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A B S T R A C T

This article provides a comprehensive overview of digital technologies for water use and management in agri-
culture, examining recent applications and future prospects. It examines key water-related challenges - scarcity, 
pollution, inefficient use and climate change - and shows how various digital technologies such as Remote 
Sensing, Artificial Intelligence, the Internet of Things, Big Data, Robotics, Smart Sensors and Blockchain can help 
address them. The review finds that these technologies offer significant potential for improving water man-
agement practices, with Remote Sensing and Artificial Intelligence emerging as the most versatile and widely 
adopted. Efficient irrigation strategies appear to be the most common application across technologies. Digital 
solutions significantly reduce water wastage, help identify pollution hotspots, and improve overall water 
resource management. For example, remote sensing-based approaches (e.g. UAV-mounted multispectral cam-
eras) can accurately monitor soil moisture to optimise irrigation scheduling, while AI-driven models (e.g. random 
forest or neural networks) can predict groundwater recharge or forecast rainfall events. However, several barriers 
to widespread adoption are identified, including high implementation costs, lack of technical expertise, data 
management challenges, and infrastructure and connectivity constraints. The study concludes by suggesting 
priorities for future research and development, highlighting the need for integrated technological solutions, 
improved accessibility and affordability, improved efficiency and sustainability, improved water quality, 
enhanced data management capabilities, and strategies to address emerging concerns such as cybersecurity and 
the environmental impact of digital technologies themselves. This review aims to inform future research, policy 
and practice in agricultural water management and support the development of more productive, resilient and 
sustainable agricultural systems.
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1. Introduction

Water is a finite resource that plays an irreplaceable role in sus-
taining life and supporting agricultural production. Water scarcity is a 
critical challenge affecting regions around the world, particularly in arid 
and semi-arid areas, with profound implications for global food security 
and the economic and environmental sustainability of human activities. 
In fact, water scarcity affects about two-thirds of the world’s population, 
with about four billion people facing severe water shortages for at least 
one month each year, particularly in India and China, and half a billion 
people facing severe water scarcity throughout the year (Mekonnen and 
Hoekstra, 2016). This situation is exacerbated by increased demand for 
water due to climate change and population growth (Gosling and Arnell, 
2016), with the global population projected to reach nearly 10 billion by 
2050, up from 8 billion in 2022 (United Nations, 2022). It is predicted 
that more than 2 billion urban dwellers could face water scarcity by 
2050, with India facing the most severe water-scarce urban population 
growth (He et al., 2021).

Agriculture is a major consumer of freshwater, accounting for 
approximately 70 % of global freshwater withdrawals (Ridoutt et al., 
2021). Population demand for water-intensive crops continues to grow, 
increasing pressure on limited water resources (Hachimi et al., 2023; 
Sarker et al., 2019a). Water scarcity, coupled with climate change, poses 
a significant threat to food production, with increasing competition for 
water between agriculture and other sectors (Mancosu et al., 2015). 
Inefficient water use, particularly in agriculture, contributes to water 
scarcity. Significant amounts of water are lost through poor irrigation 
practices, highlighting the need for improved water management 
(Fereres and Soriano, 2007). This is a global problem that affects both 
developed and underdeveloped countries. In countries such as Pakistan, 
for example, inefficient irrigation systems exacerbate water losses, 
further threatening food security (Zhang et al., 2021). Implementing 
advanced technologies and improving water use efficiency are critical to 
mitigating water scarcity (Tzanakakis et al., 2020).

Water quality issues, such as pollution and salinity, exacerbate water 
scarcity problems. Polluted return flows from excessive water with-
drawals are degrading water quality, particularly in densely populated 
regions such as eastern China and India (van Vliet et al., 2021). In 
addition, over-extraction of groundwater for irrigation is lowering water 
tables and increasing soil salinity, reducing crop yields and affecting 
rural livelihoods (Sun et al., 2015). Addressing water quality challenges 
is critical to ensuring sustainable water supplies and maintaining 
ecosystem health (Liu et al., 2016). Sustainable water management 
strategies are needed to address these challenges and secure future food 
supplies (Kannan and Anandhi, 2020).

Agriculture 4.0, or digital agriculture, is a transformative approach 
that integrates digital technology into agricultural practices. This 
ongoing revolution in agriculture leverages Remote Sensing, the 
Internet of Things, Big Data, Artificial Intelligence and Robotics, among 
other technologies, to improve the efficiency, productivity and sus-
tainability of agriculture and agri-food businesses (Hassoun et al., 2023; 
Latino et al., 2022; Parra-López et al., 2024b). Within the Agriculture 
4.0 paradigm - characterised by data-driven, connected and automated 
processes - digital technologies have emerged as key enablers of ’smart’ 
water management. These technologies align with Agriculture 4.0 
principles through the use of real-time data flows, predictive analytics, 
and automation (Parra-López et al., 2024b; Wolfert et al., 2017). As an 
extension, the emerging concept of Agriculture 5.0 encourages the 
integration of these digital solutions with human-centred design, sus-
tainability, and advanced robotics to further optimise efficiency while 
protecting the environment (Balaska et al., 2023).

Digital technologies are playing an increasingly central role in the 
management and use of water in agriculture, which is crucial given the 
sector’s significant water consumption. The use of digital solutions fa-
cilitates more precise agricultural practices, optimising inputs and 
striking a balance between minimising environmental impacts and 

maximising agricultural output (Wolfert et al., 2017). By using real-time 
data from sensors and satellite imagery, farmers can make informed 
decisions that lead to more efficient resource use and improved crop 
management (Liakos et al., 2018). For example, Remote Sensing tech-
nologies and drones provide detailed data on crop health and water 
requirements, facilitating targeted interventions to prevent both under- 
and over-irrigation (Marques et al., 2024; Messina and Modica, 2022; 
Sishodia et al., 2020). These technological advances are making a sig-
nificant contribution to addressing the challenges of water scarcity and 
ensuring the sustainable use of water resources in agriculture.

Despite a considerable body of research on digital technologies for 
agricultural water use and management, there are notable gaps in the 
existing literature that warrant further investigation. Much of the cur-
rent research tends to focus on specific technologies such as remote 
sensing (e.g. Karthikeyan et al., 2020) or machine learning (e.g. Hagg-
erty et al., 2023), within specific local or regional contexts, limiting the 
broader applicability of the findings. Furthermore, while some review 
studies have examined a range of digital technologies, they often focus 
on specific agricultural practices, such as irrigation (Bounajra et al., 
2024), or specific challenges, such as inefficient water use and targeted 
strategies to address them (Preite et al., 2023). These limitations high-
light the need for more comprehensive, holistic and up-to-date research 
approaches that include a wide range of digital technologies and their 
recent applications in different agricultural practices. Such studies 
should address the multiple challenges related to water use and man-
agement from a global perspective, considering different strategies. 
Furthermore, it is crucial to explore both the opportunities and barriers 
to the adoption of these technologies in order to advance the discourse 
and research in this area.

In this context, the paper has four main objectives: 1) provide a 
comprehensive analysis of current key water-related challenges and 
strategies for water use and management; 2) examine recent applica-
tions of digital technologies related to agricultural water use and man-
agement in different contexts; 3) examine potential barriers and 
challenges to the widespread adoption of these technologies; 4) propose 
future research directions and actions to support the further integration 
of digital technologies in agriculture. By addressing these objectives, this 
study aims to contribute to a more nuanced and holistic understanding 
of the role of digital technologies in agricultural water use and man-
agement, thereby informing future research, policy and practice in this 
critical area. It aims to contribute to harnessing the potential of digital 
technologies to improve agricultural practices, increase water use effi-
ciency and address global challenges related to water scarcity and 
management in the context of climate change.

2. Key challenges and strategies for water use and management 
in agriculture

This section provides an overview, based on the literature, of the 
main strategies for improving water use and management in agriculture, 
focusing on their benefits and applicability to the different water-related 
challenges under consideration. A summary of the identified strategies, 
their associated techniques and practices, and their main benefits is 
presented in Table 1.

2.1. Water scarcity

Water scarcity is a major and growing concern, resulting from an 
imbalance between freshwater demand and availability in specific re-
gions and at specific times (Huang et al., 2021; Khondoker et al., 2023; 
Scanlon et al., 2023). In agriculture, this scarcity poses a critical risk to 
food security, driven by population growth and competition for water 
with non-agricultural users (Ingrao et al., 2023). Water scarcity in 
agriculture can be attributed to both physical and economic factors (He 
and Rosa, 2023): 1) Physical water scarcity: This includes a) green water 
scarcity, which occurs when there is insufficient rainfall and soil 
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Table 1 
Strategies, practices and benefits for improving water use and management in agriculture.

Key challenges Strategies Techniques and practices associated Key benefits References

Water scarcity Deficit irrigation Application of recommended and prescribed 
rates through deficit irrigation management 
strategies (e.g. soil moisture monitoring)

Reduces risk of food insecurity, 
efficient use of water

Rosa et al., (2020a); (Dingre and Gorantiwar, 
2021); Chen et al., (2023); Berríos et al., 
(2024)

Soil water retention Conservation agriculture practices such as 
no-till, cover crops, crop rotations, mulching 
and crop residue retention

Increases soil moisture, 
conserves green water

Ricciardi et al., (2020); He and Rosa, (2023); 
Hashimi et al., (2023); Berríos et al., (2024); 
Al-Shammary et al., (2024); He and Rosa, 
(2023); Rodríguez et al., (2024)

Improvement of 
infrastructure and 
water storage systems

Water harvesting, collection and storage of 
run-off using tanks, ponds and natural 
systems (e.g. managed aquifer recharge); 
water infrastructure inspections and 
improvements

Effective options for reducing 
water deficits

Rockström and Falkenmark, (2015); Jägermeyr 
et al., 2016; Ricciardi et al., (2020); Rosa et al., 
(2020a)

Sustainable water 
resources management

Using advanced techniques and technologies 
to identify potential groundwater, predict 
water levels and recharging patterns

A decision support tool to 
optimise water resources 
management

Banerjee et al., (2024); Rajasekhar et al., 
(2022); Roy et al., (2024); Shahbazi et al., 
(2024); Siddi Raju et al., (2019)

Utilisation of non- 
conventional water 
resources

Irrigation with treated wastewater and 
desalinated seawater

Addresses water scarcity and 
provides alternatives and 
renewable water sources

Garcia and Pargament, (2015); Singh, (2021); 
Ofori et al., (2021); Martínez-Alvarez et al., 
(2016); Martínez-Álvarez et al., (2023); Ben 
Abdallah et al., (2023)

 Water governance Stakeholder collaboration and participation 
in sustainable water use and management

Improves water use and 
management, reduces conflicts

Argente García et al., (2024), (2024); Cao et al., 
(2024); Nouri et al., (2023)

Water pollution 
and quality 
degradation

Monitoring and 
forecasting water 
quality

Improvement of water quality monitoring 
programmes through intelligent decision 
support systems and tools, joint monitoring 
of surface water and groundwater, use of 
better water sampling approaches for quality 
monitoring, use of advanced wireless 
technologies and smart techniques, use of 
water quality indices, etc.

