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ABSTRACT
Agriculture has undergone a significant evolution, which progressing from manual and subsistence farming (Agriculture

1.0) to the high-tech interconnected systems of agriculture 5.0. Each phase of development reflects humanity's efforts to
meet out the food requirements of a growing population and address environmental challenges through innovation.
Agriculture 5.0 integrates advanced technologies such as artificial intelligence (Al), robotics, Internet of Things (IoT) and
blockchain to optimize the productivity, sustainability and environmental stewardship. By leveraging precision tools like
IoT-enabled sensors, remote sensing and big data analytics, it provides solutions to critical agricultural issues, including
resource scarcity, climate change and food security. The adoption of robotics, variable rate technology (VRT) and smart
irrigation ensures resource efficiency with minimum negative impacts on the environment. Despite its promise, Agriculture
5.0 faces challenges such as cybersecurity vulnerabilities and the technological adoption gap, requiring robust security
measures, proactive policies and capacity building. This review explores the transition across different phases of
agricultural evolution, key innovations of Agriculture 5.0, its applications, challenges and demonstrates its potential to
revolutionize global farming practices.
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INTRODUCTION development has been marked by significant innovations
The evolution of agriculture over the centuries reflects and practices that have revolutionized the way in which
humanity's efforts to adapt to growing food demand and food is produced, processed and distributed. This review
technological advancements. Each phase of agricultural explores the transition from traditional methods in
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Agriculture 1.0 to the high-tech solutions of Agriculture
5.0. Agriculture 1.0: The pre-industrial era: The first
phase of agriculture was rooted in manual labour and
Indigenous technical knowledge. Farmers used
rudimentary tools, such as hoes and ploughs operated by
human or animal power to cultivate the land. These
practices were largely subsistence-based with limited or
surplus production [1]. Agriculture 2.0: Mechanization
and the industrial revolution: The industrial revolution
marked the beginning of Agriculture 2.0 which
characterized by the mechanization. The introduction of
steam-powered and later gasoline-powered tractors,
threshers and harvesters revolutionized the farming [2].
Machineries replaced animal power which enhanced
productivity and reduced the time required for farm
operations. The mechanization of agriculture in the 19th
century was a pivotal moment, enabling large-scale
farming practices and the growth of agribusiness [3].
Agriculture 3.0: The green revolution: The mid-20th
century saw the emergence of the green revolution,
driven by the development of high-yielding crop
varieties, synthetic fertilizers and pesticides, which
transformed food production [4]. While, yields increased
dramatically, concerns arose regarding environmental
degradation and inequality in access to resources. The
green revolution increased the food security but led to
unintended consequences such as soil degradation and
pesticide resistance [5]. Agriculture 4.0: Digital
revolution and precision farming: The fourth phase
Agriculture 4.0, integrated digital technologies viz.,
GPS, IoT and data analytics into farming. Precision
agriculture allowed for site-specific management of
crops, reducing inputs waste and enhancing efficiency
[6]. Technological tools are smart sensors, drones and
automated systems become common, enabling real-time
monitoring of crop and soil conditions. The role of IoT-
enabled devices in transforming traditional farming
systems, particularly in resource-scarce regions [7].
Agriculture 5.0: Smart and sustainable farming:
Agriculture 5.0 represents the convergence of advanced
technologies such as Al, robotics and blockchain to
create a smarter and more sustainable agricultural model
[8]. Automation, autonomous farming machinery and

bio-nanotechnology are central to this phase mainly
emphasis on climate-smart practices, renewable energy
integration and carbon sequestration techniques are
sustainability focus of agriculture 5.0 [9]. The
progression from Agriculture 1.0 to 5.0 illustrates
humanity's ability to innovate and adapt in response to
food security challenges and environmental concerns. As
the world moves towards Agriculture 5.0, the integration
of cutting-edge technologies promises to address the
dual objectives of sustainability and productivity [10].
COMPARISON OF EVOLUTION STAGES OF
AGRICULTURE

