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Abstract Avrticle History
Global agriculture is the largest consumer of freshwater. Water scarcity,

especially in arid and semi-arid regions, is a major constraint to sustainable  Published: June 30, 2026
p_otgto production. Compre_hgns_iv_e S(_:ientific gvalgat_ion of apprqprigte Ievel;, Accepted: May 17, 2026
timing, and methods of deficit irrigation remains limited. The objective of this
review was to evaluate different deficit irrigation strategies. The focus was on  Revised: March 29, 2026
potato yield, quality, and water-use efficiency. Relevant studies were collected  Received: February 2, 2026
from reputable scientific journals. These included field experiments, greenhouse

studies, models, and meta-analyses. The data were analyzed using comparative

and descriptive approaches. The results showed that moderate deficit irrigation

reduces water consumption. It increases water-use efficiency. It also maintains

or improves yield and quality. These effects are especially evident during the

early growth stages. Methods such as PRD, AFI, and SSI are effective in saving

water. They also improve production stability. However, the tuber formation and

flowering stages are highly sensitive to water deficit. In conclusion, proper

scheduling is important. Moderate deficit irrigation is an effective practical

strategy. It ensures water saving. It increases economic benefits. It also supports

sustainable potato production. These findings provide a scientific basis for

decision-making for farmers and water management institutions.
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Introduction

Globally, agricultural irrigation is the largest consumer of freshwater; therefore, due to
increasing water scarcity, the need for efficient and sustainable irrigation methods has
intensified. (Adeyemi et al., 2017).

On the other hand, water shortages, especially in arid and semi-arid regions, are a major
constraint on sustainable agriculture, and the growing demand from cities and industry further
increases pressure on agricultural water resources. To mitigate the water crisis and increase
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agricultural production, improving water productivity through better farming practices,
improved management, and reduced water consumption is critical. Physical water productivity
is an important scientific indicator of optimal water use, playing a fundamental role in water
management and agricultural economic planning, and helping to identify appropriate solutions
for different regions (Jovzi et al., 2024).

Irrigation is a key factor in agricultural production, especially in arid areas where water
resources and annual rainfall are limited (Al-Omran et al., 2020). Moreover, irrigated
agriculture is the largest water-consuming sector, accounting for about 70% of total freshwater
use, yet it provides nearly 40% of the world's food. Water scarcity and rising energy costs have
made improving water use efficiency and adopting effective drought-mitigation measures top
priorities in the agricultural sector (Martinez-Romero et al., 2019). The gradual increase in
freshwater demand makes it essential to use water efficiently. In this context, irrigation
scheduling is needed that maximizes returns from each unit of water. Deficit irrigation is a
strategy that allows plants to tolerate a degree of water stress, reducing irrigation costs and
potentially increasing profits. The potential benefits of deficit irrigation arise from three
factors: increased irrigation efficiency, reduced irrigation costs, and lower water opportunity
costs. In deficit irrigation, yield reductions are compensated by cost savings due to water
conservation or by the expansion of newly irrigated areas (Kiziloglu et al., 2006).

Potato (Solanum tuberosum L.) is one of the world's most important food crops and plays a
vital role in food production and economic growth. The diversity of potato cultivars, high yield
potential, and strong adaptability to different climates distinguish this crop from other major
staples (Chen et al., 2025; Martinez-Romero et al., 2019). From planting to harvest, potato
growth passes through five stages: sprouting, seedling establishment, tuber initiation, tuber
bulking, and starch accumulation. In general, irrigation demand is low during the sprouting
stage, while the highest water requirement occurs during the tuber bulking stage, followed by
the tuber initiation and starch accumulation stages (Zhou et al., 2020)

In recent years, due to increasing drought events, water scarcity has become one of the most
critical global challenges, clearly observed in many countries, and potato cultivation in arid
and semi-arid regions is particularly constrained by limited water availability. Studies
conducted on potatoes under deficit irrigation have identified effective deficit irrigation
methods and clarified the effects of water stress at different growth stages on plant growth,
yield, tuber quality, and water use efficiency. These studies aim to determine optimal irrigation
strategies for sustainable, efficient potato production that increase yield and quality, improve
water-use efficiency, and provide practical guidance for farmers.