Improve water quality, provide 
accurate and efficient assessment 
of water resources, prevent 
pollution

Behmel et al., (2016); Liu et al., (2021); 
Lothrop et al., (2018); Chow et al., (2020); 
Mohammed et al., (2024); Rahaman et al., 
(2024); Essamlali et al., (2024); Johnston et al., 
(2024)

Improved management 
of agricultural inputs 
(fertilisers, pesticides)

Precision management of agricultural inputs, 
reducing the use of synthetic fertilisers and 
pesticides

Reduce contaminants, improve 
soil and water health

Bongiovanni and Lowenberg-Deboer, (2004); 
Iho and Laukkanen, (2012); Ding et al., (2024); 
Luna Juncal et al., (2023); Saha et al., (2023)

Strategies to reduce 
pollutant run-off

Biogeochemical, conservation farming 
practices, vegetation of drainage ditches, 
wetlands, buffers, drip irrigation, etc.

Minimise the discharge of 
pollutants, protect water bodies

Kröger et al., (2012); Luna Juncal et al., (2023); 
Mitchell et al., (2022)

Strategies for livestock 
and manure 
management

Improved manure storage and application 
aspects (timing and techniques), sustainable 
wastewater management

Manage waste, improve water 
quality, reduce emissions and 
discharges to water

Saha et al., (2023); Silva-Gálvez et al., (2024); 
Xu et al., (2023)

Circularity Sustainable wastewater recovery and 
recycling (treatment and reuse), drainage 
water recycling, hydroponic crops, etc.

Improve nutrient recovery, 
minimise pollutant losses, reuse 
water, reduce resource depletion, 
provide supplemental irrigation

Crovella et al., (2024); Koseoglu-Imer et al., 
(2023); Silva-Gálvez et al., (2024); Magwaza 
et al., (2020); Moursi et al., (2023)

Inefficient water 
use

Efficient irrigation 
strategies

Smart irrigation, sustainable and regulated 
deficit irrigation, decision support tools, 
irrigation control and monitoring

Improve water productivity, 
reduce water wastage

Benzaouia et al., (2023); Bwambale et al., 
(2022); Nouri et al., (2023)

Land use management Choice of crops (e.g. C4 or C3 crops) and 
cropping systems (e.g. monocropping or 
double cropping) according to water 
availability, multiple use of water through 
mixed/integrated farming systems (e.g. 
mixed crops and livestock and fisheries), 
adoption of intercropping systems, etc.

Adapting to local conditions, 
improving water availability and 
productivity

Franco et al., (2018); Riaz et al., (2020); Yadav 
et al., (2024)

Soil moisture 
management

Precise management of soil moisture (i.e. 
accurate measurements through smart 
technologies), use of mulching through 
plastic or biological resources (e.g. straw or 
residues)

Controlling and optimising soil 
moisture, increasing water use 
efficiency and productivity

Mane et al., (2024); Susha Lekshmi et al., 
(2014); Yadav et al., (2024);

Field, plant and foliar 
monitoring and 
measurements

Measurements and analyses of soil, plant and 
leaves to improve input management (e.g. 
use of potassium fertiliser to increase water 
use efficiency in certain climatic and soil 
conditions), measurements of photosynthesis 
and transpiration by measuring gas exchange 
in leaves to determine and control water use 
efficiency

Improve decision making and 
water efficiency

Medrano et al., (2015); Yang et al., (2023)

Climate change Crop improvement Adoption of resilient and less water-intensive 
crops and varieties

Adapting to climate change, 
drought resilience

Turral et al., (2011); Pixley et al., (2023); 
Towolawi et al., (2024)

Water saving Irrigation scheduling and monitoring 
techniques and technologies; hydroponics; 
drip irrigation

Reduce water consumption, 
increase efficiency

Benzaouia et al., (2023); Mi et al., (2021); 
Saitta et al., (2021); Pomoni et al., (2023)

Forecasting and 
prediction

Early warning systems for droughts, extreme 
weather events and water-related diseases

Prepare for extreme events, 
timely response

Cai et al., (2024); Masupha et al., (2021); 
Girotto et al., (2024)

(continued on next page)

C. Parra-López et al.                                                                                                                                                                                                                           Agricultural Water Management 309 (2025) 109347 

3 



moisture to meet the water needs of crops (Liu et al., 2022; Rosa et al., 
2020b; Schyns et al., 2019) and is of particular concern in rainfed 
agricultural systems where crops depend solely on rainfall; and b) blue 
water scarcity, which refers to the insufficient availability of renewable 
water in surface and groundwater sources to sustainably meet irrigation 
needs (J. Liu et al., 2017; Rosa et al., 2020a; Vanham et al., 2018). 
Unsustainable irrigation practices in many regions are exacerbating blue 
water scarcity, leading to over-extraction and depletion of water re-
sources (He and Rosa, 2023; Jägermeyr et al., 2017; Rosa et al., 2018); 
and 2) Economic water scarcity: It results from economic and institu-
tional barriers that prevent the effective mobilisation of available 
renewable blue water resources for irrigation, thereby exacerbating the 
effects of green water scarcity (Ingrao et al., 2023; Rosa et al., 2020a). 
This is often due to inadequate infrastructure, underinvestment in water 
management and poor governance. According to Rosa et al. (2020a), 
76 % and 25 % of the world’s cropland faces green water scarcity (at 
least one month per year) and economic water scarcity, respectively, 
while 16 % of cropland is unsustainably irrigated.

In this context, different strategies can be adopted to address water 
scarcity in agriculture, focusing on different agricultural practices and 
components. These include estimated and recommended deficit irriga-
tion rates (Berríos et al., 2024; Chen et al., 2023; Dingre and Gorantiwar, 
2021; Rosa et al., 2020a), together with the development of appropriate 
infrastructure and storage facilities (Jagermeyr et al., 2021; Ricciardi 
et al., 2020; Rockström and Falkenmark, 2015; Rosa et al., 2020a), 
sustainable water resources management (e.g. identification of 
groundwater potential, prediction of water levels and recharge patterns) 
through advanced techniques and technologies (Banerjee et al., 2024; 
Rajasekhar et al., 2022; Roy et al., 2024; Shahbazi et al., 2024; Siddi 
Raju et al., 2019), soil water retention practices (Al-Shammary et al., 
2024; Berríos et al., 2024; Hashimi et al., 2023; He and Rosa, 2023; 
Ricciardi et al., 2020; Rodríguez et al., 2024), and water governance for 
sustainable water use and management (Argente García et al., 2024, 
2024; Cao et al., 2024; Nouri et al., 2023), can significantly reduce the 
risk of food insecurity in water-stressed agricultural regions. For rainfed 
crops that rely on rainfall (green water) and where irrigation is not 
feasible, practices that increase soil moisture and retain green water 
while minimising evaporation are particularly recommended 
(Al-Shammary et al., 2024; He and Rosa, 2023; Rodríguez et al., 2024). 
In addition, irrigation with non-conventional water resources such as 
treated wastewater (Garcia and Pargament, 2015; Ofori et al., 2021; 
Singh, 2021) and desalinated seawater (Ben Abdallah et al., 2023; 
Martínez-Álvarez et al., 2023; Martínez-Alvarez et al., 2016) can alle-
viate water scarcity in many regions, considering the need to further 
improve some environmental aspects (energy and pollution) associated 
with their production and use.

2.2. Water pollution and quality degradation

The water crisis is exacerbated by water quality degradation, to 
which poor management of agricultural drainage and wastewater is a 
major contributor in many parts of the world (Mateo-Sagasta et al., 
2018). The expansion of agricultural land, coupled with irrigation and 
the use of chemical fertilisers and pesticides, has increased crop pro-
duction globally, while transferring pollutants to water bodies 

(Mateo-Sagasta et al., 2017). Otherwise, the increasing intensification of 
the livestock sector has significant impacts on water quality due to 
manure management issues and veterinary drug residues 
(Mateo-Sagasta et al., 2017; Xu et al., 2023; Zhou et al., 2022).

Agricultural water pollution results from the discharge of various 
pollutants such as nutrients from mineral and organic fertilisers (nitro-
gen and phosphorus), animal waste, pesticides, organic matter, sedi-
ments, metals, salts and others (pathogens, residues, etc.) 
(Mateo-Sagasta et al., 2017). Agricultural water pollution poses signif-
icant risks to human health, aquatic ecosystems (e.g. eutrophication) 
and biodiversity (Chaudhary et al., 2024; Luna Juncal et al., 2023; 
Mateo-Sagasta et al., 2018). Deteriorating water quality poses a serious 
threat to agricultural productivity and long-term water and food supply, 
as evidenced by the effects of irrigation with saline or brackish water, 
among others (Mateo-Sagasta and Burke, 2010).

Various options have emerged to address agricultural water pollu-
tion and water quality degradation (Luna Juncal et al., 2023; 
Mateo-Sagasta et al., 2018). These include water quality monitoring and 
forecasting (Behmel et al., 2016; Chow et al., 2020; Essamlali et al., 
2024; Johnston et al., 2024; Liu et al., 2021; Lothrop et al., 2018; 
Mohammed et al., 2024; Rahaman et al., 2024), better management of 
agricultural inputs and components (water, soil, fertilisers and pesti-
cides) (Bongiovanni and Lowenberg-Deboer, 2004; Ding et al., 2024; Iho 
and Laukkanen, 2012; Luna Juncal et al., 2023; Saha et al., 2023; Xue 
et al., 2023; Young et al., 2022), pollutant runoff reduction strategies 
and drainage improvements (Kröger et al., 2012; Luna Juncal et al., 
2023; Mitchell et al., 2022; Wang et al., 2024; Young et al., 2022), 
livestock and manure management strategies (Saha et al., 2023; Sil-
va-Gálvez et al., 2024; Xu et al., 2023; Zhou et al., 2022) and circularity 
(Crovella et al., 2024; Koseoglu-Imer et al., 2023; Magwaza et al., 2020; 
Moursi et al., 2023; Silva-Gálvez et al., 2024), among others.

2.3. Inefficient water use

Inefficient water use contributes to the depletion of water resources 
and leads to water scarcity, as observed in many regions of the world 
(Aboelkhair et al., 2019; Jiang, 2009; Nouri et al., 2023; Yadav et al., 
2024). This inefficiency is reflected in lower water productivity when 
considering yield or agricultural output (e.g. carbon sequestered) per 
unit of water used, i.e. producing the same yield or agricultural output 
with more water (Callejas Moncaleano et al., 2021; Nouri et al., 2023; 
Yadav et al., 2024). Several authors (Kumar et al., 2023; Nouri et al., 
2023; Yadav et al., 2024) attribute low water use efficiency to the low 
adoption of efficient and sustainable water management practices and 
technologies in many parts of the world.

Improved water use efficiency can be achieved through practices 
(irrigation, fertilisation and soil management) that increase consump-
tive evapotranspiration (Nouri et al., 2023; Yadav et al., 2024), strate-
gies that increase and/or adapt to water availability (land use 
management through crop and cropping system selection, water har-
vesting, soil evaporation control) (Franco et al., 2018; Nouri et al., 2023; 
Riaz et al., 2020; van Opstal et al., 2021; Yadav et al., 2024), efficient 
irrigation strategies (deficit irrigation, precision irrigation) (Benzaouia 
et al., 2023; Bwambale et al., 2022; Nouri et al., 2023), use of soil 
moisture management techniques (accurate measurements, mulching, 

Table 1 (continued )

Key challenges Strategies Techniques and practices associated Key benefits References

Water harvesting Rooftop rainwater harvesting systems; 
micro-catchment, macro-catchment and in- 
situ water harvesting, etc.

