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Abstract

Water scarcity, climate change, population growth, and rising water demand highlight the urgency
of adopting effective water conservation measures. The transition from traditional irrigation systems,
such as flood irrigation, to modern ones, like drip irrigation is often seen as a panacea to improve
irrigation efficiency and address water shortages. Despite a flourishing literature on the efficiency
gains achieved through the shifting to drip irrigation, trade-offs associated with replacing traditional
irrigation systems with modern irrigation technologies remain largely unexplored. Building on this
gap, this paper provides a systematic literature review to analyze the current state of knowledge and
research on the trade-offs associated with this transition. The review analyses not only the possible
effects on agricultural productivity and irrigation efficiency at the farm-scale, but also the
environmental implications and socio-economic consequences that may emerge at a larger scale. We
found that while studies conducted at field-level emphasize clear benefits associated with the
adoption of drip irrigation, including higher crop yields and improved water-use efficiency, basin-
scale analyses reveal drawbacks, including increased consumptive use, reduced return flows for
ecosystem processed, and more generally - limited real water savings. Overall, our findings stress the
need for more holistic, multi-scale and interdisciplinary approaches to assess the impact of irrigation
modernization, along with the need of policy frameworks that balance agricultural productivity gains
with sustainable water management.

Keywords: irrigation efficiency; traditional irrigation; trade-offs (List three to ten pertinent keywords
specific to the article yet reasonably common within the subject discipline.)

1. Introduction

Water scarcity is among the most critical challenges of our times. Anthropogenic pressures on
water resources are on water resources are intensifying due to growing demand from multiple
competing water uses — including e.g. irrigation, domestic consumption, energy production, and
manufacturing [1]- combined with unsustainable management practices [2], and climate change,
which is altering the hydrological systems in terms of both water quantity and quality [3]. Agriculture
is the largest water-dependent sector at global scale, accounting for about 70% of the global
freshwater withdrawals [4]. Around 40% of irrigation water is extracted at the expense of freshwater
ecosystems [5], further intensifying the competition between agricultural production and
environmental conservation. Given this strong dependency, agriculture is expected to be the sector
most severely affected by increasing water scarcity, with profound long term consequences for global
food security and rural livelihoods [6,7].

Improving water resource management in agriculture is therefore essential to ensure sustainable
water use, safeguarding food security while integrating ecological and social sustainability priorities
[8], as well as enhancing the sector’s capacity to adapt to present and future climate change impacts

[91.
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In the past and up to the present, efforts to improve water management in agriculture have
focused predominantly on improving irrigation performance — particularly in terms of efficiency and
productivity — through the adoption of new irrigation technologies and infrastructures [10, 11].
Irrigation system modernization has been widely promoted as a cornerstone strategy for advancing
sustainable water use [12] and has consequently gained strong policy support. Both European and
international policy actively endorses, through public subsides, infrastructural and technological
upgrades of irrigation systems [13,14], favoring solutions that aim to reduce water consumption
while maintaining current levels of agricultural productivity. The modernization of irrigation
systems is primarily reshaping irrigation practices by replacing traditional surface irrigation (e.g.,
flood irrigation) with modern pressurized systems such as drip irrigation. The widespread diffusion
of drip irrigation can be attributed to its effectiveness in reducing water losses and improving water
productivity, which in turn contributes to higher crop yields [15]. However, the adoption of drip
irrigation is not without drawbacks, as it typically entails higher capital investments and ongoing
maintenance requirements [16] as well as increased energy consumption [17] all of which translate
into higher production costs for famers. Moreover, mounting evidence from several studies shows
that the large-scale implementation of drip irrigation does not always relieve pressure on water
resources. On the contrary, it may paradoxically trigger to the so-called “rebound effect” [18-20]
whereby water savings are reinvested to expand irrigated areas, intensify crop production, or are
reallocated to competing water users [13].

Despite a flourishing literature on the efficiency gains achieved through the shifting to drip
irrigation, there remains the need to investigate the trade-offs associated with replacing traditional
irrigation systems with modern irrigation technologies. In many agroecosystems, irrigation
represents a key anthropogenic factor influencing natural processes and the broader hydrological
cycle [21]. Consequently, any alteration in irrigation systems and practices has the potential to impact
hydrological balances and alter agroecosystem dynamics at large scale [22]. For example, traditional
irrigation systems, through return flows, contribute to groundwater recharge [23] and can influence
groundwater quality by regulating nutrient leaching [24]. Moreover, modernization processes extend
beyond biophysical impacts: they can reshape water governance and use, alter the patterns of energy
use required for water application, and affect farmers’ income, labor demand as well as other socio-
economic factors [25,26].

