https://
doi.org/10.1007/s10460-024-10675-z

Tubaro P, Casilli AA, Fernandez Massi M, Longo J, Torres Cierpe J,
Viana Braz M. The digital labour of artificial intelligence in Latin
America: a comparison of Argentina, Brazil and Venezuela.
Globalizations. 2025;1-16. https://
doi.org/10.1080/14747731.2025.2465171

Feng X, Bi S, Li H, Qi Y, Chen S, Shao L. Soil moisture forecasting for
precision irrigation management using real-time electricity

69.

70.

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81

82.

83.

10

consumption  records.  Agricultural Water  Management.
2024;291:108656. https://doi.org/10.1016/j.agwat.2023.108656

Mendes MP, Matias M, Gomes RC, Falcdo AP. Delimitation of low
topsoil moisture content areas in a vineyard using remote sensing
imagery (Sentinel-1 and Sentinel-2) in a Mediterranean-climate
region. Soil and Water Research. 202;16:85-94. https://
doi.org/10.17221/101/2019-SWR

Supcik A, Milics G, Mate¢ny I. Predicting grape yield with vine
canopy morphology analysis from 3D point clouds generated by
UAV imagery. Drones. 2024;8(6):216. https://doi.org/10.3390/
drones8060216

Ballesteros R, Intrigliolo DS, Ortega JF, Ramirez-Cuesta JM, Buesa |,
Moreno MA. Vineyard yield estimation by combining remote
sensing, computer vision and artificial neural network techniques.
Precision Agriculture. 2020;21:1242-62.

del Cerro J, Ulloa CC, Barrientos A, de Léon Rivas J. Unmanned
aerial vehicles in agriculture: a survey. Agronomy. 2021;11(2):203.
https://doi.org/10.3390/AGRONOMY11020203

Barnaba FE, Bellincontro A, Mencarelli F. Portable NIR-AOTF
spectroscopy combined with winery FTIR spectroscopy for an easy,
rapid, in-field monitoring of Sangiovese grape quality. Journal of
the Science of Food and Agriculture. 2014;94(6):1071-7. https://
doi.org/10.1002/jsfa.6391

Marousek J, Zakova K. Techno-economic perspective on the use of
pyrolysis oil from digestate in spark-ignition engines. Aircraft
Engineering and Aerospace Technology. https://doi.org/10.1108/
AEAT-01-2025-0020

Izquierdo-Bueno |, Moraga J, Cantoral JM, Carbd M, Garrido C,
Gonzalez-Rodriguez VE. Smart viniculture: applying artificial
intelligence for improved winemaking and risk management.
Applied Sciences. 2024;14(22):10277. https://doi.org/10.3390/
app142210277

Samphao A, Butmee P, Saejueng P, Pukahuta C, Svorc L, Kalcher K.
Monitoring of glucose and ethanol during wine fermentation by
bienzymatic biosensor. Journal of Electroanalytical Chemistry.
2018;816:179-88. https://doi.org/10.1016/j.jelechem.2018.03.052

Comba L, Biglia A, Ricauda Aimonino D, Tortia C, Mania E, Guidoni S,
et al. Leaf area index evaluation in vineyards using 3D point clouds
from UAV imagery. Precision Agriculture. 2020;21:881-96. https://
doi.org/10.1007/s11119-019-09699-x

Pivoto DGS, de Almeida LFF, da Rosa RR, Rodrigues JJPC, Lugli AB,
Alberti AM. Cyber-physical systems architectures for industrial
internet of things applications in Industry 4.0: a literature review.
Journal of Manufacturing Systems. 2021;58:176-92. https://
doi.org/10.1016/j.jmsy.2020.11.017

Sun ZF, Du KM, Zhang FX. Perspectives of research and application
of big data on smart agriculture. Journal of Agricultural Science and
Technology. 2013;15(6):63-71. https://doi.org/10.3969/j.issn.1008-
0864.2013.06.10

Wolfert S, Ge L, Verdouw C, Bogaardt MJ. Big data in smart farming.

A review. Agricultural Systems. 2017;153:69-80. https://
doi.org/10.1016/j.agsy.2017.01.023

al-Chalabi M. Vertical farming: Skyscraper sustainability?
Sustainable  Cities and  Society. 2015;18:74-7.  https://

doi.org/10.1016/j.5¢s.2015.06.003

Benyam A, Soma T, Fraser E. Digital agricultural technologies for
food loss and waste prevention and reduction: global trends,
adoption opportunities and barriers. Journal of Cleaner Production.
2021;323:129099. https://doi.org/10.1016/J.JCLEPRO.2021.129099

Yatribi T. Factors affecting precision agriculture adoption: A
systematic literature review. Economics. 2020;8(2):103-21. https://
doi.org/10.2478/e0ik-2020-0013

