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Abstract

Water scarcity, declining groundwater resources, and the deterioration of irrigation water quality have
emerged as major constraints to sustainable agricultural production, particularly in India where
agriculture accounts for more than 80% of freshwater withdrawals. Although numerous studies have
independently investigated irrigation management practices, water quality, and water use efficiency
(WUE), a comprehensive synthesis integrating these interrelated aspects under contemporary
agricultural conditions remains limited. This review addresses this research gap by critically evaluating
recent advances (2020-2025) in irrigation management practices and irrigation water quality, with
emphasis on their combined effects on crop productivity and WUE in Indian agriculture. The review
compares conventional surface irrigation, raised-bed irrigation, and pressurized irrigation systems,
while examining the influence of salinity, sodicity, and irrigation scheduling on soil health, nutrient
dynamics, and crop performance. Evidence indicates that pressurized irrigation systems substantially
improve WUE by approximately 30-70%, reduce non-productive water losses, enhance nutrient-use
efficiency through fertigation, and mitigate salt accumulation in the crop root zone compared with
conventional irrigation methods. In contrast, surface irrigation continues to exhibit lower application
efficiency and greater vulnerability to water losses and soil degradation. The novelty of this review lies
in its integrated assessment of irrigation technologies and water quality management within the context
of climate variability and sustainable water resource utilization. The findings highlight that combining
efficient irrigation technologies, scientific scheduling, and water quality management is essential for
improving agricultural resilience and productivity. Future research should prioritize precision
irrigation, sensor- and Al-based irrigation scheduling, long-term field validation under diverse agro-
climatic conditions, and policy interventions that enhance the adoption of water-efficient technologies
among smallholder farmers.
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1. Introduction

Water is one of the most critical natural resources for agricultural sustainability, yet it is
becoming increasingly scarce in India due to over-extraction, inefficient use, and climate
change impacts. Agriculture consumes approximately 80% of freshwater resources in India,
but irrigation efficiency remains low due to reliance on traditional methods and inadequate
water management practices (Jain i8 et al., 2020) ™. India's irrigation sector faces multiple
challenges including declining groundwater tables, uneven rainfall distribution, and
deterioration in irrigation water quality. In several regions, groundwater is increasingly
saline or alkaline, limiting its suitability for irrigation and reducing long-term soil
productivity (Verma et al., 2022) ], Recent advances in precision irrigation, including drip
and sprinkler systems integrated with soil moisture sensors, remote sensing, Internet of
Things (loT)-based monitoring, and decision-support tools, have created new opportunities
to improve irrigation efficiency and optimize water use. Simultaneously, irrigation water
quality parameters such as salinity, sodicity, electrical conductivity (EC), sodium adsorption
ratio (SAR), and residual sodium carbonate (RSC) have gained increasing importance
because of their direct effects on soil health, nutrient availability, and crop productivity.
Climate change has intensified water stress through increased temperature, irregular
monsoon patterns, and higher evapotranspiration rates. These changes have increased
irrigation demand while simultaneously reducing water availability, creating severe pressure
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on existing irrigation systems (Kumar et al., 2022) 22,
Although numerous studies have examined irrigation
technologies, irrigation scheduling, water quality, and water
use efficiency independently, comprehensive reviews
integrating these interconnected aspects within the context
of Indian agriculture remain limited. Existing reviews
primarily focus on individual irrigation methods or water
quality issues, providing limited critical evaluation of their
combined influence on crop productivity, soil health, and
long-term agricultural sustainability.

Traditional surface irrigation systems dominate in many
parts of India; however, they are associated with low water
use efficiency due to high evaporation, runoff, and deep
percolation losses (Sharma et al., 2020) . As a result,
improving irrigation efficiency has become a national
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priority. Modern irrigation technologies such as pressurized
irrigation systems and improved field configurations (e.g.,
raised-bed systems) have been widely promoted to address
these challenges. These systems aim to improve water
productivity by optimizing water delivery and reducing
losses (Singh et al., 2022) [>8 14, The novelty of this review
lies in its integrated assessment of irrigation management
practices, irrigation water quality, crop productivity, and
water use efficiency using recent literature (2020-2025).
The review critically compares different irrigation systems,
evaluates the influence of water quality on agricultural
performance, and highlights emerging technologies and
future research priorities for sustainable irrigation
management under changing climatic conditions.
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Fig 1: Representing the integrated framework for sustainable irrigation and water use efficiency in Indian Agriculture

