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Abstract 
Rice serves as a fundamental sustenance for approximately half of the global 

population, particularly in Asia. Nevertheless, the cultivation of rice demands a 
substantial water supply, and the challenges associated with water deficits have 
been exacerbated by irregular rainfall patterns induced by global warming. 
Consequently, there is a critical need to reassess irrigation techniques to effectively 
tackle these issues. In this comprehensive review, the Preferred Reporting Items 
for Systematic Reviews and Meta-analysis (PRISMA) method was employed to 
systematically explore literature on irrigation techniques aimed at fostering sustainable 
water management in rice cultivation systems. The primary components of the 
framework encompass water consumption and water-related characteristics, soil-
related characteristics, and plant-related characteristics, encompassing relevant 
components and indicators. Two alternative irrigation methods, namely alternate 
wetting and drying (AWD) and saturated soil irrigation (SSI), have been proposed 
to enhance water use efficiency (WUE) in rice cultivation compared to traditional 
continuous flooding (CF). These alternative irrigation methods do not adversely 
affect rice yield, both quantitatively and qualitatively. Furthermore, these alternative 
irrigation approaches have the potential to mitigate greenhouse gas (GHG) emissions, 
particularly methane emissions, in rice production. This review underscores the 
significance of data on alternate irrigation systems, providing valuable insights 
for researchers and policymakers in formulating strategies that align at every level 
for practical implementation. This is crucial as it is relevant to multiple organizations 
and stakeholders. Moreover, in the face of inclement weather conditions resulting 
from climate change, the study's findings indicate that research on farmers' 
adaptation, plant stress, and resilience within the rice cultivation system is still 
in its nascent stages. This highlights the pressing need for further exploration and 
advancement in these areas to develop effective strategies for coping with the 
challenges posed by climate change. 
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Introduction 
 Water plays a vital role in the growth of plants, from 
the germination of seeds to the development of foliage 

and reproductive stages, directly impacting the yield of 
various crops, especially grains [1–3]. However, climate 
variation has resulted in unpredictable rainfall patterns, 
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exacerbating drought issues. [4–7]. Constructing large 
dams is a challenging approach, as the benefits may not 
outweigh the drawbacks. [8–9]. Hence, it is crucial to 
reevaluate the effectiveness of irrigation systems in 
agriculture, considering factors such as economic viability, 
social and environmental sustainability, and the Sustain-
able Development Goal indicator 6.4.1, which measures 
changes in water usage efficiency over time. 
 Approximately 70% of the world's freshwater 
consumption is allocated to agriculture, and out of that, 
around 70% is used for irrigation, with Asian countries 
using 90% of that water for rice production [10–12]. 
The prevailing irrigation technique in Asia is continuous 
flooding (CF). This method involves growing rice in 
lowland areas where the field is kept flooded, with the 
water level maintained at approximately 5 to 10 cm above 
ground level, can be implemented Figure 1, which demands 
1 to 3 m3 of water to produce 1 kg of rice [13–14]. However, 
CF proves to be inefficient as a significant amount of 
water is lost through evapotranspiration, seepage, and 
percolation. In paddy fields employing CF, evapotrans-
piration (ET) rates vary between 4 to 7 mm per day, 
while seepage and percolation (SP) rates range from 1 
to 5 mm per day in heavy clay soils and can reach up to 
30 mm per day in sandy and sandy loam soils [15]. 
 To promote water conservation in lowland (paddy) 
irrigated fields, two effective water-saving technologies 
can be implemented [16]: alternate wetting and drying 
(AWD) and saturated soil irrigation (SSI). With AWD, 

irrigation water is applied to flood the field for a certain 
number of days after the standing water has disappeared, 
resulting in alternating flooded and non-flooded 
conditions. On the other hand, SSI involves keeping the 
soil as close to saturation as possible and applying 
irrigation to maintain a floodwater depth of approxi-
mately 1 cm per day or shortly after the standing water 
has disappeared (Figure 1). 
 These alternative approaches have the potential to 
reduce water usage by 15 to 30% compared to CF [17]. 
AWD irrigation, in particular, has emerged as a well-
established method for conserving water in rice pro-
duction. It can save water by approximately 15 to 57% 
more than CF irrigation, making it a cost-effective and 
efficient choice. However, AWD is not widely adopted 
as it is better suited for areas where irrigation water can 
be controlled and when significant yield increases are 
not the primary objective. It is worth noting that under 
certain circumstances, AWD may even lead to yield 
reduction [18–22]. Moreover, AWD demonstrates lower 
methane (CH4) emission rates compared to CF irrigation, 
contributing to environmental sustainability [23]. 
 Another water-saving practice, SSI, offers the potential 
to enhance water productivity. The rice yield achieved 
through SSI technique does not show a significant 
difference compared to CF irrigation [24–26]. However, 
it is important to acknowledge that SSI requires more 
time and energy compared to CF irrigation [23–25].

 

 
Figure 1 Popular irrigation methods in rice cultivation system [16]. 
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 Additionally, the water footprint serves as an indicator 
of the efficiency of water usage and its overall impact 
within the cultivation system. In the case of rice cultivation, 
the water footprint associated with CF irrigation is 
approximately 1.6 x 103 m3 per ton of grain, surpassing 
the water footprint of other arable crops like wheat, corn, 
barley, and sugar cane [27]. To improve the efficiency 
of rice production, ongoing efforts are focused on the 
development of various cost-effective technologies, with 
AWD irrigation being a notable example.  
 This review focuses on the impact of three rice irrigation 
techniques. Specifically, it examines the dimensions and 
components of rice irrigation that have been studied in 
the past decade, with a particular emphasis on sustainable 
agriculture. Our goal is to assess the effects of irrigation 
techniques, taking into account not only water usage 
efficiency but also factors such as greenhouse gas (GHG) 
emission, absorption of essential elements and heavy 
metals, yield, yield component, rice physio-logical trait, 
grain quality and economic returns. Through a critical 
evaluation of existing research gaps and scope along with 
policy implications and scope for our future studies. 
 