Building on above-reported considerations and adopting a systematic literature review
approach, this paper aims to structure existing scientific knowledge on the impacts of converting
traditional surface irrigation to modern systems. Despite the wide variety of available modern
irrigation technologies (e.g. sensors, satellite images, IoT etc.), the study deliberately focuses on the
transition from flood to drip irrigation, as this represents the most widespread and commonly
adopted shift in irrigation regimes [27]. The review aims to provide a comprehensive understanding
of the current state of knowledge and research on the trade-offs associated with this transition. It
examines not only the effects on agricultural productivity and irrigation efficiency at the farm-scale,
but also the broader environmental implications that may emerge at larger scales (e.g., basin level) as
well as the possible socio-economic consequences.

In doing so, the review seeks to inform ongoing research by highlighting possible future
developments and trajectories, while simultaneously gathering evidence and lessons learned to
support policymaking in the field of irrigation water management.

2. Materials and Methods

This study builds on a systematic review approach, i.e. comprehensive, transparent research
conducted over scientific literature that ensures replicability and reproducibility [28]. We conducted
the literature search and review according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [29].

Within this section, we first describe the article search and screening criteria and approaches
(2.1), followed by the procedures adopted for article review and analysis (2.2).
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2.1. Article Search and Screening

The systematic literature review considered publications available up to 2024, using Elsevier’s
SCOPUS database (https://www.scopus.com/). The search was limited to English-language, full-text
articles published in peer-reviewed journals. Search terms applied to titles, keywords, and abstracts,
were tailored to maximize the retrieval of relevant articles, focusing on combinations of terms related
to irrigation regimes and their impacts. The initial search on SCOPUS returned 276 articles.

An initial abstract-based screening was then carried out to refine the selection according to the
objectives of the study. Articles whose abstracts mentioned both flood and drip irrigation related
terms and indicate a direct comparison between the two were retained, yielding a list of 91 articles.
Then, a full text assessment was conducted to exclude conference papers and other document types,
full texts not available in English, inaccessible articles, and papers deemed irrelevant based on
inclusion criteria (Table 1).

Table 1. List of exclusion and inclusion criteria.

Exclusion Criteria Inclusion Criteria
Document type Drip and flood terms mentioned in the abstract
Full text accessibility Comparison between irrigation regimes
Language (only English) Description of impacts

To broaden the analysis, we also included papers addressing sub-types of drip irrigation (e.g.,
subsurface drip irrigation) and studies comparing drip irrigation with other irrigation methods,
provided that the impacts of drip irrigation could be analyzed separately.

This screening step narrowed the selection to 49 papers. To further enrich the review, additional
relevant studies were identified through a snowball approach, by examining citations within the
selected articles. This process resulted in the inclusion of 13 additional articles, which were screened
using the above-reported criteria, resulting in a final list of 62 publications (See Supplementary
Materials). The workflow of the process followed for the systematic literature review is illustrated in
Figure 1.
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Figure 1. Review workflow.

2.2.  Article Review and Analysis

From our final selection of 62 articles relevant information systematically extracted. For each
selected paper we collected, where available, the following information:

1. Bibliographic information (i.e., title, authors, year of publication)

2. Geographical scope (i.e., continent and country level) and scale of the study (i.e., farm/field
scale and larger scale such as basins, aquifers, regions)

3. Methodological approach adopted by the study (i.e., field experiment with measurement in the
field and desk-based methodologies including modeling, socio-economic analysis etc.)

Additionally, we categorized the articles based on the type of impacts described. Our analyses
primarily focused on five impacts arising from the transition from flood to drip irrigation:

Water use — including impacts on water savings, irrigation efficiency i.e., the ratio of water consumed
by crops relative to water applied [30], water use efficiency (WUE) that refers to the ratio of yield
relative to the water consumed (kg/m3) or water productivity (WP) that is the ratio of physical
crop production or the economic value of production (in terms of gross or net value) per unit
volume of water used [31].

4. Crop - covering effects on crops, such as yield or and growth and overall conditions.

Environment — encompassing impacts on ecosystems or environmental modifications, energy
consumption and greenhouse gases (GHG) emissions.
6.  Socio-economic aspects — addressing economic, social and cultural consequences for farmers or

any other water users.

