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rice is cultivated on an area of 1,000,000 ha (FAO 2023). 
The main rice producing countries are Egypt (EG), Italy 
(IT), Türkiye (TR) and Spain (SP). Italy and Spain (Europe) 
account for 80% of the European area devoted to rice 
(312,000 ha), while Egypt and Türkiye (extra-Europe) 

Introduction

Rice is of strategic importance for food security in some 
countries (notably Egypt) and its consumption is steadily 
increasing throughout the Mediterranean basin where the 
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Abstract
Rice is cultivated on approximately 1,000,000 ha in the Mediterranean area, with production concentrated in Egypt, Italy, 
Türkiye, Spain, Grece and Portugal. In these areas, rice is traditionally established by wet seeding and cultivated under 
continuous flooding (WFL), which requires larger volumes of water compared to other irrigation practices. The aim of 
this study is to benchmark irrigation methods alternative to WFL across sites representative of the rice agro-ecosystems 
producing areas of 5 of the main rice-producing countries. For each site, WFL and one or more alternative methods, 
selected and adapted to site-specific conditions, were implemented and monitored for at least two years. The alternative 
methods included: alternate wetting and drying (AWD), dry seeding and delayed flooding (DFL), water input/output 
reduction (WIR), hybrid irrigation (HYBRID), sprinkler irrigation (SPRINKLER), surface drip irrigation (DRIP), and 
subsurface drip irrigation (SDI). The results suggest that AWD, DFL and WIR, which are easy-to-implement flooding 
techniques, increase water productivity (WP) and preserve yield production. Both SPRINKLER and HYBRID showed a 
higher increase in WP (by about 50%) while maintaining or even increasing yield production, but at the cost of changes in 
irrigation management and investments for equipment purchases (limited in the case of HYBRID and greater for SPRIN-
KLER). DRIP and SDI increasing WP by more than 100% but, sometimes, yield was significantly reduced. Additionally, 
pressurized irrigation methods, and especially DRIP and SDI, showed the need for careful consideration of site conditions 
(during system design and management) to avoid yield losses.
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nearly cover the remaining Mediterranean rice area 
(604,000 ha). Among other rice producers of the Mediterra-
nean area, Greece and Portugal are also relevant, both with 
about 30,000 ha.

Rice is a semi-aquatic crop traditionally grown in wet-
lands around rivers or in deltaic regions, creating a unique 
agro-ecosystem where the wet seeding and continuous 
flooding irrigation techniques have been widely used. In 
deltaic areas, a balance is established between the salty sea-
water and the fresh water distributed by the irrigation of the 
rice fields, which helps to remove some of the salt through 
the drainage channels. These artificial wetlands provide a 
valuable environment for wildlife (Propper et al. 2020, 
2024; Chen et al. 2023). However, due to high population 
density and semi-arid climatic conditions, the Mediter-
ranean is one of the most water-scarce regions, which is a 
serious constraint for irrigating rice paddies (Harmanny and 
Malek 2019). Rice grown under wet seeding and continuous 
flooding (WFL), which is the traditional irrigation method 
in practically all countries, requires from two to three times 
more water than other cereals (Kijne 2006; Marcos et al. 
2018). Moreover, further pressure on water availability 
comes from competition for water with other economic sec-
tors such as: urban, industrial, environmental, recreational 
and tourism (Zikos and Hagedorn 2017). These constraints 
are exacerbated by the effects of climate change, such as ris-
ing air temperatures and changes in rainfall patterns (Igle-
sias and Garrote 2015).

Water scarcity problems in recent years have led coun-
tries to develop regulations that limit or reduce the rice 
cultivation area. In Egypt, for instance, Ministerial Decree 
No. 305/2020 restricts the area in which rice can be grown 
and prohibits its cultivation outside these areas (USDA FAS 
2021). In the Guadalquivir marshes, the main rice-growing 
area in Spain, water shortages reduced the area under rice 
by more than 50% in the 2021 and 2022 irrigation seasons 
(Irrigation Community Bajo Guadalquivir 2022). In 2023, 
unprecedented water shortages in Spain led to a significant 
reduction in irrigated agricultural area (Spanish Govern-
ment 2023) and rice area was severely reduced in all geo-
graphical areas of the country. According to the National 
Rice Authority, Italy lost 26,000 ha of rice fields in 2022 
and production fell by more than 30% compared to the pre-
vious year as a result of a historic drought in the Po Valley 
(Levantesi 2022).

To cope with water scarcity several irrigation strate-
gies have been tested and adopted to reduce non-beneficial 
water use for rice cultivation in different geographical areas 
(Cesari de Maria et al. 2017; Monaco and Sali 2018; Mal-
lareddy et al. 2023; Arouna et al. 2023; Yu et al. 2024). 
Among these techniques, the following are investigated in 
a number of studies: alternate wetting and drying (AWD), 

dry seeding and delayed flooding (DFL), different strategies 
to reduce irrigation inputs and outputs (WIR), hybrid irri-
gation (HYBRID), sprinkler irrigation (SPRINKLER) and 
surface and subsurface drip irrigation (DRIP and SDI).

AWD technique consists in alternating in the paddy 
flooded and non-flooded periods after reaching a specific 
rice growth stage. Depending on the length of the dry periods 
between two consecutive floodings, AWD can be classified 
as “safe” or “severe”. The degree of severity can affect the 
yield and the irrigation volume used (Bouman et al. 2007). 
Soil water status is monitored in the paddy field using ten-
siometers or by observing the perched water table in perfo-
rated water tubes inserted into the soil (Bouman et al. 2007). 
The latter is a practical approach to implement AWD, since 
the water tube can be self-built by farmers. In the literature, 
AWD-safe refers to a soil water potential ≥ − 20  kPa or a 
perched water level which does not drop below 0.15 m from 
the soil surface. In case of a “safe” AWD, water savings of 
23–24% without a significant yield loss have been observed 
in many experiments (Carrijo et al. 2017). An additional 
advantage of AWD is a 40–50% decrease in methane emis-
sions when compared to WFL, which makes this irrigation 
alternative very interesting in terms of greenhouse gases 
(GHG) mitigation (Martínez-Eixarch et al. 2022), water 
saving (Chidthaisong et al. 2018) and reduction of arsenic 
content in the grain (Martínez-Eixarch et al. 2021). Nowa-
days, AWD has become a recommended practice in many 
irrigated rice areas suffering from water scarcity (Richards 
and Sander 2014). The technique is widespread throughout 
Southeast Asia, China, India and Japan, and has been suc-
cessfully adapted to temperate areas such as California and 
Arkansas, USA (Carrijo et al. 2017).

Dry seeding and delayed flooding (DFL) consists in 
seeding rice under non-saturated soil conditions using a 
seed-drill sowing machine, and flooding the field when rice 
has developed 3–4 leaves (Pandey 2002). From that point 
onwards, the field is dried only once to conduct cultivation 
operations. Previous studies in Italy showed that DFL may 
reduce irrigation water inputs by 10–20% in the first part of 
the irrigation season, with an irrelevant yield reduction com-
pared to WFL (Cesari de Maria et al. 2017). Nevertheless, 
its massive adoption could lead to a reduction in recharge 
to the shallow aquifer during the first part of the irrigation 
season. This would, in turn, increase the demand for irriga-
tion in June, a critical period when other crops, such as corn, 
have high water requirements, thereby increasing the risk of 
water scarcity (Gilardi et al. 2023).

