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Abstract: Seventy percent of global freshwater withdrawals are attributed to agricultural irrigation. Irrigation efficiency has become
a critical goal for sustainable agricultural development in response to climate variability and increasing food demand. Water Use
Efficiency (WUE) refers to the ratio of crop yield to the volume of water applied. Irrigation technologies generally follow two
approaches to water application. This study examines how different irrigation methods affect crop productivity. It draws on literature
from field studies and global assessments to evaluate the relative performance of flood irrigation and modern irrigation systems in
terms of water applied, crop yield, and irrigation water-use efficiency. A standard framework for estimating crop evapotranspiration
and net irrigation requirements is provided by the Food and Agriculture Organization (FAO).

According to multiple studies, modern irrigation methods can achieve 30-60% water savings compared to traditional flood
irrigation while simultaneously increasing yields by 10-25%. The ability to deliver water directly to the crop root zone is the main
reason for the higher efficiency of these systems. Although flood irrigation remains simple and low-cost, it suffers from several
limitations, including high water loss and uneven distribution. Irrigation systems-that record 1.5-2 times higher efficiency values
than flood systems demonstrate superior productivity per unit of water applied. However, adoption is often constrained by
challenges such as high initial investment costs and the need for skilled operation. Modern irrigation systems can be integrated with
scientific scheduling tools to further enhance water efficiency. The study concludes that transitioning from surface-based irrigation
to precision irrigation systems is essential for achieving sustainable intensification in agriculture and meeting the twin goals of
productivity and resource efficiency.

Index Terms - Drip irrigation; Flood irrigation; Water use efficiency (WUE); Crop productivity; Irrigation management; Crop water requirement
(CWR); FAO CROPWAT,; Sustainable agriculture; Water resource optimization.

. INTRODUCTION

The principal user of freshwater is irrigation. According to recent data, nearly half of all freshwater withdrawals in major agricultural
countries are attributed to irrigation activities [4]. In water-scarce and semi-arid regions, the growing demand for food production—
combined with increasing rainfall variability and intensified competition from urban and industrial sectors—underscores the
importance of efficient irrigation practices [2]. Improving irrigation efficiency is more than just a technical objective; it is central
to sustainable agriculture, food security, and resource conservation. Irrigation Water Use Efficiency (WUE) refers to the amount
of crop yield produced per unit of water applied. Measuring and improving WUE requires careful consideration of both agronomic
and engineering factors [3]. The fraction of applied water that contributes to crop growth is often reduced by losses from surface
runoff, deep percolation, and uneven water distribution [2]. Field-level efficiency can be as low as 50% in some surface-irrigated
systems [3].

Modern micro-irrigation systems differ significantly from traditional flood irrigation. While flood irrigation has long been
favoured for its simplicity, its efficiency is limited due to non-beneficial water losses [8]. In contrast, micro- or drip-irrigation
systems deliver water directly to the crop root zone, allowing for more uniform distribution, reduced percolation losses, and higher
efficiency. Studies have shown that replacing surface irrigation with micro-irrigation can result in substantial water savings [2].
Despite the promise of high-efficiency systems, modern irrigation technology does not automatically guarantee improved
productivity. The so-called “efficiency paradox” occurs when irrigation technologies lead to increased water consumption due to
expanded irrigated areas or intensified cropping [8]. Achieving true efficiency requires not only better systems but also sound
scheduling, accurate crop—water requirement assessments, and effective management capabilities.
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Assessment of crop water requirements is the first step in irrigation planning. The CROPWAT model provides a structured
approach for estimating reference evapotranspiration and irrigation needs [1]. Using such data, irrigation schedules can be designed
to supply only the water required by the crop, thereby minimizing wastage and aligning water application with demand. Integrating
accurate water requirement assessments with high-efficiency irrigation systems can significantly enhance WUE. To demonstrate
how crop water requirement assessments can support improved irrigation planning, the objective of the present study is to compare
the performance of drip irrigation and flood irrigation in terms of water application, yield, and WUE. By linking methodology,
requirement assessment, and performance outcomes, this paper aims to provide valuable insights for practitioners and researchers
seeking to enhance irrigation performance.

I1. BACKGROUND AND THEORY
2.1 Irrigation Methods and Water-Distribution Mechanisms

Globally, irrigation represents the largest single use of freshwater resources [1]. Long-term soil fertility is influenced by how water
is applied to croplands [2]. The design, operation, and efficiency of irrigation systems differ significantly. In flood irrigation, water
is released onto the soil surface and allowed to move across the field by gravity. This method is centuries old and inexpensive but
relatively inefficient. Large losses occur due to surface runoff, non-uniform percolation, and deep percolation below the root zone
[3]. The field-level efficiency of diverted water typically ranges between 40% and 60% [4]. In heavy soils, this method can also
cause soil erosion [5].