All extracted information was organized into a structured database, which was subsequently
analyzed using descriptive statistics to identify publication trends over time. Descriptive statistics
were also employed to examine the distribution of studies by geographical scope, scale, and impact
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categories. Finally, a qualitative analysis of the reported impacts was performed to capture the full
range and diversity of findings across the literature.

3. Results

This section presents the results of the systematic literature review. Findings are organized
according to general publication trends over time and geographical distribution (3.1), followed by an
analysis of the targeted impacts of transitioning from flood to drip irrigation (3.2 and relative sub-
sections).

3.1. General Trends

Figure 2 reports both the number of new publications per year (bars) and the cumulative number
of publications over the targeted period (line). Overall, a continuous growing trend can be observed
over time. The earliest identified reference dates to 2001. The annual number of papers remained
stable between 2008 and 2016, then reaching a peak in 2017. After 2017, the number of annual
publications dropped but subsequently increased again, reaching a plateau in the last three years.
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Figure 2. The annual number of publications from 2001 to 2024 (bars) and the cumulative number of publications
over the targeted period (line).

Figure 3. shows the geographical distribution of case studies included in the reviewed articles.
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Figure 3. Geographical distribution of the case studies analyzed by the reviewed publications by continent (a)
and country (b).

Most of the case studies are in Asia, with a predominant role of China (n=23), followed by India
(n=8) and Pakistan (n=3). In Europe, most case studies refer to Spain followed by Turkey (n=2) while
for Africa most of them are placed in Mediterranean area such, Morocco (n=2) and Egypt (n=1). For
North America, case studies are primarily from the United States of America (USA) (n=7) while for
South America one case studies is reported from Peru. Finally, one article considers a global scale
case study. Most Chinese case studies are recent as they have been published after 2017, whereas
those referring to the USA are among the earliest contributions to the existing literature.

3.2. Impacts

This section presents the impacts associated with the conversion of irrigation regimes retrieved
from the reviewed paper and categorized by type of impact. Given the heterogeneity of papers, we
adopted a descriptive approach. First, we reported an overview about impacts and then we
addressed each impact category individually.

As reported in Figure 4, most of the reviewed articles focus on environmental impacts (32%)
followed by crop yield (28%) and water use (28%) impacts, while social impacts are less covered,
being addressed in only 12% of the studies. It is important to note that many selected papers report
multiple impact types at once (e.g., water savings and yield improvement, or water and energy
savings), making it challenging in some cases to assign them to a single impact category. When this
occurred, individual studies were classified under multiple impact categories. Since the figure reports
percentage values, the total could not in any case be equal to the number of studies.

32%

W Water use M Yield Environment Social

Figure 4. Percentage distribution of reviewed publications per impact categories (n=102).
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Almost all articles addressing water use and yield impacts adopt field experiment
methodologies at plot or farm scale to quantify yield increase and WUE improvement. In contrast,
articles assessing environmental and social impacts applied a broader range of desk-based
methodologies - such as modelling, surveying, econometric analysis etc. - typically applied at a larger
spatial scale, e.g., basin, aquifer scale or regional scale) (Figure 5).

Social

Environment

Yield

Water use

0% 20% 40% 60% 80% 100%

Field Experiment B Desk-based methodologies

Figure 5. Share of methodological approach categories used by impacts categories.

3.2.1. Water Use Impacts

The conversion from flood to drip irrigation generally leads to significant water saving and
improvements in WUE at the field scale, as water is applied directly to the crop root zone, minimizing
surface runoff, deep percolation, and evaporation losses. For example, [32] reported approximately
44% water savings for sugarcane in two irrigation districts in India. For staple cash crops, such as
maize and wheat, drip irrigation improves WUE and water savings compared to flood irrigation [33-
36]. In a mixed cropping system, Jahan Leghari et al. [37] found annual water savings of 34% for
winter wheat and 36 % to 40 % for summer and spring maize. Wang et al. [38] observed an increase
in maize irrigation water productivity from 3.51 kg m= under flood irrigation to 4.58 kg m= under
drip irrigation, partly due also to the contribution of shallow groundwater.