Water input/output reduction (WIR) included an ensem-
ble of irrigation strategies that involve a reduction of the 
irrigation water volume used. They consist in reducing 
the field water level from the wet seeding till the dough 
grain stage and then cutting off the irrigation until harvest. 
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Previous studies showed that WIR can have a limited nega-
tive impact on grain yields (Surendran et al. 2021). Linquist 
(2020) indicates that there are opportunities to reduce water 
use with minimal or no yield reduction by preventing tail-
water drainage, reducing percolation and seepage as much 
as possible, selecting short duration varieties and allow-
ing water to percolate instead of draining at the end of the 
season. Perry et al. (2024) noted that mid-season drainage, 
as well as multiple drainage events during the season, can 
reduce methane emissions without affecting yield. How-
ever, the reduction of the irrigation water input must still 
ensure the leaching of salts from the soil while maintaining 
a soil water potential compatible with rice cultivation (Yang 
et al. 2007; Park et al. 2022); this is especially challenging 
in coastal areas where irrigation water has high electric con-
ductivity (EC). In conclusion, since WIR includes a certain 
number of strategies for reducing water use, water savings 
and the absence of production losses depend on the tech-
nique selected and the specific context.

The hybrid irrigation system consists of a network pipes 
designed to distribute water evenly across the field through 
multiple outlets located within the field. This configuration 
enhances distribution uniformity, reduces deep percolation 
losses, thus improving application efficiency. The system 
has been implemented in commercial rice fields in the Nile 
Delta region-Egypt (Aboukheira 2021).

Surface drip (DRIP), subsurface drip (SDI) and sprinkler 
(SPRINKLER) irrigation systems can be used to irrigate 
rice in conditions different from soil saturation and continu-
ous water ponding in the field. A wider designation of these 
techniques is “aerobic rice production” techniques, because 
rice is grown under aerobic rather than anaerobic soil con-
ditions, allowing the reduction of irrigation requirements 
when compared to WFL, but making it more challenging 
to maintain a similar production (Bouman and Tuong 2001; 
Bouman et al. 2007).

Up to date, SPRINKLER has been tested for rice produc-
tion in different countries, such as Pakistan (Kahlown et al. 
2007), Italy (Spanu et al. 2009), USA (Vories et al. 2009), 
India (Senthil Kumar et al. 2018), Spain (Blanco-Alibés 
2014; Moreno-Jiménez et al. 2014; Alvarenga et al. 2022) 
and Brazil (Pinto et al. 2020). These studies have shown 
a reduction in the irrigation water requirements compared 
to WFL. However, the effect on yield remains uncertain, 
with some studies showing reductions and others showing 
no change. Pinto et al. (2020) reported that when soil water 
tension was maintained above − 10 kPa, sprinkler irrigation 
water use was reduced by 40% with minimal or no reduc-
tion in grain yield compared to WFL. The same threshold 
of -10 kPa was also found for other aerobic irrigation tech-
niques (Bouman et al. 2007). On the other hand, Nie et al. 
(2012) and Girsang et al. (2019) pointed to a decrease in 

rice yield associated with successive rice crops under aero-
bic soil conditions. According to these authors, the reasons 
for the yield decline of successive monocropped rice under 
aerobic conditions could be explained by a combination of 
biotic and abiotic factors, such as soil structure, an increase 
in soil pH and nutrient deficiencies, among others. But they 
underline that further research is needed to better investi-
gate the effect of aerobic rice cultivation on yield production 
in different environments.

Surface and subsurface drip irrigation (DRIP and SDI, 
respectively) are characterized by their ability to provide 
water, and possibly nutrients, directly to the plant’s root 
zone, minimizing water evaporation, deep water and nutri-
ent percolation, as well as surface water and nutrient run-
off. DRIP and SDI distribute water and nutrients across 
the field through a pipe network that includes manifolders, 
driplines and emitters, allowing low conveyance and dis-
tribution water losses. Depending on its design (emitter 
flowrate and spacing between driplines and emitters) and 
how it is managed (water volume for each irrigation event 
and frequency), DRIP and SDI may significantly reduce 
the amount of water and nutrients needed to cultivate rice. 
Compared to DRIP, SDI has the advantage that the driplines 
are buried and therefore does not interfere with the pas-
sage of agricultural machinery in the field. Conversely, soil 
working depth is limited by the installation of the system. 
SDI systems are becoming increasingly popular in agricul-
tural regions suffering from water scarcity and have been 
successfully applied to various crops such as horticulture, 
orchards, cereals and fodder, but their use in rice is still very 
rare. In fact, its application to the irrigation of a semiaquatic 
crop with a very shallow root system such as rice is still a 
challenge, and the economic costs of the systems need to 
be assessed. Recently DRIP and SDI systems are receiving 
attention from researchers and government authorities, as 
they can be an effective option to strongly increase water 
productivity, diminish methane emissions and reduce arse-
nic contents in grains. However, the irrigation systems to be 
installed are rather expensive and often not economically 
sustainable considering rice prices on the market. Despite 
the interest generated, there are still few studies in the lit-
erature analysing the positive aspects and difficulties of 
rice production using drip irrigation methods (Sharda et al. 
2017; Arouna et al. 2023).

The objective of this work is to present the experimental 
activities conducted from 2019 to 2021 in rice-growing areas 
of the main Mediterranean rice-producing countries (Egypt, 
Italy, Türkiye, Spain, and Portugal), aimed at comparing 
water-saving irrigation techniques with the traditional water 
seeding and continuous flooding (WFL). The management 
of the research fields, including instrumentation and data 
analysis, were planned and conducted by different scientific 
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Materials and methods

Main characteristics of the rice production areas

The field trials were carried out in five of the main rice pro-
ducing countries in the Mediterranean basin (Fig. 1).

A brief description of the five rice production areas 
included in the study is given below.

Lomellina (Italy): It is located in the north of Italy, on the 
left bank of the river Po, in the region of Lombardy. Its rice 
area accounts for about 65,000 ha, which represents more 
than 25% of the Italy’s total rice production. Historically, it 
had abundant surface water resources while, in recent years, 
it has experienced more frequent periods of water scarcity, 
especially in June and July. Competition with other water 
uses is increasing.

Baix Ter (Spain): It is located in NE Spain, at the river 
Ter. The rice area is about 1,000  ha, which accounts for 
about 1% of the Spanish rice production. Water availability 
is limited and strong competition with other sectors exists 
(especially civil and touristic uses).

Guadalquivir Marshes (Spain): It is located in SW Spain, 
between the Doñana Park (Biosphere Reserve) and the Gua-
dalquivir River estuary. The rice area account for 40,000 ha, 
which is about 40% of the Spain’s rice production. The 
availability of water for irrigation is limited, and the rice 
cropping area has been drastically reduced in recent years 
due to water scarcity. Salinity is also a potentially critical 

teams within the MEDWATERICE PRIMA Project (Fac-
chi 2022). To maximize the utility of the study for the local 
community, the water-saving techniques tested in each area 
(from one to three per area) were selected in collaboration 
with local stakeholder panels, which included key players of 
the rice production chain of each country. The panel consid-
ered the main challenges and potential constraints in each 
geographical location and selected solutions to be tested 
on pilot farms, always implemented in parallel with WFL 
(in one site changes to the WFL practice where made, see 
Sect. “Irrigation management of the trials”). For each irriga-
tion strategy, the most appropriate techniques, technologies 
and rice varieties were chosen by the panels to minimize 
production losses as well as to fit local practices; conse-
quently, often the same irrigation strategy shows differences 
among countries and sites.