However, a comprehensive synthesis of optimal deficit irrigation strategies across growth
stages is lacking. Therefore, this study aims to answer the following research questions:

1. Which deficit irrigation methods improve potato yield and water-use efficiency?
2. Which growth stages are appropriate for water deficit?

3. Which irrigation strategy is most effective in arid regions?
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Methods and Materials

This review article was conducted to evaluate the effects of deficit irrigation on the production
of potato (Solanum tuberosum L.). The data collection process was carried out as follows:

Literature for this review was systematically collected from major academic databases,
including Scopus, Web of Science, ScienceDirect, and Google Scholar, to ensure
comprehensive coverage of peer-reviewed research.

Study Selection: For this review, most of the selected studies were recent, relevant, and
published in peer-reviewed international journals, with the majority published between 2016
and 2025. A total of 36 articles were initially examined in detail. Their results were then
compared and interpreted. The included studies comprised field experiments, greenhouse
studies, modeling, meta-analyses, and scoping reviews.

Inclusion Criteria

o Studies must evaluate various deficit irrigation methods in potato production, such as
RDI, PRD, AFI, Drip, and SSI.

o Studies must provide quantitative or analytical data on water amount, yield, tuber
quality, water productivity (WP), and irrigation water use efficiency (IWUE).

Data Extraction and Classification

From each article, the following information was extracted:
 Irrigation method and technique.
o Level of water deficit and growth stage of application.
o Growth stages (e.g., seedling, tuber initiation, tuber bulking).
o Climate and soil type.

e Outcomes related to yield, tuber quality, water productivity (WP), and irrigation water
use efficiency (IWUE).

e Economic and agronomic indicators.
Data Analysis

Data analysis was performed using descriptive and comparative methods. The effects of
different irrigation methods were compared across growth stages, yield, tuber quality, and
water consumption. The main aim of the data analysis was to identify the most effective deficit
irrigation strategies and provide practical recommendations for sustainable and efficient potato
production.

Findings & Discussion

Deficit Irrigation Effects on Potato Growth and Yield

Although water stress can reduce photosynthesis, transpiration, stomatal conductance, and total
water consumption, it can also improve soil hydrothermal conditions. Moderate regulated
deficit irrigation applied during the early growth stage and the tuber initiation stage does not
negatively affect potato yield; instead, it increases both water productivity and irrigation water
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use (Pan et al., 2025). Potatoes respond strongly to proper irrigation management because their
shallow root system and high sensitivity to soil moisture fluctuations make irrigation critical to
improving yield and quality; therefore, precise irrigation is essential. Advanced irrigation
approaches (soil, evapotranspiration, and plant-based scheduling) can enhance water
productivity while maintaining yield and quality (Rai & Dong, 2025).

Precision irrigation improves water use efficiency; however, to fully realize its benefits,
adaptive decision-support systems, sensors, and model-based predictive control are required.
These technologies can increase yield, save water, and enhance agricultural sustainability,
especially when deficit irrigation is integrated into overall management strategies (Adeyemi et
al., 2017). Deficit irrigation helps maintain potato yield and quality (Chen et al., 2025).
Regulated deficit irrigation applied at appropriate timing and moderate levels during the potato
growth cycle reduces water consumption, improves water uptake and utilization, increases
yield, and enhances tuber quality, making it a useful approach for efficient production
management and industry development (Wang et al., 2023)

Applying mild to moderate water deficit during the seedling stage has little negative effect on
vegetative growth, and these growth indicators can be compensated for by adequate irrigation
in later stages, ultimately resulting in higher yields (Jia et al., 2022; Li et al., 2021). Various
methods are available for implementing appropriate deficit irrigation, each being effective
when used in suitable conditions. Among these, partial root-zone drying (PRD) can increase
water use efficiency, maintain or increase yield, and improve the nutritional and health-related
quality of tubers (Jovanovic & Stikic, 2018). Evidence also indicates that PRD can reduce total
water consumption compared with full irrigation, with little or no yield reduction (Ahmadi et
al., 2010).