Increasing water availability, 
supporting crops

Boers and Ben-Asher, (1982); Carpio-Vallejo 
et al., (2024); Lin et al., (2019); Nouri et al., 
(2023)

Soil conservation 
practices

Direct seeding, cover crops, crop rotation, 
mulching and crop residue retention

Improve soil health, retain water Hashimi et al., (2023); Liu et al., (2024); 
Verma et al., (2024)

Use of renewable 
energy for irrigation

Geothermal heat pumps, solar energy for 
water pumping (solar PV) and wind energy 
for desalination systems, etc.

Sustainable irrigation, reducing 
carbon footprint

Ben Abdallah et al., (2023); Khattak et al., 
(2024); Majeed et al., (2023)
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etc.) (Mane et al., 2024; Susha Lekshmi et al., 2014; Yadav et al., 2024), 
and field, plant and foliar monitoring and measurements for rational use 
of inputs and control of water use efficiency (Medrano et al., 2015; Yang 
et al., 2023).

2.4. Climate change

Addressing the above challenges in the context of climate change is 
particularly challenging, especially in regions already facing water 
scarcity (Iglesias and Garrote, 2015; Nouri et al., 2023; Rosenzweig 
et al., 2004). Changes in precipitation patterns and the occurrence of 
extreme weather events are two particularly critical variables for agri-
culture, with different profiles in different regions (Iglesias and Garrote, 
2015; Ingrao et al., 2023; WMO, 2023). For example, a decreasing trend 
in precipitation and an increase in droughts have been observed in 
climate projections for the Mediterranean (Hrour et al., 2023; Iglesias 
and Garrote, 2015), Iran (Nouri et al., 2023) and West African basins 
(Mbaye et al., 2020), while increases in precipitation, flood risk and 
runoff are projected for Korean basins (Noh et al., 2024), and general 
changes in precipitation patterns and temperature increases are ex-
pected in other regions such as Europe (Iglesias and Garrote, 2015).

The World Meteorological Organization (WMO, 2023) shows 
changing precipitation patterns, the devastating effects of extreme 
events, increased greenhouse gas (GHG) emissions and a warming 
climate in many parts of the world over the last decade (2011–2020). 
Such events threaten both the quantity and quality of water and the 
ability of ecosystems to provide sufficient water, especially for agricul-
ture (Borsato et al., 2018; Ingrao et al., 2023; Jabal et al., 2022). Agri-
culture also contributes to climate change through GHG emissions, 
mainly from animal husbandry and soil management (Kebreab et al., 
2006), deforestation and land use change (Barbier, 2004; Pendrill et al., 
2022), soil carbon losses (NATH and LAL, 2017; Willekens et al., 2014; 
Zhang et al., 2018) and energy use (Harding and Peduzzi, 2012; Woods 
et al., 2010).

Agriculture needs to adapt to and mitigate the effects of climate 
change. Accordingly, ensuring adaptation and mitigation is the aim of 
agricultural strategies to this end. These include crop improvement (use 
of resilient and less water-intensive varieties) (Pixley et al., 2023; 

Towolawi et al., 2024; Turral et al., 2011), improved water use and 
management (water-saving technologies, smart irrigation, etc.) 
(Benzaouia et al., 2023; Mi et al., 2021; Saitta et al., 2021; Sengupta 
et al., 2023; Pomoni et al., 2023), forecasting and prediction (Cai et al., 
2024; Girotto et al., 2024; Masupha et al., 2021), water harvesting 
(Boers and Ben-Asher, 1982; Carpio-Vallejo et al., 2024; Lin et al., 2019; 
Nouri et al., 2023), practices that increase water availability and soil 
moisture such as soil conservation practices (e.g. soil conservation 
practices, organic fertilisers) (Hashimi et al., 2023; Liu et al., 2024; 
Verma et al., 2024) and other strategies (e.g. non-conventional water 
resources, use of renewable energy for irrigation) (Ben Abdallah et al., 
2023; Khattak et al., 2024; Majeed et al., 2023).

3. Applications of digital technologies for water use and 
management in agriculture

This section provides an up-to-date overview of recent digital tech-
nology applications for agricultural water management, and how they 
relate to the challenges and strategies discussed above. The literature 
review was carried out to identify recent studies and advances for a wide 
range of recognised digital technologies in the agri-food sector 
(Hassoun, 2024). First, the Web of Science and Scopus databases were 
searched using targeted queries for each digital technology (Fig. 1). The 
most relevant technologies were then selected according to the number 
of references for each technology. Although Virtual/Augmented Reality 
(VR/AR) and Digital Twin technologies have potential in agriculture, 
our database search revealed a limited number of peer-reviewed studies 
specifically focused on water use or water management in agriculture. 
Therefore, although they may merit future research attention, these 
technologies are not included in this review. The references for each 
selected technology were then manually screened for relevance to the 
topic of digital technologies in agriculture for water use and manage-
ment, attempting to focus on the most recent. In a very few cases where 
the number of studies identified was limited, the search was extended to 
reputable non-academic sources (government/FAO reports, sector arti-
cles, etc.) to obtain complementary evidence.

There has been a remarkable increase in research on the selected 
digital technologies for water use and management in agriculture since 

Initial literature search & identification
• Databases: Web of Science, Scopus

• Search in: All Fields
• Query: water AND agricultur* AND TECHNOLOGY; where TECHNOLOGY = “Artificial Intelligence” ; “Big Data” ; 

“Blockchain” ; “Digital Twin*” ; “ Internet of Things” ; “Remote Sens*” ; “Robot*” ; “Smart sensor*” ; and (“Virtual 
Reality” OR “Augmented Reality” )

Selection of the most relevant digital 
technologies based on the number of 

references identified
•Remote Sensing, Artificial Intelligence, Internet of 

Things, Big Data, Robotics, Smart Sensors, Blockchain

Manual screening of references by 
digital technology for relevance and 

timeliness to water use and 
management in agriculture

Exclusion of technologies with 
insufficient relevant literature

• Virtual/Augmented Reality, Digital Twin

Extension of search by digital 
technology (if necessary) to non-

academic sources to identify 
additional relevant studies

Final selection of references by digital technology

Fig. 1. Schematic of the literature review process to identify relevant digital technologies.
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1991 (Fig. 2). The field of Remote Sensing leads with the highest number 
of publications, indicating its crucial role in resource monitoring. 
Notably, the field of Artificial Intelligence has experienced a surge in 
growth, particularly since 2019. This reflects the growing importance of 
Artificial Intelligence in decision-making processes. In addition, the 
Internet of Things and Big Data are also gaining momentum, in line with 
the trend towards data-driven agricultural practices. Although the 
number of publications on Robotics, Smart Sensors and Blockchain is 
relatively low, their consistent growth indicates their emerging role in 
agriculture.

Table 2 provides an overview of the results of the review carried out, 
indicating the digital technologies analysed, their main applications and 
contributions, and the relevant references. It also identifies for each 
application the main water-related challenges addressed and the stra-
tegies adopted to improve water use and management, which is directly 
related to the content of Section 2. These results are presented in detail 
below.

3.1. Digital technologies and their applications

3.1.1. Remote sensing
Remote Sensing (RS) in agriculture refers to the use of satellite, 

airborne or ground-based sensor technologies to collect and interpret 
data about agricultural fields without direct contact. This technology 
captures information about the surface of agricultural land, including 
soil conditions, crop health, moisture levels and others, at various 
spectral, spatial and temporal resolutions. RS data are used to effectively 
monitor and manage agricultural resources, optimise crop production 
and improve overall farm management practices (Peng et al., 2021; 
Sishodia et al., 2020; Tarate et al., 2024).

In agricultural water management, RS technology has become an 
invaluable asset, providing a variety of applications to improve water 
use efficiency, monitor crop health and optimise irrigation practices. 
These advances have led to the emergence of precision irrigation, a 
specialised approach that stems from the broader field of precision 
agriculture (Ju et al., 2022; Kumar Singh and Sobti, 2022; Kutyauripo 
et al., 2023).

One of the main applications of RS in agriculture is to optimise 
irrigation scheduling and soil moisture monitoring. RS technologies, 
such as satellite imagery and aerial drones, can provide real-time data on 
soil moisture and crop water status. By analysing this data, farmers can 
determine the optimal times to irrigate, ensuring that crops receive the 
right amount of water at the right time. This not only improves crop 
yields, but also conserves water resources by preventing over-irrigation 

and water waste (Awais et al., 2022; Massari et al., 2021; Singh et al., 
2023; Toureiro et al., 2017; Zappa et al., 2024). Available references 
show that high-resolution soil moisture maps are essential for the 
identification and monitoring of irrigated areas, providing detailed in-
formation that is crucial for improving water management practices at 
both local and regional levels. By providing accurate data on soil 
moisture conditions, these maps enable more efficient allocation of 
water resources, support the optimisation of irrigation schedules and 
help to identify areas of water stress. This leads to improved agricultural 
productivity and sustainable water use, benefiting both farmers and 
regional water management authorities (Fan et al., 2015; Peng et al., 
2021).

Different RS techniques (i.e. thermal, optical and microwave) and 
their combinations can be used to provide information on irrigation. For 
example, a study carried out in the north-east of the Iberian Peninsula in 
Spain used the DISPATCH (DISaggregation based on Physical And 
Theoretical scale CHange) method, which allows microwave data to be 
combined with optical data. The results showed that using these high- 
resolution RS data to assess soil moisture levels allows accurate esti-
mation of irrigation water requirements, improving water use efficiency 
and optimising agricultural productivity (Dari et al., 2020). Similar re-
sults were later obtained in other studies, confirming that RS can be 
beneficial in various applications such as irrigation scheduling and 
farm-scale water management (Dari et al., 2021; Zheng et al., 2021).

Unmanned Aerial Vehicles (UAVs) equipped with RS technology are 
revolutionising smart irrigation by enabling precise monitoring of soil 
moisture and crop water content. For example, UAV-based multispectral 
and thermal infrared imagery was successfully used to accurately map 
soil moisture at different depths for a kiwifruit orchard using machine 
learning (Zhu et al., 2023) and ensemble learning algorithms, a subset of 
machine learning techniques (Zhu et al., 2024).

Regarding crop water content, UAV imagery based on the visible-NIR 
spectrum was used to plan irrigation for different types of crops in all 
seasons in the Mutale River catchment in southern Africa (Mndela et al., 
2023). The study used linear regression analysis to investigate the re-
lationships between four spectral vegetation indices and crop water 
content. Significant correlation coefficient values were obtained, indi-
cating that the developed method is effective in optimising irrigation 
water use while maintaining maximum crop yield. In a similar study, the 
water status of vineyards was estimated using multispectral images 
captured by UAV platforms combined with machine learning algorithms 
to manage irrigation scheduling (Romero et al., 2018). High accuracy 
was achieved using Artificial Neural Network models developed at the 
pixel and plant level, suggesting significant potential to support 
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Fig. 2. Annual publication trends (1991-present) for selected digital technologies in agricultural water management. Source: Based on data from Web of Science.
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Table 2 
Digital technology applications and contributions to water use and management in agriculture and key challenges and strategies.