2. Irrigation management practices

Irrigation management practices play a fundamental role in
determining the efficiency of water use, soil health, and
overall agricultural productivity in India. With increasing
pressure on freshwater resources, declining groundwater
levels, and rising climatic variability, the need for efficient
irrigation systems has become more critical than ever.
Traditional irrigation methods, although widely practiced,
often fail to deliver water efficiently to the crop root zone,
resulting in significant water losses and reduced
productivity. In contrast, modern irrigation technologies aim
to optimize water delivery and improve water use efficiency
through precise control of irrigation application and timing.
Pressurized irrigation systems, which include drip and
sprinkler-based technologies, are widely recognized as the
most efficient irrigation methods currently available. These
systems operate under controlled pressure, allowing water to
be delivered uniformly either directly to the root zone or
across the field surface. The major advantage of these
systems lies in their ability to significantly reduce water
losses through evaporation, runoff, and deep percolation.
Recent studies have shown that pressurized irrigation

systems can improve water use efficiency by 30 to 70
percent compared to conventional surface irrigation
methods (Yadav et al., 2024; Meena et al., 2024) [ 29, This
improvement is primarily due to precise water application,
better  soil moisture  regulation, and  improved
synchronization between water and nutrient supply.
Fertigation, which is the application of fertilizers through
irrigation water, further enhances nutrient uptake efficiency
and reduces nutrient losses (Singh et al., 2022) 5 8 14,
However, despite their advantages, the adoption of
pressurized irrigation systems remains limited in many
regions due to high installation costs, energy requirements,
and lack of technical knowledge among small and marginal
farmers. Raised-bed irrigation systems represent another
important innovation in irrigation management. In this
system, crops are grown on elevated beds while irrigation
water is applied through furrows. This configuration
improves soil aeration, enhances drainage, and reduces
waterlogging stress, particularly in heavy soils. The
modification of field topography allows for better root
development and improved soil physical conditions.
Research indicates that raised-bed systems improve water
productivity compared to conventional surface irrigation
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systems; however, their efficiency is still lower than that of
pressurized irrigation systems (Patel et al., 2021) ™. The
limitations of raised-bed systems arise mainly from uneven
water distribution, higher evaporation losses from furrows,
and limited control over the amount of water applied.
Although these systems are beneficial under moderate
irrigation conditions and in areas prone to waterlogging,
they are less suitable in regions experiencing severe water
scarcity (Yadav et al., 2023) 12, Surface irrigation remains
the most commonly used irrigation method in India due to
its simplicity and low initial cost. Despite its widespread
use, it is also the least efficient method of irrigation. The
efficiency of surface irrigation systems generally ranges
between 35 and 50 percent, with substantial water losses
occurring due to runoff, evaporation, and deep percolation
(Sharma et al., 2020) . In addition, uneven distribution of
water across the field leads to variability in soil moisture,
which negatively affects plant growth and productivity. The
continued reliance on surface irrigation reflects
infrastructural limitations and economic constraints rather
than its agronomic efficiency.