Water savings resulting from converting traditional flood irrigation to drip irrigation have also
been found for other crops such as sunflowers (about 95% of water saved) [39], olive (63-77%) [40]
and citrus (55%) [41]. Ali et al. [42] reported a decrease of water use from 487m? to 1,200m? in cotton
production. Moreover, switching from flood irrigation to drip irrigation have been reported to
increase WUE by 60.3% in jujube cultivation [43].

While the benefits of drip irrigation on increasing water savings and WUE at farm-scale are
largely demonstrated, its impact on water use at the basin scale can vary significantly. Evidence
suggests that reductions in water consumption associated to drip irrigation at the field level are often
accompanied by an expansion of irrigated land and crop intensification, which may offset the initial
water saving and lead to an increased overall consumptive use water [18,25,44-46].

3.2.2. Crop Impacts

Drip irrigation is largely recognized for having positive effects on crops, primarily by delivering
water directly to the root zone thereby minimizing water losses due to evaporation and surface
runoff. Results from the literature review indicate that studies comparing flood and drip irrigation in
terms of crop impacts generally highlight the benefits of drip irrigation in (i) increasing crop yield,
(ii) enhancing nitrogen (N) use efficiency, (iii) improving overall plant growth and (iv) stabilizing the
root zone. Table 2 reports selected studies reporting positive crops impacts associated with drip
irrigation with respect to different crops and across different case studies.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1537.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 September 2025 d0i:10.20944/preprints202509.1537.v1

8 of 18

Table 2. Overview of crop impacts reported by reviewed literature.

Case s.tudy ‘ Nitrogen Plant Root zone
Source location Crop Yield use -
(country) efficiency growth stability
[47] Turkey Apple x x
[40] Morocco Olive X
[48] USA Rubber X
[49] USA Alfalfa X
[38] China Maize X
[50] India Multi crops X x
[51] China Wheat X X X
[52] China Olive X
[53] China Wheat x
[42] Pakistan Cotton X
[41] Pakistan Citrus X
[39] China Sunflower X
[54] China Maize X
[33] China Maize X X X
[43] China Jujube X X
[55] USA Alfalfa X
[56] India Mustard X
[34] China Wheat X
[57] Iraq Rice X X
[36] China Maize X X
[37] China Wheat, Maize X X
[58] China Maize X X
[59] India Wheat X
[60] China Pear

As illustrated in Table 2, studies addressing the impacts of the conversion from flood to drip
irrigation on crops concentrate predominantly on assessing yield, with all of them reporting yield
increases associated with the adoption of drip irrigation. On the contrary all other crop impacts are
significantly less considered, emerging in 12 to 20% of studies dealing with crop impacts.

3.2.3. Environmental Impacts

Reviewed articles predominantly examine the effects of irrigation regime changes on
groundwater recharge. Flood irrigation is generally recognized to ensure a greater recharge intensity
than drip irrigation, due to return flows that sustain higher groundwater levels [38, 61-67]. For
instance, [65] investigated the spatiotemporal effects of the transition from flood to drip irrigation on
groundwater recharge in the semi-arid Mediterranean region of Valencia using a hydrogeological
model. Their results suggest the critical role of flood irrigation in maintaining groundwater levels,
particularly in areas characterized by large precipitation variability. Similarly, Wael et al. [66] found
that in semiarid and arid regions, like northern Egypt, water-saving irrigation systems reduced
recharge intensity compared to flood irrigation, leading to a decline in groundwater levels with
implications for potable water provision. Reported declines in groundwater table range between 10
and 50 cm, though the effect was partly mitigated by greater clay depth.

Field experiments in China further confirm this trend. Wang et al. [38] observed that flood
irrigation contributes to aquifer recharge, whereas drip irrigation results exclusively in shallow
groundwater extraction. Likewise, Jin et al. [63] reported negative implications for the stability of
regional groundwater resources when drip irrigation replaced flood irrigation. When combined with

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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climate change projections, the shift to drip irrigation is associated with further reductions in mean
groundwater recharge, particularly under drier future conditions [64].

Beyond recharge, irrigation return flows from irrigation also affects groundwater quality. Flood
irrigation can therefore contribute to aquifer salinization, while drip irrigation has the potential to
mitigate this effect due to reduced deep percolation [68]. Moreover, drip irrigation can reduce N
leaching by improving N use efficiency [37] while also lowering heavy metal accumulation at the soil
surface [69] even under wastewater application [70].