Although it would have been possible to produce a 
paper for each geographical area covered by this study, all 
the experimental layouts and achieved results were instead 
summarized in a single paper. This approach allows readers 
to gain an overview of the state of the art of alternative rice 
irrigation techniques to WFL in the Mediterranean basin, 
and facilitates the transmission of the main lessons learned 
during the MEDWATERICE project.

Fig. 1  Location of the farms experimenting water-efficient irrigation strategies for rice during the period 2019–2021 in the Mediterranean basin 
(EG, IT, ES, TR, PT), as part of the MEDWATERICE project (https://www.medwaterice.org/)
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problem, the severity of which depends on the rate of water 
release from upstream river reservoirs and ocean tides.

Lower Mondego and Lis valleys (Portugal): The two val-
leys are located in the central Portugal, at the Mondego and 
Lis rivers, respectively. The total area under rice is 6,000 ha, 
about 20% of the Portuguese rice production. Water avail-
ability is not currently a critical issue, but periods of water 
scarcity are increasing.

Nile Delta (Egypt): It accounts for about 600,000 ha of 
rice, almost all of Egypt’s rice production. Rice cultivation 
in this region plays a key role in mitigating seawater intru-
sion from the Mediterranean Sea, helping to maintain soil 
quality and freshwater availability in the Delta. However, 
water scarcity has been increasing over the years, and com-
petition for water with other crops is very high. The irrigated 
area affected by salinization in Egypt is about 30%–40% of 
the total cultivated area, making this a critical issue for rice 
production.

Bafra Valley (Türkiye): It is located in the Kizilirmark 
Delta, in the middle of the Black Sea coast. The rice area 
is about 13,000 ha, which represents 8% of Türkiye’s total 
rice production. The availability of surface water is limited, 
and the excessive use of groundwater increases the risk of 
water scarcity and salinisation problems. Competition for 
water resources in the region is also increasing, and paddy 
production tends to consume excessive water and energy for 
water pumping.

Tested rice irrigation strategies

Irrigation strategies tested in each geographical area

For each specific irrigation strategy, the most appropriate 
technologies, rice varieties and agronomic practices were 
selected to minimize the impact on yield losses. The irri-
gation strategies tested in each geographical area are sum-
marised in Table 1.

Experimental layouts

Table 2 lists in a structured fashion all the main character-
istics of the experimental sites and their designs at each 
geographical location. It reports climate variables as air 
temperatures (Tmin and Tmax), cumulative rainfall and 
crop evapotranspiration during the experimental growing 
seasons under optimum soil water conditions (ETc; Allen 
et al. 1998). Field dimensions, soil texture, average depth 
to groundwater, rice variety and instrumentation installed 
in each area are also shown. Small experimental plots have 
replicates to ensure representativeness, while large produc-
tion fields usually do not.
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Each time the threshold was reached, the paddy was re-
flooded to a water level of about 0.08–0.10  m above the 
soil surface. Particular attention was paid to panicle initia-
tion, flowering and early ripening, as rice is highly sensitive 
to water stress during these stages. The final irrigation was 
applied at the dough growth stage of the grain.

In Türkiye, AWD was tested under three levels of sever-
ity, corresponding to three different thresholds in the water 
tube (− 0.05 m, − 0.10 m and − 0.15 m); the three trials are 
named ADW5, ADW10 and ADW15, respectively. Rice 
was transplanted in 2019, while dry seeding and immedi-
ate flushing were carried out in 2020 and 2021. Irrigation 
management started at the beginning of early tillering in all 
cases. When the different water thresholds in each treatment 
were reached, paddies were re-flooded to an average water 
level of a maximum 0.10  m. Around the flowering stage, 
the water level was maintained between 0.08 and 0.10 m to 
reduce the risk of panicle sterility due to water deficit stress. 
At the end of the flowering stage, the AWD initial irrigation 
criteria were resumed until the dough stage.

Dry-seeding and delayed flooding (DFL)  DFL was tested in 
Italy in 2019 and 2020, and in northern Spain in 2019, 2020 
and 2021 (Fig. 3).

In Lomellina (Italy), the plots were dry sowed (Fig. 3a) 
at the end of April-beginning of May and maintained under 
aerobic conditions until tillering stage (3–4 leaves), around 
the beginning of June. Thus, approximately four weeks after 
sowing, the plots were flooded and water was managed as 
in the WFL strategy. Ponding water levels ranged from 0.06 
to 0.10 m throughout the flooding period, which lasted until 
dough stage of the grain.

DFL in the Baix Ter (Spain) was implemented similarly 
to Lomellina, with some key differences. Once the fields 
were flooded (Fig.  3b), irrigation was managed to main-
tain the ponding water level and prevent runoff throughout 
the irrigation period to save water. Drainage valves were 
therefore kept closed throughout the season. After the initial 
flooding, water applications of 20–70 mm/day were made at 
intervals of 5 to 10 days, according to the irrigation consor-
tium schedule. Water levels in the field ranged from 0.02 to 
0.15 m during the flooding period, which ended at the early 
milky grain stage.

Irrigation input/output reduction (WIR)  WIR was tested 
only in the Lower Guadalquivir rice area during the period 
2019–2021 (Fig.  4). Flooding started at the same time as 
in WFL, but a water level of 0.05 m was maintained from 
the wet seeding till the grain dough stage. Another differ-
ence compared to WFL was that in WIR irrigation was cut 
off from the grain dough development stage until harvest, 

Data collected from each experimental site during 
the three years of experimental activities are archived in 
Dataverse (https://dataverse.unimi.it/), a FAIR (Findable, 
Accessible, Interoperable, and Reusable) and OpenAIRE-
compliant repository provided by the University of Milan 
(UMIL). The Dataverse dedicated to the MEDWATERICE 
project, named MEDWATERICE Dataverse, is publicly 
accessible at ​h​t​t​p​​s​:​/​​/​d​a​t​​a​v​​e​r​s​​e​.​u​n​​i​m​i​​.​i​t​​/​d​a​​t​a​v​​e​r​s​e​​/​M​​E​D​W​A​T​
E​R​I​C​E. All datasets are openly available under a Creative 
Commons CC0 licence, ensuring unrestricted access and 
reuse.

Irrigation management of the trials

Water seeding and continuous flooding (WFL) is the refer-
ence irrigation strategy for the research project and has been 
adopted in all areas and years, apart from the Bafra Valley 
in Türkiye where changes to the WFL practice have been 
adopted. The reason is that, unlike in other countries, farm-
ers in the Bafra Valley do not practise WFL. This would have 
made the reference meaningless for the local community.

Consequently, in Bafra Valley, WFL was modified into 
transplanted rice with continuous flooding in 2019, and dry 
seeding with immediate flushing (very similar to WFL) in 
2020 and 2021. In both cases, the adopted practices are not 
too dissimilar to WFL; anyway, the anomaly is highlighted 
in the results discussion.