Among these methods, the most effective is Controlled Alternate Partial Root-Zone Irrigation
(PRD/CAPRI), an advanced form of PRD in which water flow and timing are precisely
regulated. This method increases water-use efficiency by reducing evapotranspiration,
regulates vegetative growth, and saves water without causing significant yield reductions
(Kumar et al., 2019). The use of alternate root-zone irrigation is particularly effective when
water savings are below 45%, and appropriate fertilization is applied, indicating that deficit
irrigation adapted to local conditions is a practical strategy for water conservation and
acceptable yield (Niu et al., 2024). PRD positively influences plant physiological and
morphological traits, maintains yield, and enhances water productivity. Especially in arid and
semi-arid regions, PRD is a suitable irrigation strategy that achieves high yield while
conserving water under limited water availability (Ahmadi et al., 2010).

Moreover, PRD induces partial stomatal closure, which makes water use more efficient, and
this partial reduction does not negatively affect yield, leaf dry matter, or total tuber production
when compared to full irrigation. Marketable tuber yield is often higher under PRD, which can
save up to 30% of irrigation water and increase irrigation water use efficiency (IWUE) by up
to 61%, demonstrating that PRD is an effective water-saving strategy for potatoes under limited
water conditions (Shahnazari et al., 2008). The tuber bulking stage (from initiation to harvest)
is the most sensitive period; thus, deficit irrigation should be avoided during this stage to
prevent significant yield losses, although the effect depends on the degree of water deficit
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applied (Montoya et al., 2019). Overall, applying mild to moderate water deficit during the
seedling stage, without severe stress during tuber initiation and bulking, allows RDI strategies
to achieve an optimal balance between potato yield, quality, and water use efficiency (Zhang
etal., 2024).

Another deficit irrigation method, Alternate Furrow Irrigation (AFI), reduces seasonal
irrigation water by nearly half without significantly affecting tuber yield or total biomass
compared with conventional furrow irrigation (Kassaye et al., 2020).

When arable land is limited, it is preferable to apply irrigation at a level that maximizes yield
per unit area (Wm), as this also ensures the highest net economic return per unit land (WI).
Under water-limited conditions, however, the optimal irrigation level is that which maximizes
economic return per unit of water used (Ww), rather than simply maximizing yield. In this
context, applying deficit irrigation for two weeks during the tuber bulking stage is an
appropriate strategy for potatoes. Although yield may slightly decrease, the increase in tuber
dry matter compensates for the reduction. Under land or water constraints, this approach is
effective for maximizing net economic return (Karam et al., 2014).

The mid-growth stage, particularly flowering, is the most sensitive to water stress, and severe
deficit should be avoided during this period. For other growth stages, applying 65-85% of crop
water requirements throughout the season is an effective water-saving strategy compared with
full irrigation. This typically reduces yield by 17.5-23.2%, which remains economically
acceptable while providing satisfactory yield (Kifle & Gebretsadikan, 2016; Kifle et al., 2024).
When combined with appropriate nitrogen fertilization, this irrigation level further enhances
water savings and maintains acceptable yields (Akkamis & Caliskan, 2023).

Moderate deficit irrigation at 75% of full water requirements can reduce seasonal water
consumption by approximately 25% without negatively affecting yield or tuber quality. This
approach ensures both water savings and the production of commercially acceptable tubers,
making it an important strategy for sustainable potato production (Mora-Sanhueza et al., 2025).
Using 75% ETC(Crop Evapotranspiration) deficit irrigation through alternate furrow irrigation
provides a practical and economic solution, particularly in water-limited regions (Kumilachew
et al., 2025). Regulated deficit irrigation, when applied appropriately, can simultaneously
reduce water use and increase potato yield, water productivity (WP), and irrigation water
productivity (IWP). Deficit irrigation reduces both yield and crop evapotranspiration (ETc) but
significantly improves WP and IWP compared with full irrigation. Additionally, combining
deficit irrigation with other practices, such as drip or subsurface drip irrigation, proper
fertilization, and increased soil organic carbon, further enhances yield and water productivity
(Niu et al., 2024). Applying moderate controlled water deficits (e.g., 25% deficit irrigation) is
an effective approach for increasing WP and IWP in potato cultivation without significantly
reducing yield, and it provides the highest net economic return under conditions of limited land
and water (Teshome et al., 2024).