Another emerging strand of literature concerns GHG emissions from agricultural soils. Indeed,
irrigation methods influence the release of GHG such as carbon dioxide (COz), nitrous oxide (N:20),
nitric oxide (NO) and methane (CHs). Several studies show that drip irrigation can effectively
mitigate GHG emission compared to flood irrigation [34, 54, 55, 71]

Finally, the transition to drip irrigation has important implications for energy consumption.
While drip irrigation is typically associated with higher energy requirement due to pressurized water
pumping [44, 48], Narayanamoorthy [32] reports significant electricity saving (about 1,059 kWh/ha)
for sugarcane farmers using drip irrigation compared to flood irrigation. Where groundwater is
required for irrigation, efficiency gains in water use may also reduce total pumping volumes and
energy demand [72].

3.2.4. Socio-Economic Impacts

The conversion from traditional flood irrigation systems to drip systems entails significant
economic and social changes for irrigation water users, particularly farmers. The long-term viability
of this transition is closely tied to its economic sustainability, as farmers are more likely to adopt
dripping irrigation when it reduces financial burdens [73].

Evidence from the literature, however, highlights both benefits and drawbacks. According to
Hussain et al. [74], for example, despite of its potential on water savings drip irrigation in sugarcane
production in Pakistan resulted in net economic losses due to high installation and maintenance costs
compared with traditional flood irrigation. Similarly, in Zimbabwe, smallholder farmers found flood
irrigation to be more financially and economically viable than drip irrigation in the long-term. as the
higher energy costs of drip systems outweighed savings on water and fertilizer inputs [75]. In Spain,
the modernization of irrigation has raised domestic agriculture productivity, but farmer incomes
have not increased significantly due to higher water and energy costs. Higher energy requirements
for drip irrigation increase total maintenance cost and farmers often respond by applying deficit
irrigation to maximize profits, thus balancing production with financial sustainability [44].

Other studies point to more positive outcomes under certain conditions. In the arid northwestern
China, data collected from 228 farmers reveal that the transition from flood to drip irrigation has a
positive effect on gross margin only for those farmers less constrained by water availability. Where
access to water remains limited, profitability of drip irrigation systems diminishes, despite rising
water scarcity [76]. Furthermore, although the adoption of drip irrigation often results in increased
energy expenditures, it can reduce costs for other agricultural inputs, notably fertilizers and
herbicides, through more efficient input application [42].

Beyond economic considerations, drip irrigation can also reshape water governance and social
practices. At the basin scale, the adoption of more efficient irrigation systems may alter the
distribution of water supply, potentially undermining existing water right holders relying on the
return flows from traditional flood irrigation practices [18].

At the organizational level, the shift to drip systems has transformed irrigation communities and
water user associations (WUAs). For example, Ortega-Reig et al. [77] described how drip irrigation
led to new collective rules on water allocation in three collective irrigation systems in Valencia
(Spain). Decisions on irrigation scheduling are now main responsibility of WUA whereas in absence
of drip automated famers were able to independently make decisions. The introduction of drip
irrigation also led to the implementation of new rules for water distribution setting a maximum water
use per day or limits in volumes. In some areas, dual (i.e., both drip and surface) irrigation systems
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persist, as farmers want to maintain surface irrigation as a backup solution despite increased costs
associated with the cleaning and maintenance of channels. Within WUA, the conversion to drip
irrigation reshaped traditional collective irrigation organizations rearranging their internal structure
and fostering increased centralization to increase technical and economic efficiency.

Finally, the transition to drip irrigation can also carry cultural implications. Traditional irrigation
systems have shaped landscapes, social relations, and cultural identity for centuries. In the Canyoles
Valley (Spain) one of the consequences of the conversion from flood to drip irrigation is the loss of
cultural heritage. Indeed, many of the ancient canals, used before the shift to drip irrigation, have
been abandoned or disused and the same occurred for other traditional infrastructures such as mills
and underground canals [25].

4. Discussion

This section discusses results reported within Section 3. Discussion focuses on trade-offs (4.1)
and policy discourse (4.2). Finally, research limitations and possible future developments are
presented (4.3).

4.1. Trade-Offs

In this study, trade-offs are understood as evidence-based patterns of conflicting impacts
identified across the reviewed literature. Building on this concept, this section outlines and discusses
the main trade-offs associated with the conversion from flood to drip irrigation.