Micro-irrigation delivers water slowly and directly to the root zone through a network of emitters. It is designed to maintain
optimal soil moisture while wetting only a limited portion of the soil [6]. Field experiments show that well-maintained micro-
irrigation systems can increase yields by up to 25% [7]. Moreover, the simultaneous application of water and nutrients (fertigation)
is possible with such systems [8]. A comparative overview of both methods is presented below.

Table 1: Comparison of Drip and Flood Irrigation Methods

Parameter Flood Irrigation Drip Irrigation
Water-Application Method Open-surface flow under gravity Localized delivery through emitters
Typical Field Efficiency (%) 40 - 60 % 80 -90 %

Dominant Water-Loss Pathways||[Runoff, evaporation, deep percolation Minimal; localized wetting only

Uniformity of Distribution Poor to moderate High (with pressure regulation)
Energy Requirement Low; gravity-fed Moderate; requires pumping pressure

Initial Investment Cost Low High (infrastructure, filters)
Maintenance Requirement Occasional land-levelling Regular cleaning and emitter checks
Suitability Heavy soils, abundant water supply ||Light soils, scarce water, undulating terrain
Typical Yield Impact Baseline productivity 10 — 25 % higher yields
Environmental Side-Effects Possible salinization & erosion Reduced salinity & erosion risk

Source: Compiled from [1], [3], [4], [6], [7].

With adequate maintenance and technical expertise, drip systems deliver substantially higher efficiency and agronomic benefits
[9].
2.2 Concept of Water-Use Efficiency (WUE)

Inirrigation management, Water-Use Efficiency (WUE) is a key indicator [10]. It integrates both physical and biological processes
to show how effectively water contributes to crop production. The proportion of irrigation water lost through percolation and
evaporation is directly reflected in WUE [11]. WUE can be analysed at three hierarchical scales:

¢ Plant Level: Physiological efficiency of water utilization in photosynthesis.
o Field Level: Ratio of marketable yield to irrigation water applied.
e System Level: Overall conveyance, distribution, and field-application efficiency [2].

WUE depends on irrigation method, scheduling, soil texture, and root-zone depth. Studies from India, China, and the Mediterranean
basin have consistently shown that drip irrigation achieves higher WUE than flood irrigation [6]. The improvement is attributed to
drip systems maintaining a narrower range of soil-moisture tension, while flood irrigation creates alternating wet—dry cycles.
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Table 2: Typical Water-Use-Efficiency Values under Different Irrigation Systems

Crop ||Flood Irrigation (kg yield m= water)| Drip Irrigation (kg yield m= water)||Relative Improvement
Maize 3.0-35 50-6.0 ~65%
Tomato 8.0-10.0 13-15 ~55%
Cotton 0.7-10 1.2-15 ~ 60 %
Groundnut 15-20 25-3.0 ~50 %
Wheat 10-15 20-25 ~ 60 %

Source: Aggregated from [2], [6], [8], [10], [12].

Increases in water productivity can be substantial and consistent across major field crops when systems are properly designed,
pressure-regulated, and well-maintained.

2.3 Crop-Water Requirement (CWR) and the FAO CROPWAT Framework

Irrigation scheduling involves determining how much water a crop needs. The Crop-Water Requirement (CWR) represents the
total amount of water required to offset losses due to evapotranspiration [1]. Factors such as crop coefficient, soil characteristics,
and rainfall are used to estimate irrigation demand [5]. After determining reference evapotranspiration from meteorological data,
CROPWAT applies crop coefficients to reflect growth-stage variability and subtracts effective rainfall to estimate the net
irrigation requirement (NIR). When combined with the field efficiency factor of a given irrigation system, this yields the gross
irrigation requirement (GIR)—the total amount of water that must be applied to sustain optimal crop growth [4].
The model’s simplicity and flexibility make it a global standard for irrigation planning.