In Egypt, WFL is typically implemented in uneven plots, 
where furrows are established between rice rows and the 
surface water layer is generally thinner than in other loca-
tions. Despite these local variations, the practice involves 
wet seeding and continuous flooding, with water covering 
the entire field. Therefore, it can be considered functionally 
comparable to other WFL systems.

The alternative rice irrigation methods are presented 
hereafter, detailing the management decisions made to 
implement the solutions at each site.

Alternate wetting and drying (AWD)  AWD was tested in 
Italy during years 2019 and 2020, and in Portugal and Tür-
kiye in the period 2019–2021 (Fig. 2).

The AWD technique was applied in the same way at the 
Lomellina (Italy) and Portuguese sites.

Rice was water-sown and the first AWD cycle started at 
the beginning of tillering. A “safe AWD” was used, in order 
to avoid yield losses. In particular, a threshold of -0.10 m 
from the soil ground surface was set in the water tube 
before reflooding, which in Lomellina (where tensiometers 
were installed) corresponded to a soil matric potential of 
about − 5 kPa at − 0.05 m depth.
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out the crop cycle, poses a significant challenge, especially 
in the vegetative and reproductive phases. However, dur-
ing the ripening phase, salinity’s impact is less pronounced, 
allowing for water use reduction without compromising 
yield or product quality.

Multi-outlet hybrid irrigation (HYBRID)  This method was 
only tested in the Nile Delta during the period 2020–2021. 
Rather than supplying water through unlined ditches, 

while in WFL the irrigation was maintained until a few 
days before harvesting. During the 2021 season, given the 
severe drought situation, that resulted in a 54% reduction of 
the normal water allocation for rice irrigation in the Gua-
dalquivir area, both plots (WFL and WIR) were irrigated 
similarly, receiving the same amount of water at the rice 
paddy entry. The key difference, which contributed to lower 
water consumption, was that WIR had higher drainage than 
WFL, since the field was drained earlier. In the Guadalqui-
vir marshes, salinity, exacerbated by water scarcity through-

Fig. 3  DFL fields in a Lomellina and b Baix Ter

 

Fig. 2  AWD plots in (a) Lomellina and (b) Bafra Valley
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Plots were irrigated by multi-nozzle impact sprinklers 
spaced 12  m × 12  m (Fig.  5), having nozzles providing 
2.5–7 m3 h− 1 each when operated at 250 kPa. The irrigation 
system was automatically commanded by solenoid valves 
connected to the platform U-Manange (NETAFIM, Israel). 
The average soil water tension at which irrigation was 
applied changed along the season: it was kept at -25 kPa at 
0.20–0.30 m from sowing to tillering, at -15 kPa from tiller-

pressurised pipes were used to deliver water from outlets 
located at each experimental plot. A single 2” diameter 
outlet provided 6–9 m³/h at 100  kPa. The irrigation was 
applied when the average soil water tension at -0.30 m 
depth reached − 20 kPa, then the water volume required to 
replenish the soil water content from 0 to -0.60 m depth was 
applied.

Sprinkler irrigation (SPRINKLER)  Sprinkler Irrigation was 
tested in Egypt in the agricultural seasons 2020 and 2021. 

Fig. 5  SPRINKLER irrigated 
fields in the Nile Delta
 

Fig. 4  WIR rice fields in Guadalquivir Marshes
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In the Bafra Valley (Türkiye), DRIP was tested during 
two agricultural seasons (2019 and 2020) (Fig.  6c). The 
technique followed a water transplanting in the first year 
and a dry seeding in the second year. Before designing the 
system, infiltration tests were carried out on the plots. The 
system was characterized by driplines spaced 0.40 m, with 
emitters having a discharge of 2.5 L h− 1 spaced 0.40 m along 
the line, to allow a complete and uniform saturation of the 
soil surface. Two different irrigation criteria were applied, 
based on the application of 1.75 and 2 times the reference 
evaporation measured with a “Class A” pan evaporimeter 
(DRIP1 and DRIP2). For both treatments, the soil was kept 
saturated for the first 3 weeks after transplanting or sow-
ing to promote better seedling establishment. Drip irriga-
tion was then scheduled every two days and applied until 2 
weeks before harvest.

Sub-surface drip irrigation (SDI)  SDI was tested in two dif-
ferent soil conditions in Baix Ter (Spain). The first experi-
mental field was located on a sandy-loam soil (SaL) outside 
the traditional Baix Ter rice cropped area (Fig. 7a and b); the 
trial was carried out for three years (2019–2021). In addi-
tion, in years 2020–2021 the trial was extended to a silty-
clay soil (SiC) within the traditional Baix Ter rice area. In 
the SaL field, drip lines were installed at a depth of 0.15 cm, 
with a spacing of 0.66  m and emitters of 1  L h− 1 every 
0.30  m along the line. In the SiC field, the configuration 
was the same as in the previous case, except for the 0.75 m 

ing to the beginning of grain ripening, and at -45 kPa until 
the end of the irrigation period.

Surface drip irrigation (DRIP)  Surface drip irrigation was 
tested in Lis Valley (Portugal), Nile Delta (Egypt) and Bafra 
Valley (Türkiye) (Fig. 6).

In the Lis Valley DRIP was tested during two irrigation 
seasons (2020 and 2021). Rice was drill seeded, the irri-
gation system configuration consisted in driplines spaced 
0.60 m with 1 L h− 1 emitters every 0.30 m. Crop row spac-
ing was 0.20  m and 0.30  m in 2020 and 2021 seasons, 
respectively (Fig.  6a). Sprinkler irrigation was used dur-
ing the first 10 days after sowing to promote germination, 
applying about 5 mm day− 1 on a daily basis. Drip irrigation 
was scheduled to irrigate from 1 to 3 h per day, applying 
from 5 to 15 mm of water depending on soil water tension 
and plant visual appearance.

In the Nile Delta, DRIP was tested during two irriga-
tion seasons (2020 and 2021) (Fig. 6b). Hybrid–EH1 vari-
ety was drill seeded. The system configuration consisted 
of driplines spaced 0.50 m with 4 L h− 1 self-compensating 
emitters every 0.30 m. The irrigation was managed based 
on the average soil water tension measured at three different 
locations in the plot. The irrigation criterion was the same 
as that previously described for the sprinkler trials in the 
same location.

Fig. 6  DRIP irrigation rice plots/fields in a Lis Valley, b Nile Delta, and c Bafra Valley
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managed in such a way that there was no irrigation outflow 
from the irrigated fields. In the Lomellina and Guadalqui-
vir marshes, where the irrigation runoff is reused to irrigate 
downstream paddy fields, irrigation (I) was calculated as 
(Qin-Qout) / A, where Qin is the irrigation inflow, Qout is the 
irrigation outflow and A is the irrigated area.

Irrigation performance indices and data treatment

Water productivity (WP, in kg m− 3), relative water supply 
(RWS, dimensionless) and deep percolation fraction (DPF, 
expressed in %) were chosen as indices to evaluate the irri-
gation performances throughout the rice growing season. 
They have been calculated as set out below.

WP = Yield
I + P

� (2)

RWS = I + P
ETc

� (3)

DPF = DP
I

· 100� (4)

 where: ETc is the actual crop evapotranspiration under opti-
mal soil water conditions (m3 ha− 1); I is irrigation (m3 ha− 1); 
P is precipitation (m3 ha− 1); DP is the deep percolation (m3 
ha− 1). Rice yield has been standardised to 14% moisture 
content (kg ha− 1) to allow comparisons. When considering 
only irrigation in the calculation, WP is replaced by WPIrr .