3. Effects of irrigation water quality

Irrigation water quality is one of the major factors affecting
soil properties, plant growth, and overall agricultural
productivity. Among all the different water quality
parameters, the two most important ones which pose major
constraints to irrigated agriculture in India are salinity and
sodicity. Increased use of groundwater for irrigation has
resulted in deterioration of water quality in many parts of
the country and this has created enormous problems for
consistent crop production. Salinity stress arises when salts
present in irrigation water get accumulated in the soil which
results in increase in osmotic pressure thus limiting the
capability of the plants to uptake water. This results in a
situation where the plants undergo physiological drought
even though there may be sufficient moisture in the soil.
Salinity exerts an impact on various physiological processes
such as germination of seed, root growth, nutrient uptake,
photosynthesis, and general metabolic activities. A long-
term exposure of plants to saline conditions manifests itself
in reduced growth and productivity of plants and in extreme
cases, in complete crop failure. Apart from that, the long-
term use of saline water invariably leads to soil salinization
which in turn results in a decline of soil fertility and
ultimately, in a reduction of land productivity (Kumar et al.,
2021) Bl Sodicity, which is the presence of high levels of
sodium in water, causes significant deterioration of soil
structure. Sodium replaces calcium and magnesium on soil
particle surfaces and this results in clay particles going into
dispersed state. This leads to a reduced soil aggregation, low
infiltration rates, crusting of soil surface, and difficult root
penetration. All these factors severely influence the
hydraulic properties of the soil which in turn leads to
unhealthy plant growth (Verma et al., 2022) [, Besides
salinity and sodicity, use of poor quality irrigation water
negatively affects soil fertility too. Excessive salts hinder
the absorption of key nutrients such as potassium, calcium,
and magnesium. Even when the soil is fertile, nutrient
availability in the root zone decreases under saline
conditions due to ionic competition and inefficient root
absorption. This translates into deterioration of
physiological function and reduced biomass generation in
plants (Sharma et al., 2023) (3,
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4. Impact on productivity

There are many irrigation and water quality related factors
which impact the crop productivity and the impact can be
seen at almost all growth stages of development of a plant,
from seedling to the development of final yield. During the
first stage when the plant is being established, the
availability of moisture that is uniform in soil is quite
critical for proper germination and seedling development.
Efficient irrigation methods will ensure regular moisture
conditions, resulting in uniform germination and strong
plant stands. On the other hand, uneven water distribution
that may result from surface irrigation methods, will cause
patchy germination and weak stands of the crop which in
the end will result in a loss in productivity.

During the vegetative growth period, the availability of
water mainly governs the production of biomass and
physiological development. The use of pressurized irrigation
systems results in soil moisture levels in the root zone being
maintained at optimal levels, which improve nutrient uptake
capacity of the plants as well as photosynthetic activity.
This in turn results in a better vegetative growth, stronger
plant structure and more biomass accumulation. Multiple
studies have strongly supported the view that improved
irrigation management results in dramatically better growth
performance as compared to conventional irrigation systems
(Singh et al., 2022) [58 141,

During the phase when the crop is making the final yield, it
is highly dependent on the availability as well as the quality
of water. Several independent researchers have found that
pressurized irrigation methods produce significantly higher
yields than raised-bed and surface irrigation methods. The
main reasons for increased yields are minimized water
stress, enhanced availability of nutrients and higher
efficiency of physiological processes. Yadav et al. (2024) ]
demonstrated that micro-irrigation methods greatly increase
yield under varied Indian agro-climatic conditions by
optimizing usage of water and alleviating stress during
crucial development stages.

5. Water Use Efficiency (WUE)

Water use efficiency is a key indicator used to evaluate the
performance of irrigation systems, defined as the ratio of
agricultural output to the amount of water used. Improving
water use efficiency is essential for ensuring sustainable
agricultural production under conditions of increasing water
scarcity. Among different irrigation systems, pressurized
irrigation systems consistently demonstrate the highest
water use efficiency due to their ability to deliver water
precisely and minimize losses. These systems reduce non-
productive water consumption and maintain optimal soil
moisture  conditions, resulting in  improved water
productivity. Raised-bed irrigation systems provide
moderate improvements in water use efficiency due to better
field drainage and reduced waterlogging, but their efficiency
is still limited by uneven water distribution and evaporation
losses. Surface irrigation systems exhibit the lowest water
use efficiency due to high water losses and poor application
uniformity.