Digital 
technology

Application Main contributions References about applications 
and their contributions

Key challenges 
addressed*

Strategies implemented*

Remote 
Sensing 
(RS)

Optimisation of irrigation 
scheduling and soil moisture 
monitoring

Provides real-time data on soil 
moisture and crop water status; 
improves crop yields; conserves 
water resources; reduces water 
consumption

Awais et al., (2022); Massari 
et al., (2021); Singh et al., 
(2023); Toureiro et al., (2017); 
Zappa et al., (2024)

Inefficient water use 
/ water scarcity / 
climate change

Efficient irrigation strategies; 
soil moisture management / 
deficit irrigation / water saving

High resolution soil moisture 
maps

Enables efficient allocation of 
water resources; identifies areas 
of water stress; supports 
optimisation of irrigation 
schedules

Fan et al., (2015); Peng et al., 
(2021)

Water scarcity / 
inefficient water use 
/ climate change

Deficit irrigation; soil water 
retention / efficient irrigation 
strategies / water saving

Integration of thermal, optical 
and microwave RS techniques 
for irrigation

Accurately estimates of 
irrigation water requirements; 
improves water use efficiency; 
optimises agricultural 
productivity

Dari et al., (2021), (2020); 
Zheng et al., (2021)

Inefficient water use 
/ climate change

Efficient irrigation strategies / 
water saving

UAV-based soil moisture 
monitoring

Precise monitoring of soil 
moisture content; supports smart 
irrigation

Zhu et al., (2024), (2023). Inefficient water use 
/ water scarcity

Efficient irrigation strategies; 
soil moisture management / 
deficit irrigation

UAV-based crop water 
content monitoring

Optimises irrigation water use; 
maintains maximum crop yield

Mndela et al., (2023); Romero 
et al., (2018))

Inefficient water use Efficient irrigation strategies; 
field, plant and foliar 
monitoring and measurements

UAV-based drought 
assessment and management

Predicts drought onset, intensity 
and duration; implements 
drought mitigation strategies

Cheng et al., (2023) Climate change Forecasting and prediction

Artificial 
Intelligence 
(AI)

Identification of groundwater 
prospect zones

Enables sustainable groundwater 
management

Roy et al., (2024) Water scarcity Sustainable water resources 
management

Prediction of groundwater 
levels in aquifers

Provides data for sustainable use 
and management of 
groundwater resources

Shahbazi et al., (2024) Water scarcity Sustainable water resources 
management

Prediction of groundwater 
recharge patterns

Helps in planning and adapting 
to future water availability

Banerjee et al., (2024) Water scarcity Sustainable water resources 
management

Monitoring snow water 
equivalent using AI and RS

Assists in understanding water 
availability from snowmelt

Schilling et al., (2024) Climate change Forecasting and prediction

Rainfall prediction models 
and decision support systems

Improves irrigation management 
by anticipating significant 
rainfall; corrects systemic biases 
in climate predictions

Goel et al., (2024); Liang et al., 
(2024)

Inefficient water use 
/ climate change

Efficient irrigation strategies / 
forecasting and prediction

Optimisation of water quality 
monitoring

Ensures safe use of water in 
agriculture

Mendivil-García et al., (2023) Water pollution and 
quality degradation

Monitoring and forecasting 
water quality

Estimation of heavy metal 
content in soils

Addresses soil and water 
contamination

Taşan et al., (2024) Water pollution and 
quality degradation

Monitoring and forecasting 
water quality; improved 
management of agricultural 
inputs

Prediction of groundwater 
quality

Provides reliable data for safe 
agricultural practices

Abbas et al., (2024); Hardas and 
Tomar, (2024)

Water pollution and 
quality degradation

Monitoring and forecasting 
water quality

Real-time water quality 
information

Informs water treatment and 
crop selection for sustainability

Kapoor et al., (2024) Water pollution and 
quality degradation

Monitoring and forecasting 
water quality

Smart irrigation and 
scheduling

Reduces water use and improves 
crop yield; optimises crop yield 
and quality

Al Mashhadany et al., (2024); 
Dolaptsis et al., (2024); Durmuş 
et al, (2024); Patil et al., (2024)

Water scarcity / 
inefficient water use 
/ climate change

Deficit irrigation / efficient 
irrigation strategies / water 
saving

Anomaly detection in 
irrigation systems

Ensures reliable data for 
informed decisions

Benameur et al., (2024) Inefficient water use Efficient irrigation strategies

Evaluation of irrigation 
systems

Enhances performance and 
efficiency of irrigation practices

Dehghanisanij et al., (2024) Inefficient water use Efficient irrigation strategies

Advanced integrated systems 
combining crop forecasting, 
fertiliser recommendations 
and automated irrigation

Improves precision crop 
management; optimises water 
and nutrient use; improves crop 
yield and quality

Sharma and Kumar, 2024 Inefficient water use Field, plant and foliar 
monitoring and measurements; 
efficient irrigation strategies

Smart hydroponics Optimises nutrient solution, 
water and light delivery for 
climate resilience

Rajendran et al., (2024) Inefficient water use 
/ climate change / 
water pollution and 
quality degradation

Efficient irrigation strategies / 
water saving / circularity

Classification of crop response 
to drought using image 
analysis

Improves irrigation planning 
under drought conditions

Munaganuri and Rao, (2024)) Climate change Forecasting and prediction

Proximal hyperspectral 
imaging for plant water 
dynamics

Improves precision in crop water 
management

Malounas et al., (2024) Inefficient water use Field, plant and foliar 
monitoring and measurements; 
efficient irrigation strategies

Overcoming the discontinuity 
in optical satellite imagery

Enables real-time planning of 
agronomic activities

Farbo et al., (2024) Climate change / 
inefficient water use

Forecasting and prediction / 
efficient irrigation strategies; 
field, plant and foliar 
monitoring and measurements

(continued on next page)
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Table 2 (continued )

Digital 
technology 

Application Main contributions References about applications 
and their contributions 

Key challenges 
addressed*

Strategies implemented*

Estimation of evaporation Useful for irrigation planning 
and water resource 
management; alternative to 
traditional estimation methods 
for irrigation planning

Karahan et al., (2024); Sarıgöl 
and Katipoğlu, (2024)

Climate change / 
inefficient water use

Forecasting and prediction / 
efficient irrigation strategies

Tiny machine learning for 
UAV-based smart farming

Guides optimal crop water use Hayajneh et al., (2024) Inefficient water use Efficient irrigation strategies

Identification of sustainable 
livestock with low water 
footprint

Reduces water use and pollution 
in livestock production

Silveira et al., (2023) Water pollution and 
quality degradation

Strategies for livestock and 
manure management

Groundwater quality around 
livestock burial sites

Monitors and ensures safe 
groundwater use in agriculture

Oh et al., (2023) Water pollution and 
quality degradation

Monitoring and forecasting 
water quality

Internet of 
Things 
(IoT)

Real-time water quality 
monitoring

Enables continuous monitoring 
and timely detection of 
pollution; ensures water safety

Bhardwaj et al., (2022); Jan 
et al., (2021); Mezni et al., 
(2022)

Water pollution and 
quality degradation

Monitoring and forecasting 
water quality

IoT-based water reuse 
framework

Facilitates water reuse within 
greenhouses; reduces pollution 
risks; optimises resource use

O’Grady et al., (2019); Zia, 
(2022)

Water scarcity / 
water pollution and 
quality degradation

Utilisation of non-conventional 
water resources / circularity; 
strategies to reduce pollutant 
run-off

Water pipeline monitoring for 
early leak detection

Prevents water waste and 
infrastructure damage; ensures 
pipeline integrity

Mohd Yussof and Ho, (2022)) Water scarcity Improvement of infrastructure 
and water storage systems

IoT-based precision irrigation 
systems

Optimises water use; automates 
irrigation processes; maximises 
crop yields; improves 
accessibility and usability of 
irrigation systems

Monteleone et al., (2020) Inefficient water use Efficient irrigation strategies

Smart livestock water 
monitoring systems

Provides insight into animal 
health and drinking water 
quality; enables proactive 
intervention

Schillings et al., (2021) Water pollution and 
quality degradation

Strategies for livestock and 
manure management

Big Data (BD) Gathering data from sensors, 
agricultural machinery, 
drones and satellites

Provides comprehensive insight 
into crop water dynamics and 
irrigation practices

Kamble et al., (2020); Kamyab 
et al., (2023); Sarker et al., 
(2019b)

Inefficient water use Efficient irrigation strategies; 
soil moisture management; 
field, plant and foliar 
monitoring and measurements

Big Data Analytics (BDA) to 
transform raw data into 
actionable information

Optimises water use; enables 
precise irrigation strategies; 
reduces water waste

Giray and Catal, (2021); 
Kamilaris et al., (2017); Rejeb 
et al., (2021)

Inefficient water use Efficient irrigation strategies

Precision irrigation using BD 
and BDA

Delivers the right amount of 
water at the right time and place; 
minimises water run-off; reduces 
environmental impact

Jaber et al., (2022); Rabhi et al., 
(2021)

Inefficient water use 
/ water pollution 
and quality 
degradation

Efficient irrigation strategies / 
strategies to reduce pollutant 
run-off

Predicting water availability 
and demand patterns

Improves accuracy of water 
demand forecasting; supports 
sustainable water management

Mekruksavanich and 
Cheosuwan, (2018)

Climate change Forecasting and prediction

Robotics Crop and soil monitoring and 
automated irrigation using 
weather forecasts

Monitors soil temperature and 
humidity; automates irrigation 
decisions; incorporates 
additional parameters such as 
stem water potential and leaf 
density

Baltazar et al., (2021); Dechemi 
et al., (2023); Wu et al., (2020)

Inefficient water use 
/ climate change

Field, plant and foliar 
monitoring and measurements; 
efficient irrigation strategies; 
soil moisture management / 
forecasting and prediction

Robotic irrigation systems 
with moving bridge 
manipulator and sensor-based 
platform

Monitors soil water content and 
automates irrigation processes

Gravalos et al., (2019) Inefficient water use Field, plant and foliar 
monitoring and measurements; 
efficient irrigation strategies

Ground robots with thermal 
infrared radiometry

Assesses water status in crops 
such as vineyards

Fernández-Novales et al., (2021) Inefficient water use Field, plant and foliar 
monitoring and measurements; 
efficient irrigation strategies

Water quality monitoring 
robots

Monitors water quality 
parameters (pH, turbidity, 
temperature) to determine 
suitability for irrigation

Gupta et al., (2021) Water pollution and 
quality degradation

Monitoring and forecasting 
water quality

Robots with visible light and 
thermal camera for leak 
detection

Detects water leaks in drip 
irrigation systems, preventing 
water waste

Türkler et al., (2023) Inefficient water use 
/ water scarcity

Efficient irrigation strategies; 
improvement of infrastructure 
and water storage systems

Drones with visible light and 
thermal cameras for leak 
detection

Covers larger areas quickly to 
detect water leaks

Chen et al., (2024) Inefficient water use 
/ water scarcity

Efficient irrigation strategies / 
improvement of infrastructure 
and water storage systems

Accelerometers for water leak 
detection

Identifies critical points in 
irrigation systems that are prone 
to leaks

Moni et al., (2019)) Inefficient water use 
/ water scarcity

Efficient irrigation strategies / 
improvement of infrastructure 
and water storage systems

Integration of pesticide, 
fertiliser sprayers and seed 
planters into multi-purpose 
robots

Extends the multi-functional 
capabilities of agricultural 
robots for efficient farm 
management

Abhiram and Megalingam, 
(2022); Chand et al., (2021); 
Fadhaeel et al., (2022); Munnaf 

Inefficient water use 
/ water pollution 
and quality 
degradation

Field, plant and foliar 
monitoring and measurements 
/ improved management of 
agricultural inputs

(continued on next page)
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irrigation and vineyard management.
Another application of RS is drought assessment and management. 