Irrigation volume, rainfall, crop evapotranspiration under 
optimal soil water conditions, grain yield and irrigation per-
formance indices were reported for each irrigation strategy 
in all geographical locations. Mean values and percent coef-
ficient of variation (CV%) were calculated considering the 
years of experimentation (two or three) within the period 
2019–2021. The values of these variables for each irrigation 
strategy were compared with those obtained for WFL in each 
area, as comparing water fluxes and index values obtained 

drip line spacing. In 2019, the irrigation criterion was based 
on supplying every day the potential crop evapotranspira-
tion (ETc) water amount. Since 2020, the general irrigation 
criterion was based on keeping the soil between − 10 and 
0 kPa at a depth of 0 to 15 cm throughout the whole irriga-
tion period.

Water balance equation

The water balance was calculated for each experimental plot 
or field. The time step is seasonal, and the cropping season 
was considered from rice sowing to the harvest date in case 
of dry seeded rice, and from the pre-seeding flooding to har-
vest for water seeded rice. A field control volume ranging 
from the top of the ponding water level to 0.30 m soil depth 
(i.e., bottom of the rice root system), was considered. The 
following equation was used to calculate the water balance:

I + P ± ∆ θ ± ∆ l = ETc ± SP� (1)

 where: I is irrigation water (m3 ha− 1), P is precipitation 
(m3 ha− 1), ∆θ is soil water content variation (m3 ha− 1), ∆l is 
ponding water level variation (m3 ha− 1), ETc is crop evapo-
transpiration under optimal soil water condition computed 
as Penman-Monteith modified by FAO (Allen et al. 1998) 
(m3 ha− 1), and SP (m3 ha− 1) includes two main processes: 
deep percolation (DP), namely the net vertical flux at the 
bottom of the root zone volume (directed downward in 
flooding conditions), and the net lateral seepage S through 
the bunds (Bouman et al. 2007; Facchi et al. 2018). How-
ever, the deep percolation flux is usually much greater than 
the lateral seepage through the bunds, especially in large 
fields (Facchi et al. 2018); therefore, in this paper, DP ̴ SP 
was considered in the water balance computations. The 
SP term was calculated as the closure of the water balance 
Eq. (1).

In some of the areas (Baix Ter, Lower Mondego and 
Lis Valleys, Nile Delta and Bafra Valley) irrigation was 

Fig. 7  SDI irrigation rice plots 
on a sandy-loam soil in the Baix 
Ter, a first irrigation event, b crop 
development
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this reason, comparisons with published results are carefully 
discussed throughout the text.

Water seeding and continuous flooding (WFL)

In Table 3 are summarized, for the WFL water management 
and for each geographical location, the main soil water bal-
ance terms, rice variety, grain yield, and the indices WP, 
RWS, and DPF.

The results presented in Table 3 show large differences 
in terms of soil water balance terms between the different 
locations.

Four sites show an average irrigation amount around 
13,500 m3 ha− 1 (Baix Ter, Lower Mondego, Lis Valley and 
Nile Delta), two are around 23,000 (Guadalquivir Marshes, 
Lomellina), while Bafra Valley reaches the extreme value of 
about 39,000 m3 ha− 1. Few published studies have directly 
measured irrigation water applied to rice using flow meters 
or gauges, and a substantial yearly variation in the vol-
ume of water applied has been reported. Previous studies 
conducted in Lomellina found that the applied net irriga-
tion volume, excluding water lost through lateral seepage, 
ranged from 15,200 to 30,200  m³ per hectare (Cesari de 
Maria et al. 2017). This range is consistent with the val-
ues observed across the different geographical areas exam-
ined in this study. With the exception of the Nile Delta, the 
Lower Mondego and the Lis Valley, DPF values are higher 
than 60%, indicating that most of the applied water is lost 
through vertical deep percolation. These DPF values are in 
line with those previously reported by Hatiye et al. (2017) 
and Xu et al. (2017), who found a DPF ranging from 50 to 
90%. However, these values can decrease to around 20% 
in clayey soils with a very shallow groundwater table, as 
upward capillary flow can also contribute to the crop water 
supply (Xu et al. 2019). Indeed, the variability in the amount 
of irrigation is mainly due to the wide range of SP values, 
which span from approximately 5,000  m³/ha in the Nile 
Delta to 25,000 m³/ha in the Lomellina region, and even up 
to 35,000 m³/ha in the Bafra Valley, despite the silty clay 
soil.

Regarding ETc, the average value for each site ranged 
from about 5,300 to 8,200 m3 ha− 1 per season, being mini-
mal in the Bafra Valley and maximal in the Nile Delta. Nile 
Delta also has the minimum rainfall (0 m3 ha− 1), while 
Lomellina shows the higher amount (2,710 m3 ha− 1). The 
relative water supply (RWS, which indicates the relationship 
between irrigation plus rainfall and ETc), ranged from 1.5 in 
the Nile Delta (i.e. water supply is 1.5 times ETc+rainfall), 
to 7.7 in the Bafra Valley. This shows that there is a wide 
range of situations between sites.

Grain yield ranges from around 10 t ha− 1 in the Lomellina 
and Nile Delta regions to around 6.5 t ha− 1 in the Baix Ter 

using the same irrigation strategy in different geographical 
contexts can be misleading due to the strong dependence of 
the variables from on site-specific conditions such as cli-
mate, soil characteristics and agronomic practices.

Statistical analysis

To identify statistically significant differences between WFL 
and the alternative irrigation strategies, statistical tests were 
applied to each observed variable (irrigation, percolation, 
ET, yield, WP, RWS, DPF) at each site.

The main tests applied are the parametric two-sample 
t-test, which is powerful but relies on distributional assump-
tions that may not fully hold in this context, and the non-
parametric Wilcoxon rank-sum test. While parametric tests 
can suggest statistical significance in this study’s data analy-
sis, only non-parametric tests can determine the significance 
level with certainty.

When experimental years and the number of observa-
tions coincided between WFL and the alternative method, 
the paired t-test and the non-parametric sign-rank test were 
adopted, as they offer greater power but need data pairing.

Results and discussion

Seven different water-saving irrigation options were tested 
and compared with the traditional irrigation strategy in 
seven rice-growing areas across the Mediterranean basin, 
resulting in 13 experimental trials (Table 1). The results in 
terms of irrigation water volumes, rainfall, crop evapotrans-
piration under optimal soil water conditions, grain yield, 
WP, RWS and DPF obtained for the alternative irrigation 
strategies (AWD, DFL, WIR, HYBRID, SPRINKLER, 
DRIP, and SDI) are reported and compared with those 
obtained when implementing water seeding and continuous 
flooding (WFL) at each site. The results obtained with each 
technique are, moreover, discussed in the light of the previ-
ous studies published in the literature.