Key Characteristics of Agriculture 5.0 are 1. Internet of
Things (IoT) and Connectivity: Integrated IoT devices
and sensors to monitor the soil health, moisture levels
and conditions of the crop in real-time [11]. It enables
precise resource application, such as water and fertilizers
which results in reducing waste and environmental
impact [12]. 2. Advanced Automation and Robotics: It
focuses on the utilisation of autonomous machinery,
drones and robots for tasks such as planting, monitoring
and harvesting with increased efficiency and precision
[8]. Moreover, it reduces human labour requirements and
minimizes errors associated with manual operations
[13]. 3. Artificial Intelligence and Machine Learning:
This employs Al algorithms to analyse vast datasets,
enabling predictive analytics for weather patterns, pest
infestations and crop yields [14]. Facilitates data-driven
decision-making, optimizing resource use and improving
crop management [15]. 4. Big Data and analytics: The
agricultural sector faces challenges such as climate
change, resource scarcity and the need to feed a growing
global population. Big Data analytics offers solutions by
providing insights derived from vast datasets and
facilitating informed decision-making [16]. 5.
Sustainability and Environmental Focus: Promotes
practices that conserve natural resources, reduce
chemical usage and enhance biodiversity [17]. Aligns
with global sustainability goals, addressing challenges
like climate change and food security [11]. The evolution
stages of agriculture are summarized in Table 1.

Table 1. Comparison of the evolution stages of agriculture

Stage Features Technologies Challenges References
Agriculture 1.0 Manual, Basic tools Low productivity [18]
subsistence
Agriculture 2.0 Mechanization Tractors, fertilizers Environmental [19]
impacts
Agriculture 3.0 Green Revolution High-yield varieties Social and [20]
environmental

IJDDT Volume 16 Issue 67s 2026

Page: 1163



Agriculture 5.0: A Paradigm Shift Towards Intelligent and Sustainable Farming Systems - A Review

Agriculture 4.0 Digital/Precision loT, Big Data High cost of [21]
technology
Agriculture 5.0 | Smart/Autonomous Al, Robotics, Technological [22]
Blockchain adoption gap

INTERNET OF THINGS (IoT)

The Internet of Things (IoT) refers to a network of
physical objects embedded with sensors, software and
other technologies to connect and exchange data with
other devices and systems over the internet. In
agriculture, IoT enables real-time monitoring and control
of farming operations, facilitating data-driven decision-
making [23]. IoT technologies have been applied across
various agricultural domains, including: 1. Precision
Agriculture: Utilizing IoT devices to monitor soil
moisture, nutrient levels and crop health, which enables
precise resource application [22]. 2. Smart Irrigation:
Implementing IoT-based systems to optimize the water
usage by monitoring soil and weather conditions [24]. 3.
Livestock Monitoring: Employing IoT sensors to track
animal health, location, behaviour and also improve herd
management [25]. 4. Greenhouse Automation:
Controlling environmental parameters such as
temperature, humidity and light through IoT systems to
enhance the crop growth [26]. The integration of Internet
of Things (IoT) technologies in agriculture offers notable
benefits like enhanced productivity through real-time
data collection and analysis enable informed decision-
making, optimizing farming practices and increasing
yields [22]. The resource efficiency achieved by precise
monitoring which reduces the overuse of inputs like
water, fertilizers and pesticides, promoting sustainable
agriculture [27]. Automation and efficient resource
management leads to cost reduction through lower
operational costs [28]. Continuous monitoring ensures
better quality control of produce ensures its improved
quality [29]. The integration of IoT in farming is
transforming agriculture into a more efficient,
sustainable and data-driven industry. Overcoming
current challenges through technological advancements
and supportive policies will further enhance its adoption
and effectiveness [23]. The conceptual framework of the
IoT smart farming system is shown in Figure 1.
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Fig 1. Conceptual framework of IoT smart farming
system [30]

REMOTE SENSING TECHNOLOGIES IN
AGRICULTURE

Remote sensing has become an indispensable tool in
modern agriculture which offers innovative methods for
assessing soil health and monitoring crop conditions. By
utilizing various technologies, remote sensing enables
the collection of critical data without direct contact and
facilitates informed decision-making and promotes
sustainable farming practices.