Recent studies confirm that advanced irrigation systems
significantly enhance water use efficiency by improving soil
moisture regulation and reducing unnecessary water
application (Meena et al., 2024) 1101,
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6. Irrigation scheduling

Efficient irrigation scheduling is a crucial component of
modern water management strategies. It ensures that water
is applied at the right time and in the right quantity, thereby
preventing both water stress and over-irrigation. Modern
irrigation scheduling techniques increasingly rely on
scientific tools such as soil moisture sensors, climatic data
analysis, and simulation models like CROPWAT. Proper
irrigation scheduling helps in optimizing water use by
aligning irrigation timing with crop water requirements.
This reduces water wastage and improves overall
productivity. In addition, it enhances the efficiency of
irrigation systems by ensuring that water is applied only
when required. Studies have shown that model-based
irrigation  scheduling  significantly — improves  water
productivity compared to traditional farmer-based irrigation
practices (Singh et al., 2022) [58 141,

7. Discussion

The reviewed literature clearly demonstrates that irrigation
management practices and water quality are closely
interconnected  factors that significantly influence
agricultural  productivity and water use efficiency.
Pressurized irrigation systems consistently outperform other
irrigation methods due to their ability to deliver water
precisely and efficiently. Raised-bed systems offer
intermediate benefits, particularly in improving soil physical
conditions, while surface irrigation remains the least
efficient method due to high water losses and poor
distribution uniformity. Degradation of water quality,
especially through salinity and sodicity, poses a serious
problem in Indian agriculture. Both these factors adversely
affect soil health, nutrient availability, and the physiological
processes of plants. Even though advanced irrigation
systems are capable of lessening some of these harmful
effects, they cannot completely counteract the long-term
effects of poor-quality water. Although the advantages
associated with modern irrigation systems are quite evident,
the level of their adoption is still very low owing to
economic constraints, lack of awareness and inadequate
technical support. In view of these facts, changes at the
policy level, enhanced subsidies, as well as capacity-
building programs are critical for promoting the adoption of
efficient irrigation technologies in various parts of India.

8. Future directions

Future research should focus on developing integrated
irrigation management frameworks that combine advanced
irrigation  technologies with real-time water quality
monitoring under diverse agro-climatic conditions (Irmak et
al., 2024; Abioye et al., 2020) 3% 34 Greater emphasis
should be placed on precision irrigation using Internet of
Things (10T) sensors, remote sensing, artificial intelligence
(Al), machine learning, and decision support systems to
optimize irrigation scheduling according to crop water
requirements and soil moisture dynamics (Talaviya et al.,
2020; Jiménez et al., 2022; Liakos et al., 2018) [35 3. 371,
Long-term, multi-location field experiments are needed to
evaluate the combined impacts of irrigation methods, water
quality, fertigation, and climate variability on soil health,
carbon sequestration, nutrient-use efficiency, and crop
productivity (FAO, 2021) B3I, Further investigation into the
safe utilization of marginal-quality water through blending,
cyclic irrigation, desalination technologies, and salt-tolerant
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crop cultivars is essential to address increasing freshwater
scarcity (FAO, 2021; Corwin, 2021) 32 331, Future studies
should also integrate hydrological, agronomic, and socio-
economic analyses to evaluate the cost-effectiveness,
scalability, and adoption potential of water-efficient
technologies among smallholder farmers (Zhang et al.,
2021; Poulton et al., 2021) 16 38 39 Strengthening policy
frameworks, promoting digital advisory services, and
expanding farmer capacity-building programs will be
critical to accelerating the adoption of climate-smart
irrigation practices and ensuring sustainable water resource
management under changing climatic conditions.

9. Conclusion

Efficient irrigation management and irrigation water quality
are fundamental to sustaining agricultural productivity
under increasing water scarcity and climate variability. This
review demonstrates that integrating pressurized irrigation
systems with scientific irrigation scheduling and appropriate
water quality management substantially enhances water-use
efficiency, nutrient-use efficiency, crop productivity, and
soil health while reducing water losses and salinity-related
constraints. Compared with conventional surface irrigation,
drip and sprinkler systems offer significant advantages
through precise water application, fertigation, and improved
resource conservation. However, widespread adoption
remains constrained by economic, infrastructural, and
technical limitations, particularly among smallholder
farmers. The review further highlights that sustainable
irrigation cannot rely solely on technological innovations
but requires integrated management strategies supported by
digital technologies, climate-resilient policies, farmer
training, and effective institutional support. Future
agricultural water management should therefore adopt a
holistic approach that integrates precision irrigation, water
quality assessment, climate adaptation, and policy
interventions to ensure long-term food  security,
environmental sustainability, and resilient agricultural
production systems.
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