Given the very limited number of observations, most of 
the applied statistical tests did not reach the 5% significance 
level (Tables 1 and 2 - supplementary material). This is not 
unexpected, as irrigation management is only one of several 
factors influencing the observed variables (e.g. inter-annual 
variability due to weather conditions can easily overshadow 
the differences among methods). Consequently, only rarely 
do statistically significant differences appear, and only in 
those cases they are explicitly highlighted in the text. Higher 
statistical significance can be reached with larger datasets, 
especially when the observed differences are stable across 
years (e.g., irrigation in WFL consistently exceeding that in 
AWD) and are corroborated by findings in the literature. For 
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and Lis Valley regions. Using the complete dataset of yields 
and the corresponding ETc estimates from the WFL experi-
ments, a significant correlation was found between yield and 
ETc (r = 0.57, p < 0.01). This reflects the direct relationship 
between climatic conditions and crop evapotranspiration 
across the different geographical areas (Table  2). Extend-
ing the analysis to include all alternative irrigation manage-
ments in the entire project dataset increased the strength of 
the correlation between ETc and yield (r = 0.67) and made it 
highly significant (p < 0.001). As expected, yield production 
is correlated with evapotranspiration, which can be consid-
ered a proxy for climatic conditions.

In general, the length of the growing period is not directly 
related to yield potential. For instance, traditional varieties 
such as Bahía have a relatively long growth cycle of around 
160 days (Table 2) but have only moderate yield potential. 
Conversely, other cultivars such as the EH1 hybrid, com-
bine a shorter growth cycle of around 135 days with high 
yield potential, particularly in environments characterized 
by high solar radiation and elevated temperatures, such as 
in the Nile Delta.

The water potential (WP) ranged from 0.38 to 0.81 kPa, 
with the lowest value recorded in the Bafra Valley and the 
highest in the Nile Delta. The higher WP in the Nile Delta 
may be attributed to the combination of elevated tempera-
tures, solar radiation and ETc, and the low soil permeability 
of this site. These WP values fall within the ranges reported 
by Bouman et al. (2007) and Debnath et al. (2025) for Asia, 
as well as those previously observed in the Lomellina region 
by Cesari de Maria et al. (2017). These figures suggest that 
the water savings that could be achieved by using alterna-
tive irrigation strategies can vary significantly from one 
location to another.

Alternate wetting and drying (AWD)

AWD was tested in Italy (Lomellina), Portugal (Mondego 
and Lis Valleys) and Türkiye (Bafra Valley). Means and 
CV% of the main soil water balance terms, grain yield and 
irrigation performance indices are shown in Table 4. In the 
case of the Bafra Valley, the table reports the values obtained 
separately with the three tested threshold for reflooding (i.e. 
water levels inside the water tubes equal to -5 cm, -10 cm 
and − 15 cm from the ground surface), as well as their mean 
values.

The relative change in the value of each variable, as 
derived from the dataset when switching from WFL to 
AWD, is shown in Fig. 8 for each site. It can be observed 
that water savings ranged from 6% in Mondego Valley to 
32% in Bafra Valley, when using water tube thresholds of 
− 0.15 m. These findings, particularly those from Lomellina 
and Bafra Valley, are in agreement with Carrijo et al. (2017), 
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WP increased about 20% in the Lomellina and Bafra Val-
ley, with the highest WP increase when using the − 0.15 m 
threshold. Similar results were reported by Carrijo et al. 
(2017), who found an average WP increase of 26% when 
using safe AWD instead of WFL. On the contrary, WP in 
the Mondego and Lis Valleys remained similar to those 
obtained under WFL.

RWS decreased by 4% in Mondego Valley and 31% in 
Bafra Valley, corresponding to percolation loss reductions of 
4% and 35%, respectively. The reduction in the Bafra Valley 
was statistically significant according to the Wilcoxon rank-
sum test (p < 0.05) and the two-sample t-test (p < 0.01).

Dry seeding and delayed flooding (DFL)

Dry-seeded rice followed by a delayed flooding (DFL) was 
tested in Lomellina (Italy) and Baix Ter (Spain). Means 
and CV% of the main variables and indices are shown in 
Table 4.

whose meta-analysis reported that under “safe AWD,” aver-
age water savings were around 23% compared to WFL. In 
cases of “severe AWD,” water savings could increase up 
to 33%. Moreover, for Bafra Valley the AWD sample (tak-
ing the records of all the three variants – 7 values) is large 
enough to assess a statistical significance in the reduction 
of the irrigation requirements with the Wilcoxon rank-
sum test (5% significance) and the two-sample t-test (1% 
significance).

Yield was not reduced when compared to WFL in 
Lomellina, but even slightly increased; it was practically 
the same in Mondego; on the contrary, yield reductions of 
10% were observed in Lis Valley and from 7% to 16% (as 
a consequence of the different treatments) in Bafra Valley. 
The results obtained in Lomellina and Mondego are in line 
with previous studies (Monaco et al. 2021; Vuciterna et al. 
2024), which reported that no significant yield reductions 
under “safe AWD” (as defined by Bouman et al. 2007; and 
described in Sect. “Alternate wetting and drying (AWD)”) 
unless the soil water potential falls below − 20 kPa.

Fig. 8  Changes in average irrigation water volume used, yield, relative water supply (RWS), deep percolation, and water productivity observed 
when comparing AWD to WFL in the different geographical locations, expressed as a percentage (%)
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In the present study grain yield under DFL decreased by 
5% in Lomellina but increased by 13% in Baix Ter (Fig. 9). 
Yield improvement in Baix Ter can be explained by an 
improved seed distribution achieved by using a seed-drill, 
enhancing plants establishment before the tillering stage, 
and, consequently, reducing weeds competition. Another 
advantage compared to WFL is that DFL allows the applica-
tion of pre-emergence herbicides, which are very effective 
for weed control (Shekhawat et al. 2020).

Regarding irrigation efficiency indices, WP was higher in 
DFL than in WFL at both locations, showing increases of 6% 
to 8%. Conversely, relative water supply (RWS) decreased 
by 2% to 9%, and percolation losses were reduced by 10% 
to 15%.

It should be noted that the widespread adoption of DFL - 
or any irrigation technique based on dry seeding - may have 
hydrological implications. In particular, it could influence 
groundwater level at the beginning of the irrigation season, 
potentially reducing the contribution of groundwater to the 
water discharge in rivers and in unlined irrigation networks 

Figure 9 compares the results of DFL with those of WFL. 
It can be observed that the irrigation volume was reduced by 
14% in Lomellina, but increased by 6% in Baix Ter; how-
ever, the need for a higher irrigation input in Baix Ter could 
be explained by the higher sand content in the soil of the 
DFL field compared to that of the WFL field. Previous stud-
ies have shown that DFL might reduce irrigation inputs up 
to 40%, even though with a yield decrease from 23 to 41% 
(Singh et al. 2002). However, no or insignificant produc-
tion losses were also found in some studies. An irrigation 
input reduction of 15% with no yield loss was observed in 
central China (Liu et al. 2015), while an irrigation reduc-
tion of 20% resulting in a 3% yield loss was reported for 
the western Po Valley (Cesari de Maria et al. 2017); similar 
reductions in irrigation have been reported at the farm scale 
in the Baix Ter area (Cufí et al. 2025). The yield losses can 
be explained by the fact that the dry seeding and subsequent 
aerobic growing of rice until the tillage stage may intro-
duce some potential yield-reducing factors like micronutri-
ent deficiency (iron), and nematode-induced root damage 
(Singh et al. 2002).