Drought is a major challenge for agriculture, affecting crop yields and 
water availability. By monitoring vegetation health, soil moisture and 
meteorological data, RS can help predict the onset, intensity and dura-
tion of drought. This information is critical for implementing drought 
mitigation strategies and ensuring sustainable use of water resources. 
For example, UAV-mounted multispectral and thermal sensors were 
used in combination with air temperature to provide three UAV-based 
drought indices, namely normalised relative canopy temperature 
(NRCT), temperature vegetation drought index (TVDI) and three- 
dimensional drought index (TDDI), to monitor crop water status in a 
maize field in Xinxiang, China (Cheng et al., 2023). Overall, UAV-based 
observations, especially with the TDDI, offered a promising approach to 
accurately monitor crop water status and improve remotely sensed 
drought indices.

An important thermal-based approach is the Crop Water Stress Index 
(CWSI), which uses canopy temperature relative to air temperature to 
provide real-time estimates of plant water stress (Jones et al., 2002). 
Advances in technology have enabled drone-mounted thermal imaging 
systems to refine CWSI calculations by integrating high-resolution 
spatial data with machine learning-based calibrations, improving 
real-time monitoring of crop water stress (Zia et al., 2013). 

Incorporating CWSI into thermal imaging workflows allows for more 
precise irrigation scheduling by identifying specific areas of water 
deficit within a field, thereby optimising water use efficiency and pro-
moting sustainable agricultural practices.

3.1.2. Artificial Intelligence
Artificial Intelligence (AI) is being used to address threats to water 

resources. Groundwater is one of the most reliable sources of freshwater 
for agricultural use. Machine learning has been used to identify 
groundwater prospect zones to enable sustainable groundwater man-
agement (Roy et al., 2024), and groundwater levels in aquifers 
(Shahbazi et al., 2024). Various AI models have also been used to predict 
groundwater recharge patterns under different climate change scenarios 
(Banerjee et al., 2024).

Rain and snow are critical to global water cycles, and changes to the 
usual patterns have potentially serious implications for agriculture. AI, 
particularly random forest and neural network approaches, combined 
with RS is increasingly being used to monitor snow water equivalent 
(Schilling et al., 2024). Predictive machine learning models used in 
advance of a significant rainfall event can provide information for 
improved irrigation management (Goel et al., 2024). An integrated 
predictive decision support system is testing machine learning to correct 
systemic biases due to inevitably incomplete representations of climate 

Table 2 (continued )

Digital 
technology 

Application Main contributions References about applications 
and their contributions 

Key challenges 
addressed*

Strategies implemented*

et al., (2024); Prajith et al., 
(2020)

Smart Sensors 
(SS)

Smart irrigation monitoring 
and control for improved 
water use efficiency in 
precision agriculture

Improves water use efficiency; 
provides real-time data for 
precise irrigation; reduces water 
waste

Bwambale et al., (2022) Inefficient water use Efficient irrigation strategies

Multi-sensor water 
management

Predicts irrigation needs and 
recommends schedules

Khoa et al., (2019) Inefficient water use 
/ water scarcity

Efficient irrigation strategies; 
soil moisture management; 
field, plant and foliar 
monitoring and measurements 
/ deficit irrigation

Open source platform for 
agricultural water 
management

Integrates SSs for soil and 
atmospheric monitoring; alerts 
farmers of critical thresholds of 
soil moisture or pest risk

Tzerakis et al., (2023) Inefficient water use 
/ water scarcity

Efficient irrigation strategies; 
soil moisture management / 
deficit irrigation

Integration with embedded 
devices and cloud computing 
for efficient and safe water 
management

Monitors water levels and 
responds to weather conditions; 
compares sensor data 
transmission between networks

(Bhardwaj et al., 2022) Inefficient water use 
/ water scarcity

Efficient irrigation strategies / 
improvement of infrastructure 
and water storage systems

Smart irrigation framework 
using DT and IoT-based SSs

Collects and analyses data to 
predict soil moisture levels; 
optimises irrigation practices

Manocha et al., (2024) Inefficient water use Efficient irrigation strategies; 
soil moisture management

Blockchain Improving water governance, 
water infrastructure and 
water management efficiency

Improves data security and 
stakeholder confidence; 
improves water governance and 
infrastructure

Satilmisoglu et al., (2024) Water scarcity Water governance / 
improvement of infrastructure 
and water storage systems

Agricultural water rights 
trading

Reduces transaction 
confirmation time; minimises 
transaction costs; improves 
system efficiency

Liu and Shang, (2022) Water scarcity / 
inefficient water use

Water governance / efficient 
irrigation strategies

Automated community 
irrigation management

Increases trust among 
community members; facilitates 
resource sharing

Bordel et al., (2019) Water scarcity / 
inefficient water use

Water governance / efficient 
irrigation strategies

Facilitating collaboration 
between government, service 
providers and farmers

Improves collaboration to save 
water; builds trust between 
stakeholders

Cao et al., (2024) Water scarcity Water governance

Integration with IoT for water 
metering and smart contracts

Measures water consumption; 
securely stores and shares data; 
distributes incentives among 
farmers

Pincheira et al., (2021) Inefficient water use 
/ water scarcity

Efficient irrigation strategies / 
water governance

Smart water management 
system integrating IoT and 
blockchain

Coordinates use of water 
resources among communities; 
improves trust and security of 
data storage

Zeng et al. (2023) Water scarcity / 
inefficient water use

Water governance / efficient 
irrigation strategies

* The ‘Key challenges addressed’ and ‘Strategies implemented’ in this Table correspond to the ‘Key challenges’ and ‘Strategies’ in Table 1.
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physics (Liang et al., 2024).
Otherwise, the ability to predict water quality is critical for safe use. 

AI has been used to optimise water quality monitoring in an intensive 
agricultural basin (Mendivil-García et al., 2023). Contamination of 
agricultural soils with trace metals is a threat to water resources. AI 
models were found to be reliable and successful in estimating the heavy 
metal content of soils under intensive rice cultivation (Taşan et al., 
2024). Groundwater quality prediction based on AI has been used to 
address the shortcomings of traditional approaches (Abbas et al., 2024; 
Hardas and Tomar, 2024). Real-time water quality information sup-
ported by AI can inform water treatment and suggest suitable crops for 
more sustainable agriculture (Kapoor et al., 2024).

In addition, smart irrigation is being implemented to reduce water 
use for crops (Durmuş et al, 2024), especially in areas of water scarcity. 
AI combined with the IoT can improve irrigation by monitoring crop and 
field characteristics (Al Mashhadany et al., 2024), in addition to con-
trolling devices such as water pumps (Al Mashhadany et al., 2024) and 
spraying systems (Patil et al., 2024). AI-based irrigation scheduling can 
optimise crop yield and quality (Dolaptsis et al., 2024). AI can be used to 
analyse anomalies and problems in irrigation systems to ensure reliable 
and high-quality data for informed decisions (Benameur et al., 2024). AI 
has also been used to evaluate the performance of different irrigation 
systems (Dehghanisanij et al., 2024). Advanced integrated systems 
combine crop forecasts, fertiliser recommendations and automatic irri-
gation (Sharma and Kumar, 2024). Indeed, irrigation of crops can be a 
very inefficient use of water resources. Hydroponics is an alternative 
climate-resilient system for agricultural production. Smart hydroponics, 
based on AI, can inform the delivery of nutrient solution, water and light 
(Rajendran et al., 2024).

Otherwise, estimating crop water requirements using traditional 
methods is imprecise and limited in its adaptability to diverse crops and 
dynamic environmental conditions. AI is being used in conjunction with 
image analysis to classify the response of horticultural crops to condi-
tions such as drought (Munaganuri and Rao, 2024). In particular, 
proximal hyperspectral imaging and automated machine learning have 
shown significant potential in tasks related to the classification of plant 
water dynamics (Malounas et al., 2024). AI incorporating normalised 
difference vegetation index and other variables has been used to address 
the discontinuity of optical satellite imagery due to cloud cover and the 
associated processing time for real-time applications to enable planning 
of agronomic activities such as irrigation (Farbo et al., 2024). To esti-
mate monthly evaporation in the Southeast Anatolia project area, hybrid 
machine learning models were used to determine their accuracy, which 
would be useful for irrigation planning, water resource management and 
hydrological modelling studies in the region (Sarıgöl and Katipoğlu, 
2024). Similarly, AI-based estimation of actual daily evapotranspiration 
is a promising alternative to direct estimation techniques and indirect 
methods that rely on RS (Karahan et al., 2024). For UAV-based smart 
farming applications, a tiny machine learning-based framework has 
been proposed to guide optimal crop water use (Hayajneh et al., 2024).

Although crop management is the main focus of AI applications, 
studies on livestock, particularly cattle and sheep, are common (Thakur 
et al., 2024). Machine learning approaches have been used to identify 
sustainable animals, including those with a low water footprint, using 
phenotypic biomarkers (Silveira et al., 2023). A supervised machine 
learning model was applied to groundwater quality around on-farm 
livestock burial sites (Oh et al., 2023).

To summarise the AI algorithms used in this area, in addition to the 
random forest and neural network methods described above, ensemble 
learning, such as Gradient Boosting and XGBoost, and hybrid models are 
increasingly being used to improve the accuracy of groundwater 
recharge and evapotranspiration estimates (Banerjee et al., 2024; Kar-
ahan et al., 2024). Automated Machine Learning (AutoML) frameworks, 
such as PyCaret, help to optimise hyperparameters and modelling 
pipelines with minimal human intervention, especially in tasks such as 
hyperspectral-based drought detection (Malounas et al., 2024). Tiny 

Machine Learning (TinyML) enables on-device AI for real-time water 
management in resource-limited environments (Hayajneh et al., 2024). 
Meanwhile, Convolutional Neural Networks (CNNs) and Support Vector 
Machines (SVMs) show promise for classifying irrigation anomalies, 
water stress levels, and groundwater prospect zones (Munaganuri and 
Rao, 2024; Roy et al., 2024).

3.1.3. Internet of things
The Internet of Things (IoT) is emerging as the ideal solution for 

implementing smart water management applications and precision 
agriculture to avoid under- and over-irrigation. However, the seamless 
integration of the different technologies required for its practical use is 
still a work in progress (Jagtap et al., 2021). The rise of the IoT is 
attributed to several converging factors, including affordable devices, 
low-power wireless technologies, the presence of cloud data centres for 
storage and processing, management frameworks for handling un-
structured data from social networks, high-performance computing re-
sources on standard platforms, and computational intelligence 
algorithms tailored to process vast amounts of data (Ahmed et al., 2023). 
In recent years, the application of IoT technologies has emerged as a 
transformative force in agriculture, providing innovative solutions to 
improve efficiency, sustainability and productivity in various aspects of 
agriculture, with a focus on irrigation, water reuse, water pollution 
monitoring and livestock management.

One of the key challenges in agriculture is efficient water manage-
ment and water quality monitoring. IoT technologies have revolu-
tionised this aspect by enabling real-time monitoring and decision 
making (Jagtap et al., 2022). For example, studies such as Mezni et al. 
(2022) and Bhardwaj et al., (2022) present IoT-based frameworks that 
integrate water quality sensors with cloud platforms for continuous 
monitoring of water bodies such as rivers or irrigation reservoirs. These 
systems use sensor nodes such as Waspmote and Raspberry Pi, coupled 
with cloud computing, to analyse water parameters and detect pollution 
events in a timely manner (Jan et al., 2021). The use of wireless sensor 
networks (WSNs) and cloud-based analytics enables timely intervention, 
ensuring water safety and minimising pollution risks. In addition, the 
integration of IoT in water reuse provides a sustainable approach to 
agriculture (Zia, 2022). By leveraging edge computing and cloud plat-
forms such as FIWARE, IoT systems facilitate the recirculation of water 
within greenhouses, reducing pollution risks and optimising resource 
use (O’Grady et al., 2019). This smart approach not only saves water, 
but also increases crop yields through precise irrigation control based on 
real-time data analysis.