Table 3: Key Components in Crop-Water-Requirement Estimation

Parameter Functional Description Typical Data Source
Reference Evapotranspiration || Climatic demand for water transfer from soil + Meteorological stations / FAO
(ETo) plants to atmosphere CLIMWAT database
Crop Coefficient (Kc) Adjusts ETo to reflect crop type and growth stage || FAO 56 Guidelines / field experiments
Effective Rainfall (Pe) Portion of rainfall usable by crop roots Local rainfall & hydrologic records

Computed via CROPWAT / field
monitoring

Net Irrigation Requirement

(NIR) Water deficit after accounting for Pe

Gross Irrigation Requirement

(GIR) Total water to apply, adjusted for system efficiency NIR =+ Irrigation-system efficiency

Source: Derived from [1], [4], [5], [9].

Data-driven estimation enables precise irrigation scheduling. The calculated values directly inform emitter discharge rates and
irrigation intervals, ensuring that each application matches the crop’s daily requirement. In contrast, flood irrigation often applies
more water than necessary, leading to inefficient use and leaching of valuable nutrients.

2.4 Synthesis of Theoretical Insights

Three major theoretical insights emerge from the above discussion:
e A persistent efficiency gap exists between surface irrigation and field-level efficiency [6].
e Uniform water application improves both crop yield and water productivity [8].

e Quantitative estimation of crop—water requirements using standardized models provides a scientific basis for irrigation
planning [1].

The following Materials and Methods section builds on this theoretical foundation to justify the comparative analysis of the two
irrigation techniques.

I1l. MATERIALS AND METHODS
3.1 Study Framework and Analytical Approach

The study uses comparative analysis and model-supported evaluation to assess how irrigation methods affect water application
and crop productivity. The primary objective is to evaluate the performance of irrigation systems on a common basis using water-
use efficiency (WUE) and yield performance as key indicators. The framework combines empirical data synthesis, conceptual
modelling, and comparative benchmarking. The rationale for adopting this mixed approach is supported by global acceptance [1].
Previous studies indicate that irrigation efficiency cannot be evaluated by hardware alone but must consider scheduling precision
and crop—water matching accuracy [5]. The study is divided into three major analytical phases, each addressing a different
component of irrigation performance:
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e System Characterization: identification of the physical, operational, and economic attributes of flood irrigation systems.

e Water-Requirement Estimation: determination of net and gross irrigation water requirements using standardized
approaches [1].

e Performance Benchmarking: evaluation of both systems against standardized indices to identify their relative advantages

[6].

The overall methodology is schematically illustrated below -

Outcome

» Eomparative Indicators

Input Data

Evaluation (WUE, Yield,
Efficiency)

Figure 1: Conceptual Workflow for Comparative Assessment of Drip and Flood Irrigation Systems

This structure enables logical linkage between inputs and outcomes, ensuring that the conclusions drawn from the comparison are
valid and evidence-based [7].

3.2 Input Parameters and Baseline Assumptions

The baseline parameters were established using values compiled from multiple reliable sources [2]. These parameters reflect
realistic agronomic conditions for field crops and ensure comparable scenarios under equal water-demand settings. The selected
parameters include evapotranspiration rate, crop coefficient, and yield potential. This allows comparison under equivalent crop-
water requirements so that observed output differences are attributable solely to irrigation methods.

Table 4: Baseline Parameters Used in Comparative Evaluation

Parameter Symbol / Unit||Flood Irrigation||Drip Irrigation||Reference
Irrigation Efficiency (%) 55 % 85 % [31, [7]
Effective Rainfall (mm month™) 40 40 [1]1, [4]
Crop Coefficient (mid-season) ) 1.20 1.20 [1]
Reference Evapotranspiration|| (mm day?) 5.0 5.0 [4]
Net Irrigation Requirement (mm) 140 140 Derived
Gross Irrigation Requirement (mm) 255 165 Computed
Applied Water Volume (m? ha™) 2 550 1650 [6], [8]
Average Yield (tha™) 8.0 9.2 [71, [10]
Water-Use Efficiency (kg m™) 3.1 5.6 Derived

Source: Compiled from [1], [3]-[8], [10].

The table shows that the gross irrigation demand under flood irrigation is considerably higher than that for drip irrigation. The same
crop-water demand can be met with nearly one-third less water using a well-operated drip system [7]. The assumed 15% yield
improvement aligns with empirical averages reported across India and North Africa [10]. The applied-water volumes correspond
to realistic field conditions, averaging about 2,500 m* ha™ for flood irrigation and 1,600 m* ha™ for drip systems [4]. The
performance metrics discussed later are derived from these baseline values.