Though the conversion from flood to drip irrigation is regarded as an effective measure to save
water and increase WUE at farm-scale, higher irrigation efficiency does not necessarily translate into
reduced water consumption at watershed or basin scale [27]. The paradox of irrigation efficiency [13]
can be better understood by distinguishing between consumptive and non-consumptive uses of
irrigation water [78]. Consumptive use comprises both beneficial consumption (e.g., crop
transpiration) and non-beneficial consumption (e.g., weed transpiration, evaporation from wet soil
or open water surfaces). Non-consumptive use refers to flows that are not consumed by crops but re-
enter the hydrological system, either as recoverable flows (e.g., drainage and runoff that recharge
aquifers and surface water bodies) and non-recoverable flows (e.g., losses to the ocean) [13,78].

Improved irrigation efficiency is typically associated with an increase in beneficial consumption,
which in turn results in higher yields while at the same time reducing non-beneficial consumption
and non-consumptive use. However, these reductions do not necessarily translate into real water
savings, since the “saved” water often corresponds to return flows that sustain groundwater recharge
[79,80] or downstream availability. As shown by our results, flood irrigation generates more return
flows than drip irrigation. Consequently, the conversion from flood to drip irrigation may generate
trade-offs between improved on-farm irrigation efficiency and the maintenance of water flows
supporting ecosystem processes [20], including off-farm irrigation dependent ecosystem services
[81]. Altered return flows may also reduce water availability for other uses [82] and complicate water
governance [18,83], thereby shaping trade-offs in terms of water accessibility.

Increased irrigation efficiency at farm-scale generates water savings and additional revenues to
the farmers that often enable the expansion of irrigated areas, crop intensification, or the shift to
higher water-demanding crops. All these processes ultimately contribute increasing water use at
larger scales [25,46,84] This rebound effect is frequently reinforced by subsidies for irrigation system
modernization [18]. While drip irrigation is often presented as a key solution for water conservation,
evidence shows that farmers are generally more motivated by the prospect of higher yields and
profits than by conserving water resources [73,77,85]. As a result, efficiency gains at farm-scale may
not translate into basin-scale water conservation, but instead into rational farm-level strategies
instead into rational farm-level strategies aligned with market forces and subsidies [86]. These
dynamics produce trade-offs between productivity gains at farm-scale and water conservation at
basin-scale.
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From a socio-economic perspective, drip irrigation can enhance farm profitability by increasing
yield while reducing cultivation costs associated to farm-inputs like fertilizers and herbicides [26].
However, its high upfront investments, maintenance and energy costs remain major barriers. For
smallholders and farmers in developing countries, financial and technical constraints often turn drip
irrigation economically unviable despite its water savings potential [15] thus favoring traditional
irrigation schemes [74, 75]. These dynamics risk reinforcing inequalities among farmers, as wealthier
producers better positioned to access subsidies, credit, or technical support (e.g., extension services,
advisory services etc.), while smallholders farmers risk exclusion and rising vulnerability.

The transition from flood to drip irrigation also entails trade-offs in terms of GHG emissions and
energy use. On the one hand, drip irrigation has the potential to mitigate soil-related emissions
lowering CH, and N,O emissions compared to flood irrigation [55]. On the other hand, drip irrigation
systems typically increase the energy intensity and carbon footprint of irrigation [87]. The balance
between these outcomes depends on multiple context-specific factors, including e.g., the choice of the
pumping systems [88], the irrigation water source [72] and the regional energy mix. These
complexities highlight the need to assess trade-offs at the intersection of farm-scale performance and
broader socio-environmental sustainability.

This can also be understood as a need to explore further possible trade-offs (as well as synergies)
between private (e.g., crops) and public or semi-public goods (e.g., ecosystem conservation). Our
results indicate that, to date, research on the impacts of converting from flood to drip irrigation has
predominantly focused on agricultural profitability, considering increases in crop yield, water
savings, and, at the economic level, farmers’ income or farm financial sustainability. This seems to
suggest a prevalent focus on traditional farm economics, centered at a classical economic approach
emphasizing the importance of private goods. From an ecosystem approach [89], such an approach
narrows the analysis to provisioning services alone, overlooking broader ecosystem functions and
services. Indeed, none of the socio-economic studies have assess in economic/monetary terms the
potential environmental externalities — whether positive or negative — arising from the conversion of
irrigation regimes. This confirms a lack of focus on public goods as well as regulating and cultural
ecosystem services. If examined through the lens of the Water-Energy-Food-Ecosystem (WEFE)
nexus framework [90-92], this denotes a stronger emphasis on the food dimension especially
compared to the ecosystem component [93].