Otherwise, IoT-enabled water pipeline monitoring focuses on early 
leak detection and pipeline integrity (Mohd Yussof and Ho, 2022). 
Innovative sensor technologies, such as force sensitive resistors and flow 
meters integrated with Arduino or Raspberry Pi boards, enable real-time 
data collection and transmission to central servers. The use of predictive 
analytics and machine learning algorithms helps identify anomalies, 
preventing potential water waste and infrastructure damage.

IoT-based irrigation systems also represent a paradigm shift towards 
precision agriculture (Monteleone et al., 2020). These systems use WSNs 
and cloud platforms to optimise water use based on real-time environ-
mental data such as soil moisture, temperature and humidity. By auto-
mating irrigation processes and integrating actuators controlled by 
microcontrollers, farmers can achieve significant water savings while 
maximising crop yields. The development of mobile applications for 
remote monitoring and control further enhances the accessibility and 
usability of these systems.

In the livestock sector, IoT plays a key role in ensuring animal health 
and well-being (Schillings et al., 2021). Smart livestock water moni-
toring systems, equipped with wearables and contamination sensors, 
provide farmers with critical insights into animal health and drinking 
water quality. Real-time data analysis enables proactive interventions to 
address potential problems in a timely manner, safeguarding animal 
health and optimising production outcomes.
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3.1.4. Big data
Among digital technologies, Big Data (BD) and its analytics offer new 

opportunities for water use and management (Delgado et al., 2019). BD 
refers to the huge amount of structured and unstructured data generated 
from different resources such as sensors, agricultural machinery, drones 
and satellites used for agriculture (Sarker et al., 2019b). In the case of 
the agricultural sector, BD includes the information related to weather 
patterns, crop health, soil moisture levels and data related to irrigation 
practices (Kamyab et al., 2023). By using this data, stakeholders as well 
as farmers can gain valuable insights into crop water dynamics and 
make informed decisions related to the agriculture sector (Kamble et al., 
2020). Big Data Analytics (BDA) plays an important role in transforming 
raw data into actionable information for agricultural water management 
(Giray and Catal, 2021). The use of advanced analytical techniques, such 
as machine learning, predictive modelling and spatial analysis, helps to 
provide unprecedented opportunities to optimise water use (Kamilaris 
et al., 2017). By using historical data and real-time information, farmers 
can implement precise irrigation strategies, reducing water waste and 
increasing crop yields (Rejeb et al., 2021).

Another aspect is precision irrigation, which represents a new shift in 
water management enabled by BD and BDA. This approach involves 
delivering the right amount of water to crops at the right time and place 
based on precise data insights (Jaber et al., 2022). By integrating sen-
sors, weather forecasts and water requirements for specific crops, 
stakeholders and farmers can optimise irrigation schedules and mini-
mise water run-off. This also helps to reduce environmental impacts 
(Rabhi et al., 2021). In addition, BDA can help stakeholders predict 
water availability and demand patterns with greater accuracy. 
Furthermore, BD and BDA promote sustainable agricultural practices 
that prioritise resource efficiency and environmental stewardship 
(Mekruksavanich and Cheosuwan, 2018).

3.1.5. Robotics
Robots can be used in agriculture to save a lot of human labour by 

performing repetitive physical tasks. Although people have traditionally 
used agricultural machinery to work faster and with less physical effort 
(for example, tractors, harvesters, planters and sprayers), these ma-
chines have relied on human manoeuvring. The main advantage of using 
robots on farms is that they can monitor and decide what tasks need to 
be carried out and then carry them out.

In particular, the main applications of robotics for water manage-
ment in agriculture are in the areas of crop and soil monitoring, and 
watering/irrigation. An example of these two applications is the work of 
Wu et al., (2020), who developed a robot that can monitor soil tem-
perature and humidity and automatically water crops when needed. 
Their system also used weather forecasts through Long Short-Term 
Memory, a type of artificial neural network architecture, to make 
more accurate irrigation decisions. Other parameters are also useful in 
deciding when to water crops and can be incorporated into robotic 
irrigation systems, such as stem water potential (Dechemi et al., 2023) 
and leaf density (Baltazar et al., 2021).

There are a number of other robotic systems that support water use 
and management in agriculture. For example, Gravalos et al. (2019)
developed a robotic irrigation system consisting of a moving bridge 
manipulator and a sensor-based platform to monitor soil water content. 
Fernández-Novales et al. (2021) used a ground robot equipped with 
thermal infrared radiometry to assess water status in vineyards. Robots 
can also be used to monitor water quality parameters such as pH, 
turbidity and temperature, and to determine whether a water source 
should be used for a particular soil (Gupta et al., 2021).

A particularly interesting application of robots in agricultural water 
management is the detection of water leaks. Türkler et al. (2023) inte-
grated visible light and thermal camera sensors into a robot, enabling 
the system to detect water leaks in drip irrigation systems. Chen et al. 
(2024) used similar cameras but integrated them into drones to cover 
larger areas more quickly. Moni et al. (2019) used accelerometers to 

detect water leaks in crop irrigation systems. These accelerometers 
could be placed at critical points in the irrigation system that the robots 
had previously identified.

In addition, pesticide sprayers can be integrated into irrigation ro-
bots to allow simultaneous application of water and pesticides (Chand 
et al., 2021). There is also potential to integrate fertiliser sprayers 
(Abhiram and Megalingam, 2022; Munnaf et al., 2024) and seed 
planters (Fadhaeel et al., 2022; Prajith et al., 2020) into a multi-purpose 
robot.

3.1.6. Smart Sensors
A Smart Sensor (SS) is a device that can measure physical conditions 

or other environmental stimuli, convert those measurements into 
readable signals, and output the data for further analysis and decision 
making. In agricultural water management, SSs promote water use ef-
ficiency and enable precision irrigation. These advanced sensors provide 
up-to-date information on key environmental parameters such as soil 
moisture, temperature, humidity and rainfall. They provide real-time 
data for informed irrigation scheduling and water application de-
cisions. While IoT typically encompasses large networks of sensors and 
actuators, we explicitly highlight SSs as a separate technology in this 
review to emphasise that they can function as standalone solutions with 
embedded processing capabilities. However, these smart sensors are 
often integrated into broader IoT architectures to enable data sharing 
and remote control.

Over the years, many researchers have focused on the application of 
SSs for agricultural water management (Bwambale et al., 2022; Kumar 
Kasera et al., 2024). Khoa et al. (2019) used IoT multisensors for water 
management. The system design includes three main components: sen-
sors for data collection, a Long Range Radio Third-generation Tech-
nology transmission module for IoT connectivity over large areas, and a 
single-chip microprocessor for data processing. The system uses 
real-time data from sensors installed in farm tunnels and other locations 
to predict watering needs and recommend watering schedules. How-
ever, it relies on specific applications, such as Blynk, and has challenges 
with reliability and internet connectivity. To address this, an alternative 
solution is to develop a SS combined with other advanced open source 
technologies such as cloud computing, machine learning and data ana-
lytics tools. In this context, Tzerakis et al. (2023) developed an open 
source IoT platform for water management in agriculture, focusing 
mainly on optimal irrigation and pest control in olive orchards. The 
experiment involved the integration of soil and atmospheric monitoring 
SSs with microcontrollers. These sensors transmit data to a cloud-based 
IoT platform using the Message Queuing Telemetry Transport protocol. 
The system immediately alerts farmers when soil moisture falls below 
critical thresholds or pest risks increase. The platform also calculates the 
amount of water required for irrigation based on crop needs, helping 
farmers use water efficiently.

Otherwise, Bhardwaj et al., (2022) conducted a study to develop a SS 
to improve efficient and safe water management. The system combined 
SSs with cutting-edge technologies such as embedded devices and cloud 
computing. The study showed how well the system performed in 
comparing sensor data transmission between networks, monitoring 
water levels and responding to weather conditions and rainfall. This 
demonstrates the importance of integrating SSs with automated control 
systems for sustainable water management in agriculture. Furthermore, 
Manocha et al. (2024) implemented a smart irrigation framework using 
digital twins and IoT-based SSs to collect essential data on soil moisture, 
temperature and humidity in agricultural fields, which were analysed 
using machine learning. The results showed that the system could 
accurately predict soil moisture levels for the coming days, leading to 
optimised irrigation practices and improved crop growth.

3.1.7. Blockchain
Blockchain is a technology that allows a database to be securely 

shared with all members of a network, providing them with up-to-date 
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information and recording transactions in a distributed ledger 
(McKinsey and Company, 2024). Therefore, the main benefit of using 
blockchain is the ability to share data more securely and efficiently. In 
the agricultural sector, blockchain can support better water use and 
management. Satilmisoglu et al. (2024) reviewed applications of 
blockchain for water management and found promising opportunities to 
enhance water governance by improving data security and building 
stakeholder trust. However, they also found that many of these oppor-
tunities have yet to be realised and that large-scale implementation of 
this technology is still to come.

Successful examples of the use of blockchain in water management 
include its use for agricultural water rights. Blockchain can be integrated 

into a trading platform to reduce transaction confirmation time, mini-
mise the cost of water rights transactions, and improve the efficiency of 
the system (Liu and Shang, 2022). In a similar example, Bordel et al. 
(2019) used a blockchain network to automatically manage water irri-
gation in communities that compete for the use of this water. The system 
increases the trust of community members in each other and in the 
system, making it easier to share this resource. This has also been 
demonstrated by other authors, such as Cao et al. (2024), who used 
blockchain to facilitate collaboration between the government, water 
conservation service providers and farmers, with the ultimate goal of 
saving water in agriculture.

The benefits of blockchain technology are maximised when 

Fig. 3. Relationships between digital technologies, water-related challenges and management strategies in agriculture.
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combined with other digital technologies. For example, IoT can be used 
to collect and share data on different operations and parameters, while 
blockchain stores this data and shares it securely with other partners. In 
this sense, Pincheira et al. (2021) developed a system architecture with 
IoT devices to measure water consumption, a public blockchain infra-
structure, and smart contracts that take into account the interests of 
different water management stakeholders and include a scheme to 
distribute incentives among farmers. In addition, Zeng et al. (2023) in-
tegrated IoT and blockchain into a smart water management system that 
enables the coordination of water resource use among communities. In 
both cases, the combined use of IoT and blockchain improves the trust 
and security of data storage and sharing, which in turn facilitates the use 
of water in agricultural processes by different farmers and maximises the 
efficiency of water use.

3.2. Digital technologies across challenges and strategies

Building on the previous findings on the application of digital tech-
nologies for water use and management in agriculture (summarised in 
Table 2), the main patterns of digital technology use across different 
challenges and strategies were identified and summarised in Fig. 3 and 
discussed below.

Digital technologies collectively address all four of the major water- 
related challenges identified: water scarcity, water pollution and quality 
degradation, inefficient water use, and climate change. This compre-
hensive coverage highlights the potential of digital technologies to 
provide holistic solutions to complex agricultural water management 
problems. In addition, most digital technologies contribute to multiple 
strategies for improving water use and management, highlighting their 
versatility in agricultural applications. Indeed, this is consistent with the 
findings of Liakos et al. (2018), who highlight that digital technologies 
can effectively address various challenges in agricultural water man-
agement, including water scarcity and inefficient use.