3.3 Data Compilation and Comparative Indicators

Secondary data from a range of peer-reviewed sources were compiled for the study [2]. Performance indicators were designed to
capture both the technological and agronomic aspects of irrigation systems. The chosen indices are simple, measurable, and
interpretable.

e Gross Irrigation Requirement (GIR): Total water that must be applied to the crop [1].

e  Water-Use Efficiency (WUE): Crop yield per unit of water applied; integrates technological efficiency with biological
response [6].

¢ Relative Water Savings: Percentage reduction in gross water applied under drip versus flood irrigation [7].
e Yield Response Ratio: Evaluates agronomic impact beyond water savings [10].

o Efficiency Improvement Factor: Indicates how much more productive water is under drip irrigation [9].
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Table 5: Comparative Performance Indicators for Drip and Flood Irrigation

Indicator Flood Drip Relative Interpretation
Irrigation Irrigation Difference P
i 3

Gross Watlf;_ﬁpp"e‘j (m 2550 1650 ~35% |Drip saves ~900 m® ha' compared to flood [7]

Average Yield (t ha™") 8.0 9.2 +15 % Higher soil-moisture ?tl%b]mty enhances growth
Water—UsenIIE_El;lmency (kg 3.1 5.6 +80 % Nearly double productivity per unit water [9]
Efficiency Improvement _ 18 x a Confirms drip as 1.8 times more water-

Factor ' efficient [9], [12]

Source; Calculated and synthesized from [1], [4], [6]-[12].

The analysis indicates that flood irrigation uses about one-third more water, while drip irrigation improves WUE by an average
of 80% [9]. These results confirm the superior efficiency of modern irrigation systems. The relationship is illustrated graphically
below.

3000 10
mmE Applied Water (m3 ha')
— 2500 I Yield (t ha) 8
‘&U ~
£ 2000 6
E =
S 1500 4 3
e >
Q
2 1000 2
<L
500 0
5 0

Flood Irrigation Drip Irrigation

Figure 2: Comparative Field Performance Metrics of Flood and Drip Irrigation Systems

The results clearly show that drip irrigation achieves higher yields despite using less water. The visualization highlights the
widening efficiency gap between the two methods [11].

3.4 Limitations, Scope, and Assumptions

While the comparative evaluation provides valuable insights into the operational performance of irrigation systems, several
limitations must be recognized to contextualize the findings and avoid overgeneralization. The selected parameters are not intended
for detailed irrigation design, as multiple factors influence system performance [4]. Local calibration of CROPWAT input
parameters is essential before extrapolating results to specific field conditions. High initial investment and maintenance costs can
limit the adoption of drip systems among small farmers. Market access, crop value, and government incentives significantly affect
economic viability [13]. Financial and policy frameworks are required to ensure scalability. In developing regions, many drip
installations underperform due to issues such as pressure instability and inadequate maintenance [7]. Ensuring that theoretical
efficiency gains are realized in practice is critical for both farmers and irrigation technicians. Regular maintenance schedules and
awareness programs can extend system lifespan.

The present analysis is based on a single-season evaluation, whereas irrigation performance can vary across climatic and seasonal
conditions [5]. Future models should incorporate temporal variability and multi-year effects. Despite these limitations, the
methodological design adopted here is scalable, transparent, and replicable. The integration of the standardized FAO
CROPWAT framework with performance metrics provides a coherent analytical bridge. The conceptual workflow connecting
climatic inputs, crop-water-demand estimation, and comparative efficiency analysis establishes a solid foundation for water-
management planning in semi-arid agriculture.
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IV. RESULTS AND DISCUSSION

4.1 Comparative Evaluation of Water Use

There is a clear variation between the irrigation systems analyzed. As shown in Table V, flood irrigation required 2,550 m* ha™
of applied water to meet crop-water requirements, whereas drip irrigation achieved equivalent results with only 1,650 m* ha™,
representing a 35% reduction in total water applied. This level of water saving is consistent with numerous global field studies
that report savings ranging from 30% to 60% when surface irrigation methods are replaced by micro-irrigation [6]. The reduction
in water use is primarily due to two factors. First, in drip irrigation, water is applied directly to the root zone, minimizing conveyance
and evaporation losses. Second, irrigation scheduling is more frequent, maintaining soil moisture within the optimal range for
transpiration without oversaturation [5]. In contrast, flood irrigation applies large, infrequent volumes of water, often causing
temporary waterlogging followed by dry spells between irrigation events, which lowers the effective utilization rate of the applied
water.
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Figure 3: Comparative Water Application Volumes for Flood and Drip Irrigation Systems

Improving irrigation efficiency is not merely about saving water at the field scale but also about optimizing the timing and
distribution of water to match crop evapotranspiration requirements. This synchronization enhances both yield and productivity
[10].