Remote sensing encompasses various platforms and
sensors that collect data across different spectral bands.
1. Satellite-Based Remote Sensing: Satellites equipped
with multispectral and hyperspectral sensors provide
large-scale data on vegetation indices, soil moisture and
land use patterns [31]. 2. Aerial Remote Sensing: Drones
and aircraft equipped with high-resolution cameras and
sensors offer detailed imagery for localized monitoring
[32]. 3. Ground-Based Remote Sensing: Proximal
sensors measure specific soil and crop attributes,
providing high-accuracy data [33]. Remote sensing
technologies play a vital role in evaluating various soil
properties critical for maintaining soil health, such as soil
moisture content, soil organic carbon, soil texture and
structure. Microwave remote sensing techniques are
effective in estimating surface soil moisture, which is
essential for irrigation management [34]. Spectral data
analysis, particularly in the visible and near-infrared
regions, aids in mapping soil organic carbon levels,
contributing to soil fertility assessments [35].
Additionally, remote sensing data combined with
machine learning algorithms can predict soil texture
classes and enabling informed soil management practices
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[36]. Remote sensing plays a crucial role in crop
monitoring which is vital for optimizing yields and
ensuring food security. Vegetation indices, such as the
Normalized Difference Vegetation Index (NDVI)
derived from remote sensing data is used to assess plant
health and biomass [37]. Additionally, multispectral and
hyperspectral imaging techniques enable the detection of
stress signatures in crops, facilitating early identification
of diseases and pest infestations [38]. Furthermore,
remote sensing aids in assessment of crop nutrient status
and provides valuable insights for precise fertilizer
applications [39].

The integration of remote sensing data with Geographic
Information Systems (GIS) enhances spatial analysis and
decision-making in agriculture and land management. In
precision agriculture, this integration supports site-
specific management practices, optimizing input use and
improving crop performance [40]. Additionally,
geospatial analysis aids in sustainable land management
and conservation efforts by providing valuable insights
into land use patterns and resource allocation [41].
VARIABLE RATE TECHNOLOGY (VRT)

VRT allows for the precise management of field
variability by optimizing input applications in real-time
or based on pre-determined maps. This technology
addresses the spatial heterogeneity within the fields,
optimizing resource use and minimizing environmental
impacts [42]. Variable Rate Technology systems are
categorized into two main types: map-based and sensor-
based. Map-based VRT utilizes pre-generated
prescription maps derived from field data to control input
applications. These maps are created through grid
sampling, laboratory analyses and site-specific mapping,
guiding variable rate applicators in precise input
distribution [43]. In contrast, sensor-based VRT employs
real-time sensors to assess field conditions and adjust
inputs on the go. This approach uses sensors to detect
crop needs in real-time, enabling immediate and site-
specific input application without the necessity for pre-
mapped data [44]. Variable Rate Technology
encompasses several applications that enhances
agricultural efficiency and productivity. Variable Rate
Seeding (VRS) adjusts seed rate based on soil fertility
and moisture levels to optimize plant populations. This
approach ensures that seeds are sown at optimal densities
which leads to improved crop yields and resource
utilization [45]. Variable Rate Fertilization involves
applying fertilizers at rates tailored to soil nutrient
variability and enhancing nutrient use efficiency. By
aligning fertilizer application with the specific nutrient
needs of different field zones, farmers can reduce waste
and environmental impact [46]. Variable Rate Irrigation
modulates water application according to soil moisture
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conditions and promoting water conservation. This
technique ensures that, crops receive the appropriate
amount of water with improved growth while conserving
water [47]. Applications of VRT contribute significantly
to the advancement of precision agriculture, fostering
sustainable and efficient farming practices.
ADVANCED AUTOMATION AND ROBOTICS
The global agricultural sector is undergoing a significant
transformation driven by the adoption of robotics and
automation. These technologies address challenges such
as labour scarcity, increasing food demand and the need
for sustainable farming practices. Automation enables
continuous operation which leads to higher output and
efficiency [48]. Applications of robotics and automation
in agriculture through crop monitoring and analysis by
utilizing drones and ground robots equipped with sensors
and cameras to monitor crop health, soil conditions and
growth patterns. Robots provide consistent and precise
operations and improving the quality of agricultural
products [49]. Planting and seeding by employing
automated machinery for precise planting and seeding to
ensure optimal plant spacing and depth of sowing [50].
Weed and pest control through implementing robots
capable of identifying and eliminating weeds and pests
and also reducing the need for chemical interventions.
This precision agriculture techniques minimize the use of
water, fertilizers and pesticides which consequently
promotes sustainability [51]. Harvesting and picking can
be done by utilizing robotic harvesters to pick fruits and
vegetables with higher speed and reducing labour costs.
Addressing labour shortages by automating repetitive
and labour-intensive tasks [50]. The applications of
robotics in agriculture are illustrated in Figure 2.
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Fig 2. Robotics in agriculture [52]