4.2. Policy Discourse

Policies targeting efficient and sustainable water use played a central role in promoting the
modernization of irrigation systems. Those policies, encouraging or directly subsidizing water-
saving irrigation techniques, are directly aimed at achieving water conservation in a context
unsustainable water management, growing demand and water scarcity worsened by ongoing climate
change. Public programs that would subsidize the adoption of drip irrigation are diffused worldwide
following UN water agenda [94] and to comply with UN Sustainable Development Goal (SDG) 6.4
seek to increase water use efficiency. For instance, the EU provides financial support for the adoption
of drip irrigation through the Common Agricultural Policy (CAP), a policy instrument that has been
widely criticized for pursuing conflicting objectives of economic viability and environmental
sustainability while also reinforcing unfair competition among farmers [95]. In the USA increased
public subsidies for water conservation technologies resulted in increased economic benefits both at
farm and basin level, however also led to an increase in water consumption [96]. Even in arid and
water scarce areas such as the countries of the Near East and North Africa (NENA) Region, the
introduction of drip irrigation in absence of water allocation policies translated into more water
consumed [27].

Yet, a major contradiction emerges between water conservations objectives and the actual
impacts on intensification and expansion of agriculture [10,97] since these policies are usually
designed considering irrigation water primarily for production purposes, adopting a silo approach
and thereby accentuating potential trade-offs. In this context, economic incentives and subsidies can
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even worsen existing negative externalities associated with the adoption of modern irrigation
technologies [83,98]. Therefore, if the final objective is water conservation, enhancing water efficiency
through the adoption of modern irrigation technologies is necessary but not sufficient [99]. The
modernization of irrigation systems should be coupled with ad hoc policies such as measures that
limit agricultural expansion at the expense of natural ecosystems [100] or the introduction of water
charges and tariffs to regulate water consumption [99].

4.3. Research Limitations and Future Developments

This review presents some limitations that should be acknowledged. First, this review included
only publications written in English, thereby excluding potentially relevant studies published in
other languages. Second, the initial screening did not consider grey literature such as technical or
institutional reports, which could have been particularly relevant for country-level analyses; only one
institutional report was included through citation analysis. Third, as already mentioned, this study
focuses exclusively on the conversion from flood to drip irrigation. While such a strict focus was
necessary to simplify the analysis and make it feasible, it inevitably excludes other irrigation
techniques that could reshape the trade-offs identified. Lastly, the analysis relies on the availability
of existing studies, which are often heterogeneous in terms of geographical focus, methodological
approaches, and indicators used to assess trade-offs. As a result, direct comparisons remain
challenging.

5. Conclusions

This review shows that the conversion from flood to drip irrigation generates a complex set of
trade-offs, demonstrating that irrigation modernization cannot be considered as a panacea for water
conservation.

At the field scale, drip irrigation offers clear benefits, including higher yields, improved water-
use efficiency, reduced agrochemical inputs, and lower soil-based GHG emissions. However, these
advantages are offset by significant environmental and socio-economic costs.

At the basin scale, efficiency gains often translate into higher consumptive use and
evapotranspiration, reducing return flows that sustain aquifers, ecosystems, and downstream users.
In parallel, the high investment and maintenance costs of drip systems create barriers for
smallholders and risk reinforcing inequalities, while the increased energy demand may erode some
of the environmental gains. These findings highlight a potential contradiction between the stated
objectives of policies aiming to promote water conservation and their actual outcomes once enforced
and implemented in practice on the ground.

To reconcile productivity gains with sustainable water use, irrigation modernization efforts
must move beyond a narrow technological focus. Coherent governance frameworks are essential,
including regulation of water abstraction, economic instruments such as tariffs, and safeguards
against irrigated area expansion. This also calls for stronger integration and coordination across
policy domains, avoiding siloed approaches and fostering synergies between — among others —
agricultural, rural development, environmental, and economic policies. Another urgent priority is
the design and implementation of mechanisms to value, compensate, and account for the
environmental benefits —particularly ecosystem services — supported by farming practices and, in
particular, by traditional irrigation systems. Only through such integrated and multi-scale
approaches can drip irrigation fulfill its potential to strengthen agricultural resilience while
contributing to long-term water conservation.
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