Fig. 9  Changes in irrigation water used, yield, relative water supply (RWS), deep percolation and water productivity (WP) observed when compar-
ing DFL to WFL in the two different geographical locations, expressed as a percentage (%)
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with Vories et al. (2005), who showed that HYBRID irriga-
tion required 24% less irrigation input than WFL, leading 
to a 36% increase in WPIrr compared to WFL. Additionally, 
the same authors reported an unexpected 3% increase in 
grain yield when this irrigation strategy was applied. They 
hypothesized that a shallower water depth could reduce the 
negative effects of cold water and improve nitrogen uptake 
efficiency.

In the present study, HYBRID irrigation shows a 49% 
increase in WP compared with WFL, mainly because per-
colation was substantially reduced through the use of plas-
tic pipes to distribute the water into the plot. It should be 
noted that this irrigation solution had the highest WP value 
of all the irrigation solutions tested, reaching 1.24 kg m− 3 
(Table 4). The remarkable improvement in efficiency indi-
ces may be attributed to a more uniform water distribution 
within the plots, which reduced both, the irrigation volume 
required and the percolation flux.

Sprinkler irrigation (SPRINKLE)

Sprinkler irrigation was tested in the Nile Delta. Means and 
CV% of the main soil water balance terms, grain yield, WP, 
RWS and DPF are shown in Table 4.

Comparing the results obtained by testing SPRINKLER 
strategy with those obtained by testing WFL (Fig.  12), it 
emerged that the volume of irrigation water was reduced 
by 25%, while the yield increased by 10%, therefore RWS 
decreased by 23%, while WP increased by 46% (significant 
at 1% to the two samples t-test). In particular, WP reached 
1.21 kg m− 3, which is one of the highest values obtained 
among all the different irrigation methods (Table 4).

While several studies agree that sprinkler irrigation can 
significantly reduce water use (Kahlown et al. 2007; Spanu 
et al. 2009; Vories et al. 2013; Blanco-Alibés 2014; Sent-
hil Kumar et al. 2018; Pinto et al. 2020), there is still no 
general consensus on its effect on rice yield. In particular, 

of rice-growing areas characterized by shallow aquifers 
(Gilardi et al. 2023).

Irrigation input/output reduction (WIR)

Means and CV% for the main variables and indices in the 
case of WIR in the Guadalquivir Marshes are compared to 
WFL in Table 4.

Comparing the results of WIR with those of WFL, Fig. 10 
shows that irrigation and percolation were reduced by 17% 
and 25%, respectively, as WIR was implemented by lower-
ing the ponded water level to 0.05 m and draining the field 
at the grain dough stage. Those changes in irrigation and 
percolation, together with the change in DPR%, are signifi-
cative for the paired t-test at the 5% significance level.

The WIR method resulted in only a slight 4% reduction 
in grain yield, while WP increased by 18%.

Mallareddy et al. (2023), called “saturated soil irrigation 
technique”, the one based on maintaining water depth of 
less than 0.05  m. The same authors, reporting the results 
of several studies using this technique, showed that irriga-
tion can be reduced by 30 to 60% with minimal or no yield 
reduction compared to WFL. In a meta-analysis, Yu et al. 
(2024) reported a 10–20% reduction in irrigation water 
compared to WFL when lower water ponding levels were 
applied to rice fields.

Hybrid irrigation (HYBRID)

HYBRID irrigation was tested in the Nile Delta. Means and 
CV% of the main water balance components, yield, and 
indices are shown in Table 4. When applying HYBRID irri-
gation, water savings compared to WFL were found to be 
18% (Fig. 11, significative at 5% to the two sample t-test), 
while yield increased by 23% (significative at 1% to t-test 
and rank-sum tests). The obtained results are in agreement 

Fig. 11  Changes in irrigation water used, percolation, yield, water 
productivity (WP), relative water supply (RWS), and deep percolation 
ratio (DPF) observed when comparing HYBRID to the WFL in the 
Nile Delta, expressed as a percentage (%)

 

Fig. 10  Changes in irrigation water used, percolation, yield, water 
productivity (WP), relative water supply (RWS), and deep percolation 
fraction (DPF) observed when comparing WIR to WFL in the Lower 
Guadalquivir, expressed as a percentage (%)
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non-flooded rice in this region, so weeds in the experimental 
plots had to be removed by hand. Meanwhile, the presence 
of weeds increased due to the aerobic conditions. Moreover, 
agronomic practices had to be adjusted to accommodate 
this irrigation management, which is unconventional in the 
region. Conversely, the results from the other case studies 
demonstrate that rice production under drip irrigation is 
technically feasible.

These findings are consistent with previous studies. In 
particular, using surface DRIP irrigation for rice, He et al. 
(2013) found that irrigation water was reduced from 68% 
to 73%, but also grain yield decreased from 30% to 50%; 
therefore, WPIrr increased from 41% to 108%. Sasmita et 
al. (2022) found that DRIP irrigation reduced by 50% the 
irrigation water applied and by 6% the grain yield. Arbat 
et al. (2018) reported that irrigation water was reduced by 
45%, yield by 14% and, consequently, WP increased by 
60% when benchmarking DRIP irrigation to WFL. Sharda 
et al. (2017) found that drip irrigation led to higher grain 
yields compared to WFL, resulting in a yield increase of 
approximately 7%, while saving over 40% of water.

Regarding the efficiency indices, WP decreased by 6% in 
the Lis Valley, while it increased by 83% in the Nile Delta 
(< 1% t-test) and by 295% and 258% in Bafra Valley (both 
< 1% t-test) for DRIP_1.75 and DRIP_2 (Fig. 13). RWS was 
reduced by approximately 25% in both the Lis Valley and 
the Nile Delta and by around 75% under the DRIP_1.75 
and DRIP_2 treatments in the Bafra Valley. Percolation was 
reduced by 32% in Lis Valley, by 90% in Nile Delta (sig-
nificant at 5% level, t-test), and by approximately 85% in 
DRIP_1.75 and DRIP_2 treatments in Bafra Valley, respec-
tively (both significant at the < 1% level, t-test).

As can be seen, the results of DRIP were different in the 
three tested areas. The large differences in yield and irriga-
tion performance indices can be attributed to several factors. 
In the Lis Valley, the lack of previous experience with drip 
irrigation in rice played an important role. In addition, sub-
optimal agronomic management under aerobic conditions 
- partly due to legal restrictions on pesticides that can be 
used in aerobic conditions - further affected performance. 
The challenges of designing and managing these systems 
effectively under different site-specific conditions also con-
tributed to these differences.

Subsurface drip irrigation (SDI)

The SDI was tested in two different fields in the Baix Ter 
area (Spain), one with a sandy-loam soil texture (SDI-SaL) 
and deep groundwater and, the second one having a silty-
clay soil texture and shallow groundwater (SDI-SiC). The 
results obtained were rather different depending on the field 
(Table 4).

Vories et al. (2013) reported comparable yields using center 
pivot sprinkler irrigation and WFL in Missouri and Arkan-
sas, with WPIrr improving from 55% to 122%. Similarly, 
Kahlown et al. (2007) reported that WFL and sprinkler irri-
gation achieved similar yields, resulting in a 90% increase 
in WP. The same authors found out that increasing the irri-
gation input from 100 to 150% of ETc resulted in only a 3% 
increase in grain yield with sprinkler irrigation compared to 
WFL. Senthil Kumar et al. (2018) reported a reduction in 
grain yield of about 25% with sprinkler irrigation compared 
to WFL, suggesting that the application of sprinkler irriga-
tion during flowering may lead to pollen shedding.