SENSORS AND DRONES SENSORS

Precision agriculture leverages advanced technologies to
optimize the crop production and resource utilization.
Sensors and drones play a pivotal role in this paradigm
by providing detailed insights into various agricultural
parameters [53]. Sensors collect critical data on soil
moisture, nutrient levels, temperature and crop health
which facilitates decision-making. Soil moisture sensors
monitor water content to optimize the irrigation
schedules and ensures efficient water use [54]. Nutrient
sensors assess soil nutrient levels, guiding precise
fertilizer application to enhance crop yield [55].
Environmental sensors track climatic conditions, aiding
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in pest and disease management [53]. Applications of
smart sensors in agriculture are illustrated in Figure 3.

Application of Smart Sensors
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Fig 3. Applications of smart sensors in agriculture
[56]

DRONES

Drones, or unmanned aerial vehicles (UAVs) equipped
with various sensors, provide aerial perspectives and
data collection capabilities [57]. Drones are used for crop
monitoring which capture high-resolution images to
assess plant health, detect diseases and monitor growth
stages [58]. Field mapping through generation of
detailed maps for variable rate application of inputs like
fertilizers and pesticides [59]. Spraying enables precise
application of agrochemicals, reducing waste and
environmental impact [60]. Combining sensors with
drones enhances data collection efficiency and accuracy
by utilizing multispectral and hyperspectral imaging to
detect crop stress and nutrient deficiencies [61]. Thermal
imaging identifies irrigation needs through temperature
variations in crops [62].

Using sensors and drones in agriculture offers multiple
benefits including resource optimization through the
precise application of water, fertilizers and pesticides
which reduces waste and costs [63]. Enhanced
productivity by enabling timely interventions based on
accurate data to improve crop yields and environmental
sustainability by minimizing chemical runoff and
conserving resources, thereby promoting eco-friendly
farming [64]. The use of UAVs in agriculture is
illustrated in Figure 4.
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Fig 4. Use of UV As in agriculture [65]
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ARTIFICIAL INTELLIGENCE AND MACHINE
LEARNING

Artificial Intelligence (AI) and Machine Learning (ML)
have become pivotal in modern agriculture, offering
innovative  solutions to enhance productivity,
sustainability and efficiency. The integration of Al and
ML into agriculture marks a significant shift towards
data-driven farming practices. These technologies enable
precise decision-making, resource optimization and
predictive analytics, addressing challenges such as
climate change, pest infestations and fluctuating market
demands [66]. AI’s role in transforming modern
agricultural systems is illustrated in Figure 5. Al and ML
facilitate precision agriculture by analysing data from
various sources to optimize the farming practices which
includes monitoring soil health, predicting crop yields
and managing irrigation systems efficiently [67]. ML
algorithms assist in disease detection, pest management
and yield prediction by processing images and sensor
data enabling timely interventions and reducing crop
losses [63]. Al technologies monitor animal health and
behaviour, improving welfare and productivity through
early disease detection and optimized feeding practices
[68]. Al-driven systems analyse weather forecasts and
soil moisture levels to optimize irrigation schedules,
conserving water and enhancing crop growth [69]. ML
models predict soil properties and fertility, aiding in the
precise application of fertilizers and amendments to
maintain soil health [70]. Al facilitates market analysis
and demand forecasting, enabling farmers to make
informed decisions about crop selection and marketing
strategies [22]. Major Al applications across agricultural
practices are illustrated in Figure 6.
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Fig 5. Al transforming the modern agricultural
system [71]
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1 AlTechnologies Applications In Agriculture