In terms of technologies, RS and AI are emerging as the most versatile 
and widely used digital technologies, contributing significantly to 
jointly addressing the major challenges related to water use and man-
agement in agriculture: water scarcity, water pollution and quality 
degradation, inefficient water use, and climate change. These technol-
ogies show significant adaptability to different agricultural strategies. 
This observation is supported by Sishodia et al. (2020), who highlight 
the important role of these technologies in addressing major challenges 
in water use and management.

IoT also shows broad integration, particularly in addressing the 
challenge of water pollution and quality degradation. Robotics and BD, 
while used across multiple strategies, are less frequently used compared 
to RS, AI and IoT. In addition, Blockchain technology appears to be the 
least integrated, focusing primarily on the challenge of water scarcity. 
These patterns suggest potential areas for expanded application of these 
lesser-used technologies in agricultural water use and management.

In terms of strategies, efficient irrigation emerges as the most widely 
adopted strategy across all digital technologies, highlighting its critical 
role in addressing water management challenges. Soil moisture man-
agement and field, plant and foliar monitoring and measurement are 
also widely adopted strategies, particularly using RS, BD, Robotics and 
SS technologies. On the other hand, water governance strategies are the 
least common and are uniquely addressed by Blockchain technology, 
indicating a potential area for growth and further integration with other 
digital technologies. In addition, most strategies related to climate 
change are not addressed by digital technologies.

These findings illustrate the complex and interconnected nature of 
digital technologies in addressing agricultural water challenges, which 
are also interrelated. It highlights the need for an integrated approach 
that leverages the strengths of different technologies to implement a 
wide range of strategies to address different water challenges in agri-
culture. This comprehensive view supports the development of more 
resilient, efficient and sustainable agricultural water management 

systems, capable of meeting current challenges and adapting to future 
needs.

4. Future outlook

4.1. Barriers and challenges to implementation

Despite the significant potential of digital technologies in agricul-
tural water use and management, several barriers prevent their wide-
spread adoption and implementation. For example, RS data, especially 
satellite or drone imagery, can be expensive to acquire and process, and 
its effective use requires technical expertise that may not be widely 
available. Integrating RS data with other sources of agricultural infor-
mation and analysing large volumes of data also requires advanced data 
analytics and modelling techniques. Furthermore, the temporal and 
spatial resolution of RS data, as well as infrastructure and connectivity 
issues, can limit its effectiveness, especially in rural and developing 
areas. Indeed, the high spatial and temporal resolution required for 
precision agriculture applications often exceeds the capabilities of 
traditional satellite-based remote sensing (Khanal et al., 2020; Segarra 
et al., 2020; Sishodia et al., 2020).

For AI, common challenges include the need for large datasets for 
training, potential biases in algorithms, and the complexity of inte-
grating AI into existing agricultural systems (Ayoub Shaikh et al., 2022). 
Predictive analysis using AI faces challenges in data acquisition and 
processing, accuracy of predictions, and understanding the complexity 
of agricultural ecosystems (Ashraf and Akanbi, 2023; Fu et al., 2021). In 
hydroponic applications, as sensor technology develops, the volume of 
data poses a challenge to AI (Rajendran et al., 2024). This requires so-
lutions based on dimensionality reduction (Trollman, 2024). Similarly, 
models based on the evapotranspiration coefficient are not global in 
nature (Bounajra et al., 2024). Therefore, the best input parameters and 
the best AI model to use need to be developed for each region.

AI is expected to drive the revitalisation of agriculture through the 
retrofitting, installation and integration of automated devices and in-
struments (Mana et al., 2024). However, there will be associated costs, 
both in terms of technology and skilled labour, which may hinder 
widespread adoption. These challenges are exacerbated in regions such 
as sub-Saharan Africa, where limited infrastructure, access to technol-
ogy and technical expertise are significant barriers (Wanyama et al., 
2024). Keeping humans in the loop, as highlighted by Industry 5.0, can 
be a challenge in this context (Conde et al., 2024). Although low-cost 
systems have been proposed, smallholder farmers are particularly 
reluctant to adopt technological solutions due to their inherent 
complexity and the potential for sensors or other components to mal-
function, leading to inappropriate decisions (Benameur et al., 2024).

With regard to IoT technology, there are several challenges and is-
sues that need to be addressed. In terms of privacy and security con-
cerns, as IoT becomes more integrated into our daily lives, ensuring 
privacy and security throughout the data lifecycle - from generation to 
transmission and analysis - is paramount. Sending data over the internet 
exposes it to potential unauthorised access and cyber threats. Common 
IoT security risks include data hacking, remote hijacking and Distributed 
Denial of Service (DDoS) attacks (Salim et al., 2020). In terms of inter-
operability, IoT systems often involve the convergence of different 
technologies, including sensor devices, wireless communication pro-
tocols, virtualisation, cloud and edge computing, embedded systems and 
IoT-specific hardware design. Achieving seamless interoperability be-
tween these components is a major challenge (Ali et al., 2022). Other-
wise, while IoT has immense potential to advance the political, social 
and economic landscape of developing countries, realising this potential 
requires addressing unique development challenges. Factors such as 
infrastructure limitations, skills gaps, regulatory frameworks and 
resource constraints must be carefully navigated to fully leverage IoT for 
economic growth (Damilola Oluwaseun Ogundipe, 2024).

Otherwise, while BD and BDA offer new opportunities for water use 
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and management in agriculture, there are also several challenges that 
need to be addressed (Dash and Priyashantha, 2024). Key challenges 
include privacy and security concerns, interoperability issues between 
different platforms, and the digital divide between farmers and stake-
holders (Basso and Antle, 2020). In the case of Robotics, applications are 
beginning to emerge that will enable more efficient management and 
use of water on farms and reduce human labour. Such machines will 
become increasingly common among farmers who can afford the sig-
nificant up-front costs associated with purchasing such equipment. 
However, the adoption of robotic systems in agriculture faces challenges 
beyond cost, including the need for robust and reliable systems that can 
operate in diverse and unpredictable agricultural environments 
(Floreano and Wood, 2015). Similarly, the use of SSs for water man-
agement in agriculture has been limited to date. In order to increase 
agricultural productivity and sustainability in the future by more 
effectively managing water resources through the use of SSs, it will be 
necessary not only to implement cutting-edge technologies, but also to 
involve end-users to obtain feedback on the usability of the system and 
to expand its scope. This is in line with the findings of Gago et al. (2015), 
who highlighted the importance of user-friendly systems for the suc-
cessful adoption of precision agriculture technologies. Ultimately, this 
approach could benefit farmers by increasing crop yields and promoting 
environmentally sustainable water management practices. Furthermore, 
the integration of multiple sensing technologies, such as combining 
UAV-based RS with ground-based SS, shows promise in overcoming 
some of the limitations of individual technologies (Sankaran et al., 
2015).

4.2. Priorities for future research and policy

Based mainly on the findings presented in the previous sections, as 
well as broader considerations in the field of digital agriculture, several 
priorities for future research and policy in digital technologies for water 
use and management in agriculture emerge: 

− Integrating multiple digital technologies: Future research should 
focus on integrated systems that combine multiple digital technolo-
gies, following the principles of Agriculture 5.0 to build a more 
sustainable and efficient agriculture (Balaska et al., 2023). For 
example, IoT sensors combined with blockchain-based smart con-
tracts can enable real-time water governance, ensuring secure data 
sharing and automated irrigation scheduling at the community or 
watershed level (Bordel et al., 2019; Pincheira et al., 2021). Simi-
larly, IoT-driven metering systems can track actual water use among 
farmers, with the blockchain ledger transparently recording trans-
actions or water credits (Liu and Shang, 2022; Zeng et al., 2023). 
These frameworks can be augmented with AI-driven analytics to 
forecast demand, detect anomalies, and refine water distribution in 
real time. Taken together, these convergent models illustrate prag-
matic ways to achieve more resilient, efficient, and transparent water 
management, while addressing issues of trust, stakeholder collabo-
ration, and equitable resource allocation. In addition, other studies 
have shown that combining multiple RS techniques, such as thermal, 
optical and microwave data, can provide more accurate estimates of 
irrigation water requirements and improve water use efficiency (Dari 
et al., 2021). This holistic approach could lead to significant im-
provements in water use efficiency and overall farm productivity 
(Liakos et al., 2018; Wolfert et al., 2017).

− Improving accessibility and affordability: A key priority is to make 
digital technologies more accessible and affordable, especially for 
smallholder farmers in developing regions. This could include the 
development of low-cost sensors, user-friendly interfaces, and 
training and support for farmers. Research should focus on adapting 
technologies to local contexts and needs, ensuring their relevance 
and usability in different agricultural settings. For example, devel-
oping simplified versions of advanced algorithms that can run on 

low-cost, readily available hardware could democratise access to 
precision farming techniques. Simplifying complex data analysis and 
developing user-friendly applications can make advanced agricul-
tural technologies more accessible to farmers (Sishodia et al., 2020). 
In addition, potential solutions to the identified barriers of high costs 
and lack of expertise could include the establishment of shared ser-
vice models where smallholders pool resources to collectively pur-
chase and maintain precision technologies (Klerkx and Rose, 2020). 
Public-private partnerships can further subsidise the cost of equip-
ment and training programmes, accelerating adoption (Pauschinger 
and Klauser, 2021). In addition, incorporating extension services 
that provide customised data analysis and AI-based advice can 
reduce the need for on-farm expertise in interpreting complex 
models.

− Improving water use efficiency and sustainability: Future research 
should prioritise the development of digital solutions that not only 
increase water use efficiency, but also promote the overall sustain-
ability of agriculture. This includes technologies that can help 
farmers adapt to the impacts of climate change, such as drought- 
resistant crop varieties and precision irrigation systems. For 
example, advanced RS techniques combined with machine learning 
algorithms could provide more accurate predictions of crop water 
requirements, enabling more precise and efficient irrigation (Dari 
et al., 2020). In addition, integrating these technologies with 
weather forecasting models could help farmers anticipate and pre-
pare for extreme weather events, thereby increasing the resilience of 
agricultural systems (Jiao et al., 2021).

− Addressing water quality and pollution: While much of the focus has 
been on water quantity, future research should also prioritise tech-
nologies to monitor and improve water quality in agricultural sys-
tems (Y. Liu et al., 2017; Mateo-Sagasta and Burke, 2010). This could 
include the development of more sophisticated sensors to detect 
pollutants and advanced AI algorithms to predict and mitigate 
pollution risks. For example, real-time monitoring systems could be 
developed to detect and alert farmers to the presence of harmful 
contaminants in irrigation water. In addition, AI-based decision 
support systems could help farmers optimise their use of fertilisers 
and pesticides (Parra-López et al., 2024c) to reduce the risk of water 
pollution while maintaining crop yields (Huang et al., 2023).

− Improving data management and analysis: As the volume of data 
generated by digital technologies increases, there is a need for more 
advanced data management and analysis capabilities. Future 
research should focus on developing robust data infrastructures, 
improving the integration of data from different sources, and 
improving analytical tools to extract meaningful insights from 
complex data sets. This could include the development of advanced 
machine learning algorithms capable of processing and analysing 
heterogeneous data from different sources such as satellite imagery, 
ground-based sensors and weather stations. For example, several 
studies have demonstrated the potential of machine learning tech-
niques to integrate multi-source remote sensing data to map crop 
types and estimate agricultural yields (Cai et al., 2018; Johnson, 
2014). In addition, research should focus on developing standardised 
data formats and protocols to facilitate data sharing and interoper-
ability between different systems and platforms. This is particularly 
important as the integration of different data sources, such as satel-
lite imagery, UAV data and in-situ measurements, is becoming 
increasingly common in precision agriculture applications 
(Maimaitijiang et al., 2017).