4.2 Yield and Productivity Response

The average yield under flood irrigation was 8.0 t ha™, compared to 9.2 t ha™ under drip irrigation. The implications of this
difference are significant, particularly in water-scarce regions [10]. The improvement in yield can be attributed to several
interrelated factors:

e Reduced crop stress due to uniform soil-moisture distribution [6].
e Improved soil aeration and root health from controlled irrigation [4].
e Enhanced nitrogen availability through fertigation practices in drip systems [7].

e Reduced disease incidence due to localized wetting of soil [11].
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Figure 4: Average Crop Yield Comparison between Drip and Flood Irrigation

These mechanisms collectively explain why yield improvements under drip systems often exceed 10% relative to traditional
methods [6].

4.3 Water-Use Efficiency (WUE) Enhancement

Irrigation performance is measured in terms of Water-Use Efficiency (WUE). The results show that flood irrigation achieved a
WUE of 3.1 kg m™, while drip irrigation achieved 5.6 kg m=. The flood method therefore produced less output for each unit of
water applied [9]. Efficiency improvement occurs through several mechanisms. Crops under drip irrigation grow at a more optimal
rate because of small, frequent water applications that maintain consistent moisture conditions [5]. A higher fraction of water is
used for transpiration rather than lost to evaporation or deep percolation. Enhancing WUE also reduces total agricultural water
withdrawal, thereby easing competition for water between agricultural, industrial, and domestic sectors [13].

o — =

5.6

WUE (kg m’)
N W b~ O

O =

Flood Drip
Irrigation System

Figure 5: Water-Use Efficiency Achieved under Different Irrigation Systems

4.4 Environmental and Resource Implications

The choice of irrigation method has significant environmental implications. Poor drainage in flood irrigation can lead to soil
salinization and degradation [3]. By maintaining moisture primarily in the root zone, drip irrigation reduces these risks. Field
studies from India, Israel, and Spain have shown substantial reductions in soil salinity when surface irrigation systems were replaced
with micro-irrigation [6]. Reduced surface runoff in drip systems also lowers the risk of eutrophication in nearby water bodies.
Furthermore, efficient irrigation scheduling decreases the energy required for water pumping and distribution, contributing to
reduced greenhouse gas emissions from the agricultural water sector [10].
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Figure 6: Environmental Pathways Influenced by Irrigation Method

These co-benefits highlight drip irrigation not only as a water-saving technique but also as an environmental management tool
supporting sustainable agriculture.

4.5 Socio-Economic and Adoption Considerations

The adoption of drip irrigation is not uniform across regions. Limited access to credit remains one of the major barriers [13]. The
initial installation cost can range from USD 1,500 to 3,000 per hectare, depending on crop type and system layout [13]. However,
the reduction in water and fertilizer use typically offsets these costs within three to five seasons [14]. Government subsidy schemes
and capacity-building programs have accelerated the adoption of micro-irrigation. The Government of India provides financial
incentives covering 40-55% of installation costs under its national micro-irrigation mission [14]. When combined with technical
training and credit access, such initiatives significantly increase adoption rates [6]. Smallholders with fragmented landholdings
often lack the technical or financial capacity to make such investments. Community-based models, shared irrigation infrastructure,
and cooperative financing mechanisms are increasingly advocated to make precision irrigation accessible and sustainable [13].

4.6 Synthesis and Policy Implications

The results clearly show that flood irrigation is less efficient compared to drip irrigation. However, the broader implications extend
beyond individual farm productivity. The adoption of high-efficiency irrigation technologies aligns with global water-conservation
and climate-adaptation strategies. By improving the productivity of water used in agriculture, nations can enhance food security
while reducing pressure on freshwater resources [9]. Policy recommendations includes:

e  Prioritize investment in modern irrigation infrastructure through public—private partnership frameworks.

e Integrate scientific irrigation scheduling tools such as CROPWAT into national extension programs.

e Link micro-irrigation subsidies with mandatory training modules for farmers.

e Include measurable WUE improvement targets within national agricultural water-management strategies [9].
4.7 Limitations and Future Research

While the comparative analysis is robust, certain limitations must be acknowledged. The findings are based on a set of simplified
assumptions and average parameters. Future research should incorporate multi-year field data to capture seasonal and climatic
variability. Integrating evapotranspiration datasets with ground-based measurements could enable spatial calibration of efficiency
estimates [5]. Further economic studies are also needed to assess the long-term viability of micro-irrigation systems under different
cropping and market conditions. Expanding this evidence base will strengthen decision-making frameworks for both policymakers
and investors [13].
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V. CONCLUSION AND RECOMMENDATIONS