Drip irrigation is an effective method for sustainable potato production in semi-arid regions.
To further enhance its efficiency, subsurface drip irrigation (SSI) is considered the optimal
approach. Compared with surface drip irrigation (SI), SSI reduces water evaporation by 8-26%
during crop growth. Additionally, SSI increases the dry weight of potato roots after tuber
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initiation and improves leaf area index (LAI) and total plant dry matter accumulation from
tuber bulking to starch accumulation, resulting in higher yields compared with surface drip
irrigation (Guan et al., 2025).

Alongside deficit irrigation, applying water according to an appropriate irrigation schedule is
essential. Improper scheduling can not only reduce yield but also compromise the sustainable
management of water resources (Rai & Dong, 2025). For potato cultivation, different irrigation
strategies serve specific purposes: alternate furrow irrigation (AFI) is suitable for simple water
savings, partial root-zone drying (PRD) enhances drought tolerance, and controlled alternate
partial root-zone irrigation (CAPRI) allows precise water management. The choice of method
depends on soil type, water availability, and management capacity.

Deficit Irrigation Effects on Potato Quality

Irrigation levels play a crucial role in both potato yield and tuber quality. Excessive water
deficit can reduce yield and increase the proportion of non-marketable or deformed tubers
(Sifuentes-lbarra et al., 2023). To maintain tuber quality, dynamic deficit irrigation is an
effective strategy that saves water while protecting tuber weight and nutritional quality,
including starch, dry matter, and protein content (Mauro & lerna, 2025).

The highest potato quality is generally achieved under mild to moderate water deficits applied
during the seedling stage. At this stage, slight water stress under regulated deficit irrigation
represents the most suitable system (Li et al., 2021). In general, reduced water supply tends to
lower tuber sugar and protein content, but under partial root-zone drying (PRD), these quality
traits remain higher than under conventional deficit irrigation (DI). Conversely, polyphenol
and antioxidant levels increase under water-deficient conditions (Elhani et al., 2019).

PRD enhances tuber quality and improves nutrient use efficiency. This method increases
certain nutritional and health-promoting traits in the crop and provides a practical approach for
farmers in water-limited regions to produce nutritionally valuable products (Jovanovic &
Stikic, 2018; Zhang et al., 2024). Under DI conditions, endogenous gibberellin levels (GA1
and GA3) decrease, while abscisic acid (ABA) concentrations rise from early growth to tuber
initiation, even without water deficit. Exogenous ABA application has been shown to enhance
tuber dry matter accumulation and uniformity, indicating that ABA, as a key signaling
molecule, mediates water stress responses, regulates tuber development, and contributes to
higher tuber yield (Jia et al., 2022)

Overall, optimal quality is produced under mild to moderate water deficit during the seedling
stage (Li et al., 2021). Properly timed deficit irrigation increases biomass accumulation and
maintains or improves tuber quality, supporting efficient industrial potato production (Wang et
al., 2023; Yang et al., 2022). Moderate deficit irrigation (approximately 18% reduction in Crop
Evapotranspiration (ETc)) preserves or enhances tuber quality parameters such as specific
gravity, starch content, and dry matter, whereas severe water deficit reduces quality. Combined
management of moderate deficit irrigation and reduced nitrogen application is therefore
recommended as an effective approach for resource-efficient, high-quality, and sustainable
potato production (Barka et al., 2025; Zhao et al., 2025).
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For sustainable potato production and improved quality in semi-arid regions, drip irrigation is
an effective method. Within this approach, subsurface drip irrigation (SSI) is particularly
efficient, as it increases dry-matter accumulation in the plant after tuber initiation, from tuber
bulking to starch accumulation. Compared to surface drip irrigation, SSI significantly enhances
tuber expansion and starch accumulation during these critical growth stages (Guan et al., 2025).

Deficit Irrigation Effects on Water Use Efficiency for Potato

In arid and semi-arid regions with severe water scarcity, various irrigation techniques should
be employed for potato production, such as deficit irrigation strategies, to mitigate water
shortages to some extent. To implement effective deficit irrigation, several studies have
investigated and demonstrated the efficiency of different approaches to water-limited
irrigation.