| CropYield Prediction and Estimation |

Pest and Disease Detection ‘

" Weed Detection and Management ‘

— | Soil Health Assessment ‘

[T s T Irrigation Management
By loge M ‘ Fruit Detection and Counting

~| Harvesting |

Fig 6. Major Al applications in different practices of
agriculture [72]

BIG DATA AND ANALYTICS

The agricultural sector is facing challenges like climate
change, resource scarcity and the need to feed a growing
global population. Big Data analytics offers solutions by
providing insights derived from vast datasets and
facilitating informed decision-making [16]. Big data
analytics has numerous applications in agriculture,
including precision agriculture where data from sensors
and satellites are utilized to monitor crop health, soil
conditions, weather patterns and enabling precise
interventions [73]. It also supports yield prediction by
employing machine learning algorithms to analyse
historical data and predict crop yields, assisting in
planning and resource allocation [74]. Furthermore, big
data analytics optimizes the supply chain by analysing
market trends and logistics data, reducing waste and
improving profitability [75]. The benefits of big data
analytics in agriculture include enhanced decision-
making, as data-driven insights enable farmers to make
informed decisions regarding planting, irrigation and
harvesting [16]. It also promotes resource optimization
by ensuring the efficient use of inputs such as water,
fertilizers and pesticides and also reduce the reducing
costs and environmental impact [73]. Moreover,
predictive analytics helps in risk management by
anticipating adverse events like pest outbreaks or
weather anomalies which allowing farmers to take
proactive measures [74]. Big Data analytics holds
significant potential to transform agricultural decision-
making, leading to more efficient, sustainable and
profitable farming practices. The intelligent processing
workflow for agricultural big data is illustrated in Figure

Data Pre-processing technique
Muilti- Source
data Deduplication [ Denoising )-p Cleaning mp Transformation mp. Representation
Data Verification Data VEHﬁEatiunl

Intelligent data analysis technology
Subject Data P . G
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Fig 7. The flowchart for intelligent processing of
agricultural Big Data [22]

SUSTAINABILITY AND ENVIRONMENTAL
FOCUS IN AGRICULTURE 5.0

Agriculture 5.0 emphasizes sustainability and
environmental stewardship as central to its framework,
addressing the critical need for resource conservation
and ecological balance. This approach integrates
innovative technologies to align agricultural practices
with global sustainability goals, ensuring a harmonious
balance between productivity and environmental
responsibility. The Conservation of natural resources
through the integration of robotics, extended reality and
advanced technologies in Agriculture 5.0 enables precise
resource management, reducing wastage of water,
energy and nutrients [76]. Additionally, the
incorporation of AI and IoT optimizes the use of
fertilizers and pesticides with precision agriculture
emerging as a transformative approach that leverages
advancements in digital technologies to enhance
resource utilization while reducing the need for chemical
inputs [77]. Techniques such as intercropping,
agroforestry and the use of organic amendments foster
diverse ecosystems, while robotics and autonomous
machinery enable no-till farming and cover cropping to
enhance soil health and provide habitats for beneficial
organisms and contributing to biodiversity within
agricultural landscapes [78]. Furthermore, Agriculture
5.0 aligns with global sustainability initiatives, including
the United Nations' Sustainable Development Goals
(SDGs) by integrating technologies that support resource
efficiency, carbon sequestration, renewable energy,
reducing farming’s carbon footprint and addressing
challenges such as climate change and food security [79].
Another critical aspect is the adoption of circular
economy principles, where agricultural waste is
repurposed into valuable inputs like bioenergy and
organic fertilizers, minimizing waste and reducing
dependency on synthetic inputs to create a self-
sustaining agricultural system [80]. By integrating these
practices, Agriculture 5.0 demonstrates how advanced
technologies can be leveraged to achieve sustainable
agricultural development while addressing global
environmental challenges such as resource scarcity,
pollution and biodiversity loss.