5.1 Summary of Key Findings

The influence of irrigation methods on water application, yield performance, and overall water-use efficiency (WUE) was
evaluated. Data from field experiments and global literature were used to conduct a comparative assessment of irrigation efficiency.
The analysis produced several important findings. The same crop-water requirement can be met with substantially less water. A
35% reduction in water application was observed under the given parameters — the gross irrigation demand for flood irrigation
was approximately 2,500 m* ha™, compared to 1,650 m* ha™ for drip systems. Field studies showed an average productivity
increase of 10-20%. It was demonstrated that precise water application directly enhances the biological efficiency of water use
[6]. Qualitative outcomes such as improved soil health, reduced disease incidence, and enhanced nutrient absorption further
distinguish drip irrigation as the technically and economically superior alternative. In contrast, flood irrigation is vulnerable to
substantial losses through evaporation, deep percolation, and surface runoff [3].

5.2 Contribution to Sustainable-Development Goals

The implications extend beyond individual farm boundaries. SDG 6.4.1 calls for a substantial increase in water-use efficiency
across all sectors, and the observed improvements in WUE and yield directly contribute to this objective. If drip irrigation were
adopted widely, national water withdrawals could decline significantly without compromising food output [9]. Agriculture accounts
for nearly 80% of freshwater use in several countries. Modern irrigation systems have the potential to decouple food production
from water consumption, enabling sustainable growth. Under water-limited conditions, drip irrigation supports higher yields while
reducing greenhouse gas emissions [9]. The adoption of high-efficiency systems contributes to long-term resource resilience and
climate adaptation [7].

5.3 Practical Recommendations
A series of actionable recommendations can be proposed to translate technical advantages into measurable impact:

o Site-Specific Water-Demand Assessment: Farmers should utilize localized crop-water requirement assessments to guide
irrigation scheduling and learn to interpret the results effectively [1].

o Lowering Entry Barriers for Smallholders: Governments should reduce the initial investment barriers. Experience from
India’s PMKSY program shows that well-structured subsidy schemes can accelerate adoption [14].

e Maintenance and Inspection: High-efficiency irrigation systems require regular inspection of filters, pressure regulators,
and emitters. Establishing community service centers can help reduce operational burdens for farmers [7].

e Integration of Fertigation Practices: Combining irrigation with nutrient delivery enhances both water and nitrogen-
use efficiency [8]. Policymakers should integrate fertilization guidelines to maximize resource efficiency.

e Capacity Building and Knowledge Hubs: Regional training and knowledge centers should be established through
universities and research institutions to provide demonstrations, data collection, and farmer training in micro-irrigation
design [13].

o Performance-Based Policy Targets: National and regional water-management plans ‘should include measurable
improvement targets for WUE. Performance-based incentives can promote accountability and encourage local
innovation [9].

e Use of Digital and Smart Technologies: Digital tools such as soil-moisture sensors, loT-enabled valves, and remote-
sensing-based evapotranspiration systems can help monitor and ensure measurable efficiency gains [13].

5.4 Research and Policy Outlook

Future research should continue refining irrigation performance metrics and developing context-specific hybrid systems that
combine the affordability of surface methods with the precision of micro-irrigation. After field studies have confirmed the efficiency
and productivity advantages of drip irrigation, low-pressure emitter innovations could make high-efficiency systems more
accessible and sustainable [13]. Long-term field trials are necessary to demonstrate cumulative benefits such as improved soil
structure and nutrient retention. Assessing trade-offs among energy consumption, cost, and water savings at scale will also be
crucial [4]. Governments should promote data transparency by establishing regional water-productivity observatories to track
progress toward national and global efficiency targets [9].

5.5 Concluding Remarks

The evaluation confirms that conventional flood irrigation delivers inferior agronomic, hydrological, and environmental outcomes
compared to drip systems. In contrast, modern micro-irrigation supports climate-resilient agriculture, enhances productivity,
improves water-use efficiency, and reduces ecological degradation. However, large-scale adoption in developing regions is still
constrained by economic, institutional, and knowledge gaps. Bridging these divides through policy, education, and innovation
will be essential. The guiding principle for future agriculture must remain: “More crop per drop”. Every unit of water invested in
agriculture should yield maximum economic and ecological returns for sustainable development.
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