Appropriate and timely deficit irrigation throughout the growing season reduces overall water
consumption, improves water uptake and utilization, increases biomass yield, and moderately
enhances tuber quality, which benefits the efficient development of the potato industry (Wang
etal., 2023). Overall, deficit irrigation is an effective water-saving strategy that allows efficient
water management without significantly reducing potato yield. However, it has pronounced
effects at certain growth stages, particularly during flowering and the mid-growth period.
Across the entire season, a 25% deficit irrigation rate is considered optimal for water-use
efficiency. Therefore, in water-limited areas, applying 70-85% of ETc as deficit irrigation is
recommended (Kifle & Gebretsadikan, 2016; Kifle et al., 2024; Kumilachew et al., 2025).

When ETc is reduced by 24-25% under deficit irrigation, both water productivity (WP) and
irrigation water productivity (IWP) increase significantly. This indicates that even limited
water under restricted water and land conditions can be effectively managed, providing
valuable insights for policy-making and efficient irrigation management (Niu et al., 2024;
Teshome et al., 2024; Wale et al., 2022).

Most innovative approaches within deficit irrigation (DI). In the PRD method, alternating
irrigation between the sides of the root zone triggers abscisic acid (ABA)-mediated signaling
from roots to leaves, regulating plant physiological traits and enhancing water use efficiency
(Ahmadi et al., 2010). In practice, implementing PRD can provide farmers in water-limited
areas with sustainable production, water savings, and high-quality crops, making it an effective
strategy to improve irrigation water-use efficiency (Jovanovic & Stikic, 2018; Zhang et al.,
2024).

PRD irrigation can increase water use efficiency (WUE), maintain or even enhance yield, and
improve the nutritional and health quality of tubers. Its effectiveness is further supported by
water savings, better nutrient utilization, and improved physiological adaptation of the plant
(Jovanovic & Stikic, 2018). Among PRD systems, subsurface drip irrigation (SSI) is
particularly efficient, reducing evaporation by 26% during the early growth stages of potato
and increasing average water productivity (Al-Omran et al., 2020; Guan et al., 2025).
Therefore, shallow-buried drip lines are considered a suitable method for efficient water use
and sustainable potato production in semi-arid regions.
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PRD also positively affects plant physiological and morphological traits, maintains yield, and
increases water productivity. In arid and semi-arid regions, PRD is an appropriate irrigation
strategy that conserves water while sustaining high yields (Ahmadi et al., 2010). Specifically,
PRD partially reduces stomatal activity, leading to up to 30% water savings and a 61% increase
in irrigation water use efficiency (IWUE), demonstrating its effectiveness as a water-saving
approach under limited water conditions (Shahnazari et al., 2008). Among PRD techniques,
Controlled Alternate Partial Root-Zone Irrigation (PRD/CAPRI) maximizes water savings by
reducing evaporation and regulating plant growth without causing significant yield loss
(Kumar et al., 2019).

Another water-saving approach is Alternate Furrow Irrigation (AFI), in which irrigation water
is reduced to approximately half of the furrows at a time. Despite the reduced water application,
AFI maintains potato tuber yield and total biomass comparable to full irrigation. Applying AFI
with a 25% ETc deficit provides the highest economic benefits while improving water-use
efficiency (WUE) and economic returns. Therefore, this method is recommended for
sustainable potato production in water-limited regions (Kassaye et al., 2020).

Conclusion

Proper deficit irrigation improves water use efficiency, conserves water, and maintains or
enhances potato yield and quality. PRD and its advanced form (PRD/CAPRI) are effective in
arid and semi-arid regions as they reduce water loss, regulate plant growth, and improve
physiological traits. AFI and subsurface drip irrigation (SSI) also provide high yields with
lower water use. During sensitive stages, especially tuber development, these methods create a
good balance between vyield, quality, and water efficiency. When combined with proper
nutrient management and improved soil conditions, deficit irrigation increases economic
returns and supports sustainable potato production in semi-arid regions. Most studies are
limited; therefore, future research should evaluate these methods across diverse climates, soil
types, and long-term systems, and assess their economic and technological impacts.
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