CHALLENGES IN

AGRICULTURAL SYSTEMS
Implementing Agriculture 5.0 involves integrating
advanced technologies such as the Internet of Things
(IoT), artificial intelligence (AI) and robotics into
farming practices to enhance the productivity and

CONNECTED
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sustainability. While these advancements promise
increased efficiency and yield, they also expand the
attack surface for cyber threats, necessitating robust
cybersecurity measures [81]. The deployment of IoT
devices and interconnected systems in agriculture creates
numerous entry points for cyber attackers. Each
connected device represents a potential vulnerability that
can be exploited, leading to unauthorized access and
control over critical farming operations [10]. Agriculture
5.0 systems collect vast amounts of data related to crop
health, soil conditions and operational logistics. Ensuring
the privacy and integrity of this data is crucial, as
breaches can lead to the manipulation of information
which resulting in financial losses and compromised
decision-making processes. The interconnected nature
of modern agricultural supply chains introduces
significant cybersecurity vulnerabilities, where a
cyberattack on one component can have cascading
effects throughout the entire system, leading to
disruptions that cause delays, financial losses and
compromised food security [82]. Mitigation strategies
are implementation of robust security protocols by
adopting comprehensive security frameworks, such as
the STRIDE model can help to identify and mitigate the
potential threats in precision agriculture systems. This
approach enables the systematic analysis of
vulnerabilities and the development of targeted
countermeasures [83]. Conducting regular security
audits and updating software and firmware across all
devices are essential practices to protect against
emerging threats. This proactive approach ensures that
systems remain resilient against evolving cyberattacks
[84]. Educating personnel about cybersecurity best
practices is vital. Awareness programs can reduce the
risk of human errors that may lead to security breaches,
fostering a culture of security within agricultural
operations [85]. However, it concurrently presents
significant cybersecurity challenges that must be
proactively managed by adopting comprehensive
security protocols, conducting regular audits and
fostering a culture of cybersecurity awareness. The
agricultural industry can safeguard its connected systems
against cyber threats [81].

CONCLUSION

Agriculture 5.0 represents a paradigm shift in farming,
driven by the integration of cutting-edge technologies
aimed at enhancing productivity, sustainability and
environmental stewardship through tools such as IoT-
enabled devices, Al robotics and big data analytics. This
phase addresses critical challenges in agriculture
including climate change, resource scarcity and food
insecurity. Innovations like precision agriculture,

IJDDT Volume 16 Issue 67s 2026

variable rate technology and advanced robotics facilitate
efficient resource management, reduced environmental
impacts, higher yields and fostering sustainable farming
practices.

While Agriculture 5.0 offers transformative potential, its
implementation also introduces challenges, particularly
in terms of cybersecurity and technological adoption
gaps. The interconnected nature of modern agricultural
systems increases vulnerability to cyberattacks,
necessitating robust security frameworks, regular audits
and cybersecurity education. Furthermore, addressing
the technological adoption gap requires capacity
building, supportive policies and investment in
infrastructure to make advanced tools accessible to all
farming communities. By overcoming these challenges,
Agriculture 5.0 can lead to a resilient agricultural sector
capable of meeting the dual goals of food security and
sustainability. Its success depends on a collaborative
effort involving policymakers, researchers, farmers and
industry stakeholders. Embracing this transformative
model will not only enhance agricultural productivity but
also contribute to global sustainability goals, securing
the future of farming in a rapidly changing world.
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