− Addressing the high energy and water consumption and environ-
mental footprint of digital technologies: The high water and energy 
consumption of some digital technologies is a growing concern. 
Sensor devices, circuit boards and IoT components with short life 
cycles can contribute to e-waste (He et al., 2024). In addition, 
AI-driven applications, especially when they rely on continuous 
cloud-based computation, can require significant energy, resulting in 
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a larger carbon footprint (Belkhir and Elmeligi, 2018). Future 
research should prioritise the development of more energy-efficient 
algorithms and hardware, and explore the use of renewable energy 
sources to power digital agricultural systems. For example, AI models 
can be optimised for low-power devices, and edge computing can 
reduce energy-intensive data transmission. The integration of solar 
or wind power systems could also promote more sustainable digital 
agriculture (Majeed et al., 2023). Addressing the environmental 
footprint of digital technologies in the long term will require 
comprehensive life cycle assessments (LCA) of agricultural systems 
(Acosta-Alba et al., 2019).

− Improving cybersecurity and privacy: As agricultural systems 
become increasingly digital, ensuring the security and privacy of 
data is paramount. Future research should focus on developing 
robust cybersecurity measures and privacy protocols specifically 
tailored to agricultural applications. This could include developing 
blockchain-based systems for secure data sharing, creating advanced 
encryption methods for IoT devices, and developing AI-based threat 
detection systems (Demestichas et al., 2020). In addition, research 
should focus on creating frameworks for ethical data use in agri-
culture to ensure that farmers retain control over their data while 
benefiting from data-driven insights (Wolfert et al., 2017).

− Improving contribution to climate change adaptation and mitigation: 
Digital technologies have significant potential to support climate 
change adaptation and mitigation in agriculture (Parra-López et al., 
2024a). At present, however, they are hardly used to address this 
climate change challenge. Future research should focus on devel-
oping more accurate climate prediction models, climate risk assess-
ment tools and technologies that can help reduce greenhouse gas 
emissions from agricultural activities. This could include the devel-
opment of AI-based climate models that can provide localised, 
long-term weather forecasts to help farmers make informed decisions 
about crop selection and water management. In addition, research 
into precision farming techniques that optimise the use of resources 
could significantly reduce the carbon footprint of agriculture. For 
example, precision irrigation systems guided by RS data have shown 
potential to reduce water use and associated energy consumption in 
agriculture (Bellvert et al., 2014).

− Improving human-technology interaction: In line with the principles 
of Agriculture 5.0 (Hassoun et al., 2024), future research should 
explore ways to optimise human-technology interaction in agricul-
tural water management. This includes the development of intuitive 
interfaces, decision support systems and training programmes that 
enable farmers to effectively use and benefit from digital technolo-
gies. Research could focus on the creation of AI-based virtual assis-
tants that can guide farmers through complex decision-making 
processes, or the development of augmented reality systems that can 
overlay digital information onto real-world views of crops and fields. 
In addition, research into the social and psychological factors that 
influence technology adoption in agriculture could lead to more 
effective strategies for introducing new technologies to farming 
communities (Bissadu et al., 2024; Fraser and Campbell, 2019).

− Analysing policy implications and regulatory frameworks: Future 
research should focus on the policy implications of the widespread 
adoption of digital technologies in agricultural water management. 
This should include exploring the need for new legal frameworks to 
regulate data ownership, privacy and sharing in digital agriculture 
(Parra-López et al., 2021). Research should also explore how policies 
can incentivise the adoption of water-efficient technologies while 
ensuring equitable access across different farm sizes and 
socio-economic groups. In addition, studies on the potential impact 
of these technologies on rural employment and the agricultural 
economy could inform policy decisions. Such research is essential to 
create an enabling environment that supports sustainable digital 
transformation in agriculture while addressing potential 
socio-economic challenges (Wolfert et al., 2017).

5. Conclusions

Digital technologies offer significant potential to address the major 
water-related challenges facing agriculture, including water scarcity, 
pollution, inefficient use and climate change impacts. Remote Sensing, 
Artificial Intelligence, the Internet of Things, Big Data, Robotics, Smart 
Sensors and Blockchain all contribute to more efficient and sustainable 
water management practices. Remote Sensing and Artificial Intelligence 
are emerging as the most versatile and widely adopted technologies, 
addressing all major water-related challenges in agriculture. Their 
ability to provide real-time data and support decision-making processes 
makes them particularly valuable for precision agriculture and irrigation 
management.

The integration of multiple digital technologies holds great promise 
for developing more comprehensive and effective water management 
solutions. For example, combining Remote Sensing with Internet of 
Things sensors and Artificial Intelligence could enable more accurate 
and timely irrigation decisions. Efficient irrigation strategies emerge as 
the most commonly adopted approach across all digital technologies, 
highlighting the critical importance of optimising water use in 
agriculture.

Despite the potential benefits, there are several barriers to the 
widespread adoption of digital technologies in agricultural water man-
agement. These include high implementation costs, lack of technical 
expertise, data management challenges, and infrastructure and con-
nectivity issues, particularly in rural and developing areas. There is a 
clear need for more accessible and affordable digital solutions, espe-
cially for smallholder farmers in developing regions. Future research 
and development efforts should focus on developing user-friendly, low- 
cost technologies that can be easily integrated into existing farming 
practices. The environmental impact of digital technologies themselves, 
particularly in terms of energy consumption, is an emerging concern 
that requires further attention and mitigation strategies.

Although infrastructure constraints and lack of technical expertise 
are often highlighted in underdeveloped regions, developed countries 
also face technology-related challenges. For example, advanced digital 
platforms can be prohibitively expensive on a large scale, making the 
long-term return on investment at farm level uncertain. In addition, 
many developed regions have a heterogeneous range of farm sizes, from 
small family farms to large corporate operations, resulting in different 
capacities to adopt high-cost solutions. Furthermore, despite better 
connectivity and extension services, there may be gaps in specialised 
skills (e.g. data analysis, systems integration), which can hinder the 
widespread adoption of complex digital tools. As a result, technology 
adoption is not only a matter of economic development, but also of 
infrastructure, policy incentives and local capacity to manage and sus-
tain these innovations.

Policy and regulatory frameworks play a critical role in facilitating 
the adoption of digital technologies for agricultural water management. 
There is a need for supportive policies that encourage innovation while 
addressing issues such as data ownership, privacy and equitable access 
to technology. Capacity building and knowledge transfer are essential to 
ensure that farmers and agricultural stakeholders can effectively use 
digital technologies. This includes not only technical training, but also 
education on sustainable water management practices.

While digital technologies are powerful tools for improving water 
use efficiency, they should be seen as part of a holistic approach to 
sustainable agriculture. This approach should consider broader envi-
ronmental, social and economic factors to ensure the long-term sus-
tainability of agricultural water resources. Digital technologies have the 
potential to revolutionise water use and management in agriculture and 
make a significant contribution to creating more sustainable, resilient 
and productive agricultural systems that can meet the growing global 
demand for food while conserving water resources. However, realising 
this potential will require a concerted effort by farmers, industry 
stakeholders, researchers and policy makers.
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Pastor, A., 2024. Effect of deficit irrigation and mulching on the agronomic and 
physiological response of mandarin trees as strategies to cope with water scarcity in 
a semi-arid climate. Sci. Hortic. 324, 112572. https://doi.org/10.1016/j. 
scienta.2023.112572.

Bhardwaj, A., Kumar, M., Alshehri, M., Keshta, I., Abugabah, A., Sharma, S.K., 2022. 
Smart water management framework for irrigation in agriculture. Environ. Technol. 
45 (12), 2320–2334. https://doi.org/10.1080/09593330.2022.2039783.

Bissadu, K.D., Sonko, S., Hossain, G., 2024. Society 5.0 enabled agriculture: Drivers, 
enabling technologies, architectures, opportunities, and challenges. Inf. Process. 
Agric. https://doi.org/10.1016/j.inpa.2024.04.003.

Boers, Th.M., Ben-Asher, J., 1982. A review of rainwater harvesting. Agric. Water Manag 
5, 145–158. https://doi.org/10.1016/0378-3774(82)90003-8.

Bongiovanni, R., Lowenberg-Deboer, J., 2004. Precision agriculture and sustainability. 
Precis Agric. 5, 359–387. https://doi.org/10.1023/B:PRAG.0000040806.39604.aa.

Bordel, B., Martin, Di, Alcarria, R., Robles, T., 2019. A blockchain-based water control 
system for the automatic management of irrigation communities. 2019 IEEE Int. 
Conf. Consum. Electron. https://doi.org/10.1109/ICCE.2019.8661940.

Borsato, E., Tarolli, P., Marinello, F., 2018. Sustainable patterns of main agricultural 
products combining different footprint parameters. J. Clean. Prod. https://doi.org/ 
10.1016/j.jclepro.2018.01.044.

Bounajra, A., Guemmat, K., El, Mansouri, K., Akef, F., 2024. Towards efficient irrigation 
management at field scale using new technologies: a systematic literature review. 
Agric. Water Manag 295, 108758. https://doi.org/10.1016/j.agwat.2024.108758.

Bwambale, E., Abagale, F.K., Anornu, G.K., 2022. Smart irrigation monitoring and 
control strategies for improving water use efficiency in precision agriculture: a 
review. Agric. Water Manag 260, 107324. https://doi.org/10.1016/j. 
agwat.2021.107324.

Cai, J., Wang, X., Cai, Y., Wei, C., Liao, Z., Li, C., Liu, Q., 2024. An integrated framework 
consisting of spatiotemporal evolution and driving force analyses for early warning 
management of water quality. J. Clean. Prod. 462, 142628. https://doi.org/ 
10.1016/j.jclepro.2024.142628.

Cai, Y., Guan, K., Peng, J., Wang, S., Seifert, C., Wardlow, B., Li, Z., 2018. A high- 
performance and in-season classification system of field-level crop types using time- 
series Landsat data and a machine learning approach. Remote Sens Environ. 210, 
35–47. https://doi.org/10.1016/j.rse.2018.02.045.

Callejas Moncaleano, D.C., Pande, S., Rietveld, L., 2021. Water use efficiency: a review of 
contextual and behavioral factors. Front. Water. https://doi.org/10.3389/ 
frwa.2021.685650.

Cao, Y., Li, H., Su, L., 2024. Blockchain-driven incentive mechanism for agricultural 
water-saving: A tripartite game model. J. Clean. Prod. 434, 140197. https://doi.org/ 
10.1016/J.JCLEPRO.2023.140197.

Carpio-Vallejo, E., Düker, U., Waldowski, J., Nogueira, R., 2024. Contribution of rooftop 
rainwater harvesting to climate adaptation in the city of Hannover: Water quality 
and health issues of rainwater storage in cisterns and ponds. Int J. Hyg. Environ. 
Health 256. https://doi.org/10.1016/j.ijheh.2024.114320.

Chand, A.A., Prasad, K.A., Mar, E., Dakai, S., Mamun, K.A., Islam, F.R., Mehta, U., 
Kumar, N.M., 2021. Design and analysis of photovoltaic powered battery-operated 
computer vision-based multi-purpose smart farming robot, 530 11 Agronomy 2021 
11, 530. https://doi.org/10.3390/AGRONOMY11030530.
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