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.3390/systems12090359
https://doi.org/10.3390/systems12090359
https://doi.org/10.1007/s44163-025-00365-y
https://doi.org/10.1007/s44163-025-00365-y
https://doi.org/10.22434/ifamr.1274
https://doi.org/10.3390/su17083652
https://doi.org/10.3390/su17083652
https://doi.org/10.1016/j.xplc.2025.101377
https://doi.org/10.1007/s11135-025-02296-3
https://doi.org/10.1007/s11135-025-02296-3
https://doi.org/10.1080/23322039.2025.2519924
https://doi.org/10.1080/2154896X.2025.2492487
https://doi.org/10.1080/2154896X.2025.2492487
https://doi.org/10.1111/fme.12739
https://doi.org/10.1111/fme.12739
https://doi.org/10.48550/arXiv.2506.13333
https://doi.org/10.25120/jre.4.2.2024.4155
https://doi.org/10.1002/sea2.70003
https://doi.org/10.1016/j.jrurstud.2024.103558
https://doi.org/10.1016/j.tele.2024.102111
https://doi.org/10.1007/s10460-024-10675-z
https://doi.org/10.1007/s10460-024-10675-z
https://doi.org/10.1080/14747731.2025.2465171
https://doi.org/10.1080/14747731.2025.2465171
https://doi.org/10.1016/j.agwat.2023.108656
https://doi.org/10.17221/101/2019-SWR
https://doi.org/10.17221/101/2019-SWR
https://doi.org/10.3390/drones8060216
https://doi.org/10.3390/drones8060216
https://doi.org/10.3390/AGRONOMY11020203
https://doi.org/10.1002/jsfa.6391
https://doi.org/10.1002/jsfa.6391
https://doi.org/10.1108/AEAT-01-2025-0020
https://doi.org/10.1108/AEAT-01-2025-0020
https://doi.org/10.3390/app142210277
https://doi.org/10.3390/app142210277
https://doi.org/10.1016/j.jelechem.2018.03.052
https://doi.org/10.1007/s11119-019-09699-x
https://doi.org/10.1007/s11119-019-09699-x
https://doi.org/10.1016/j.jmsy.2020.11.017
https://doi.org/10.1016/j.jmsy.2020.11.017
https://doi.org/10.3969/j.issn.1008-0864.2013.06.10
https://doi.org/10.3969/j.issn.1008-0864.2013.06.10
https://doi.org/10.1016/j.agsy.2017.01.023
https://doi.org/10.1016/j.agsy.2017.01.023
https://doi.org/10.1016/j.scs.2015.06.003
https://doi.org/10.1016/j.scs.2015.06.003
https://doi.org/10.1016/J.JCLEPRO.2021.129099
https://doi.org/10.2478/eoik-2020-0013
https://doi.org/10.2478/eoik-2020-0013

84.

85.

86.

87.

88.

89.

Chawade A, van Ham J, Blomquist H, Bagge O, Alexandersson E,
Ortiz R. High-throughput field-phenotyping tools for plant breeding
and precision agriculture Agronomy. 2019;9(5):258. https://
doi.org/10.3390/agronomy9050258

Gebresenbet G, Bosona T, Patterson D, Persson H, Fischer B,
Mandaluniz N, et al. A concept for application of integrated digital
technologies to enhance future smart agricultural systems. Smart
Agricultural Technology. 2023;5:100255. https://doi.org/10.1016/
j.atech.2023.100255

Jouanjean MA, Casalini F, Wiseman L, Gray E. Issues around data
governance in the digital transformation of agriculture: the farmers’
perspective. OECD Food, Agriculture and Fisheries Papers; 2020.
https://doi.org/10.1787/53ecf2ab-en

Janssen M, Brous P, Estevez E, Barbosa LS, Janowski T. Data
governance: organizing data for trustworthy Artificial Intelligence.
Government Information Quarterly. 2020;37(3):101493. https://
doi.org/10.1016/j.giq.2020.101493

Cao K, Liu Y, Meng G, Sun Q. An overview on edge computing
research. IEEE.  2020;8:85714-28. https://doi.org/10.1109/
ACCESS.2020.2991734

Poorna TK, Senthilkumar M, Manimekalai R, Saravanan PA, Vanitha
G. Exploring the factors influencing the adoption of smart farming
technologies in agriculture - A bibliometric analysis literature
review. Plant Science Today. 2025;12(3). https://doi.org/10.14719/

11

pst.8325

90. SaiS, Kumar S, Gaur A, Goyal S, Chamola V, Hussain A. Unleashing
the power of generative Al in Agriculture 4.0 for smart and
sustainable farming. Cognitive Computation. 2025;17:63. https://
doi.org/10.1007/512559-025-10420-6

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.3390/agronomy9050258
https://doi.org/10.3390/agronomy9050258
https://doi.org/10.1016/j.atech.2023.100255
https://doi.org/10.1016/j.atech.2023.100255
https://doi.org/10.1787/53ecf2ab-en
https://doi.org/10.1016/j.giq.2020.101493
https://doi.org/10.1016/j.giq.2020.101493
https://doi.org/10.1109/ACCESS.2020.2991734
https://doi.org/10.1109/ACCESS.2020.2991734
https://doi.org/10.14719/pst.8325
https://doi.org/10.14719/pst.8325
https://doi.org/10.1007/s12559-025-10420-6
https://doi.org/10.1007/s12559-025-10420-6
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