Surface drip irrigation (DRIP)

DRIP was tested in Lis Valley, Nile Delta and Bafra Val-
ley. Means and CV% of the main water balance terms, yield 
and irrigation performance indices are shown in the Table 4 
and compared to WFL in Fig. 13. In Bafra Valley, two dif-
ferent treatments were implemented (DRIP-1.75 and DRIP-
2.0), referred to the calculation of the irrigation requirement 
(1.75 times ETc and 2.0 times ETc).

Figure 13 shows that the amount of irrigation used under 
DRIP was reduced by approximately 35% compared to 
WFL treatment in the Lis Valley and Nile Delta. This reduc-
tion was significant at the 5% level according to the t-test. 
Furthermore, the reduction was approximately 75% for the 
Drip_1.75 and Drip_2 treatments in Bafra Valley, which 
was significant at the 1% level according to the t-test. Grain 
yield decreased by 39% in the Lis Valley (significant at the 
5% level according to the t-test), and by around 5% under 
the DRIP_1.75 and DRIP_2 treatments in the Bafra Valley. 
Whereas an 11% increase was observed in The Nile Delta. 
Grain yield in the Lis Valley was notably low, and the rea-
son is mainly due to the difficulties experienced in manag-
ing weeds. Indeed, no herbicides are authorised for use on 

Fig. 12  Changes in irrigation water used, percolation, yield, water 
productivity (WP), relative water supply (RWS), and deep percola-
tion fraction (DPF) observed when comparing SPRINKLER to WFL, 
expressed as a percentage (%)
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soils. Previous studies have emphasised the importance of 
appropriate spacing and system design for the specific soil 
types. For instance, Arbat et al. (2020) found that optimal 
spacing and management practices in SDI can substantially 
reduce water usage and increase yields. This demonstrates 
that successful implementation hinges on understanding 
the soil characteristics and adapting the irrigation system 
accordingly.

Conclusions

In this study, carried out in five Mediterranean rice-produc-
ing countries, water-saving irrigation techniques were tested 
on pilot farms and compared with the traditional WFL. The 
results highlight the effectiveness of such alternatives in con-
serving water resources in different geographical contexts.

With regard to the specific results of the pilot farms, it can 
be noted that although general trends emerge when compar-
ing the same irrigation strategy with WFL, the absolute val-
ues of these results are highly dependent on the specificities 

When applying SDI and comparing the results with WFL 
(Fig.  14), it was found that: (i) the amount of irrigation 
water was reduced by approximately one third in SDI-SaL 
and SDI-SiC (for both < 1% t-test, and 5% rank-sum when 
pooling the two SDI samples); (ii) yield was drastically 
reduced in the sandy-loam soil compared to WFL, while it 
remained quite similar to WFL in the silty-clay field; (iii) 
percolation was reduced by 40% and 66% in SDI-SaL and 
SDI-SiC, respectively (for both < 1% t-test, 5% rank-sum 
is obtained with the pooled sample); (iv) percolation was 
reduced by more than 50% in both SDI-SaL and SDI-SiC; 
(v) WP decreased by 28% in SDI-SaL (< 1% t-test), while 
it increased by 59% in SDI-SiC; (vi) RWS was reduced by 
23% and 40% in SDI-SaL (5% t-test) and SDI-SiC (1% 
t-test), respectively (5% rank-sum is obtained with the 
pooled sample).

These results show that SDI works well with low-per-
meability soils. Its poor performance on the SDI-SaL test 
plot was probably due to the pressurised system being 
inadequately designed, particularly the drip line spacing of 
0.66 m, which may have been too wide for coarse-textured 

Fig. 13  Changes in irrigation water used, yield, relative water supply (RWS), percolation and water productivity (WP) observed when comparing 
DRIP to WFL in the different geographical locations, expressed as a percentage (%)
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shown to improve the WP index with limited impact on 
yield. However, if salt leaching is insufficient to main-
tain soil water salinity compatible with rice tolerance, 
water salinity could affect yields.

(iv)	HYBRID and SPRINKLER irrigation techniques 
proved to be suitable alternatives to WFL as both 
showed increased yields, reduced deep percolation 
and reduced irrigation water requirements compared to 
WFL. However, as these techniques and technologies 
have only been tested in Egypt, their testing needs to be 
extended to other geographical contexts to better assess 
their potential and limitations before general conclu-
sions can be drawn.

DRIP and SDI performed differently in the different geo-
graphical areas considered in this study. In most cases, 
acceptable yield reductions occurred, and WP was signifi-
cantly increased when irrigation systems were properly 

of each geographical area. This variation is undoubtedly due 
to site-specific environmental conditions, rice varieties, irri-
gation system design and management, and local agronomic 
practices. Main findings are listed below.

(i)	 Alternate Wetting and Drying (AWD) can be consid-
ered a good alternative to WFL when irrigation water is 
limited and soil salinity is not an issue, although slight 
yield losses may occur. For this irrigation strategy, the 
WP index has been shown to outperform WFL and DFL 
irrigation techniques.

(ii)	 DFL is a technique based on continuous flooding, alter-
native to WFL. It has the same yield potential as WFL, 
requires less irrigation and provides agronomic advan-
tages, such as ensuring the correct establishment of 
plants and reducing lodging, particularly on sandy soils.

(iii)	Reducing water input/output (WIR) could be a good 
alternative to WFL in areas where irrigation water is 
limited, particularly those with heavy soils. It has been 

Fig. 14  Changes in irrigation water used, yield, relative water supply (RWS), percolation and water productivity (WP) observed when compar-
ing SDI to WFL in Baix Ter and expressed as a percentage (%); in particular, results for silty-clay (SiC) and sandy loam (SaL) soils are reported
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the context of MEDWATERICE project “Towards a sustainable wa-
ter use in Mediterranean rice-based agro-ecosystems”, selected by the 
Partnership for Research and Innovation in the Mediterranean Area 
(PRIMA), under Section 2–2018; Topic: 1.1.3: Irrigation technologies 
and practices. The contribution of the MEDWATERICE partners was 
funded by their respective national funding agencies (MUR for Italy, 
STDF for Egypt, AEI and CDTI for Spain, ISERD for Israel, FCT for 
Portugal, TUBITAK for Türkiye).

Data availability  Data collected from each experimental site during 
the three years of experimental activities are archived in Dataverse 
(https://dataverse.unimi.it/), a FAIR (Findable, Accessible, ​I​n​t​e​r​o​p​e​r​
a​b​l​e​, and Reusable) and OpenAIRE-compliant repository provided 
by the University of Milan (UMIL). The Dataverse dedicated to the 
MEDWATERICE project, named MEDWATERICE Dataverse, is pub-
licly accessible at ​h​t​t​​p​s​:​/​​/​d​a​​t​a​v​​e​r​s​e​.​u​n​i​m​i​.​i​t​/​d​a​t​a​v​e​r​s​e​/​M​E​D​W​A​T​E​R​I​C​
E​. All datasets are openly available under a Creative Commons CC0 
licence, ensuring unrestricted access and reuse.
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