Methods 
 This systematic review was prepared by the modified 
framework [28]. The framework approach incorporates 
the Preferred Reporting Items for Systematic Reviews 
flowchart, as outlined by Liberati et al. [29], which 
serves as a guide-line for conducting systematic reviews. 
Initially, two scientific databases namely Science Direct 
and Scopus, were utilized to select eligible studies written 
in English, focusing on rice irrigation and water use 
efficiency. The search terms used included “rice” and 
“water usage efficiency” and “irrigation method” or 
“AWD” or “saturated”. Inclusion criteria involved journal 
articles written in English and published in peer-
reviewed journals. To ensure comprehensive coverage, the 
reference lists of all selected papers were examined to 
identify additional relevant materials, which were then 
included in the final list for data extraction. 
  

 A total of seventeen studies were selected for systematic 
review based on the search criteria process, following 
the PRISMA protocol. The initial search yielded a total of 
564 results across the databases, with 415 results from 
Science Direct and 149 results from Scopus. The studies 
included in the review span the years 2006 to 2021. After 
removing duplicates, 334 articles underwent title and 
abstract screening. From this screening, 96 articles were 
deemed eligible for full-text review, and ultimately, 17 
articles were included in the final report, as shown in 
Figure 2. 
 In this review, the search terms used were “rice” and 
“water use efficiency” and “irrigation method” or “AWD” 
or “saturated”. Articles were identified through searches 
conducted in abstract, title and keyword. The modified 
framework employed in this review consists of three 
stratified levels, as outlined in Table 1. At the highest level, 
dimensions were considered, which encompass water 
consumption and water related characteristics, soil 
related characteristics and plant related characteristics. 
Under the dimensions level, components were examined, 
which encompassed the common effects of irrigation 
techniques on each dimension. For example, WUE and 
GHG emission were examined under the dimension of 
water consumption and water related characteristics, 
elements absorption under the dimension of soil related 
characteristics and yield, yield components, physiological 
trait, grain quality and economic returns under the 
dimension of plant related characteristics. Additionally, 
indicators were utilized as measurable factors to assess 
the effects of irrigation within specific indicators at the 
specialized level of the framework. 
 As the investigation progressed, the framework was 
developed and expanded iteratively. Initially, a compre-
hensive description of the studies included in the review 
was provided. All reported outcomes and primary data 
from validated experiments were incorporated into the 
analysis. Subsequently, the data was reevaluated using 
the revised framework to identify research gaps and inform 
the development of government policies aimed at reducing 
water usage in rice farming for the establishment of 
sustainable water supply. 
 

 
Figure 2 Selection of studies for systematic review based on PRISMA protocol. 



App. Envi. Res. 45(4) (2023): 024 

 
https://doi.org/10.35762/AER.2023024 

Table 1 The modified framework for data analysis sustainable irrigation system in rice cultivation 
Dimensions Components Indicators References 

Water consumption and water 
related characteristics 

Water use  
efficiency 

Water productivity 
[30–34] 

 

GHG emission CH4 content 
NO2 content 

Soil related characteristics Elements  
absorption 

Essential elements 
Heavy metals  

[35–39] 

Plant related characteristics 
 

Vegetative and reproductive 
traits 

Yield 
Yield components 
Chlorophyll content 
Phytohormones 

[19, 34, 40–44] 
 

Grain quality Amylose content 
Protein content 
2-AP content 
GABA content 

Economic returns Cost 
Income 

Results 
 Different water management practices, including 
CF, AWD, and SSI, have a significant impact on water 
efficiency in rice cultivation. CF is a popular irrigation 
technique due to its cost-effectiveness and weed pre-
vention capabilities. However, it is associated with low 
WUE and contributes to the emission of GHGs, especially 
methane. On the other hand, AWD is a commonly 
adopted alternative method that can be divided into 
moderate AWD and severe AWD. Moderate AWD 
involves irrigating when the soil water potential ranges 
from -15 to -25 kPa or when the water level is main-
tained 15 to 20 cm below the ground surface. Severe 
AWD, on the other hand, requires irrigation when the 
soil water potential falls below -25 kPa. AWD shows 
promise in improving both WUE and GHG emissions 
in rice cultivation. Another intriguing option is SSI, where 
irrigation water is applied until the soil reaches its 
saturation point. This method offers an alternative 
approach that aims to optimize water usage while 
minimizing negative environmental impacts. 
 Moreover, the literature review provides valuable 
insights into the factors influencing water efficiency in 
rice cultivation. It highlights the limitations of CF and 
explores alternative irrigation methods like AWD and 
SSI as potential solutions to enhance WUE and address 
environmental concerns in rice cultivation. Moving 
forward, we can now present the results of the analysis 
and synthesis of the interrelationships between these 
three irrigation methods and other factors that impact 
water resource utilization and environmental effects 
across three dimensions: water consumption and water 
related characteristics, soil related characteristics, and plant 
related characteristics. 
 

1) Water consumption and water related characteristics 
1.1) Water use efficiency and water productivity 
 Water scarcity is a significant constraint in agricultural 
production, and rice, being a staple crop, requires a 
substantial amount of water for its cultivation. However, 
the increasing water demand and the effects of global 
warming have intensified water scarcity issues. CF or 
basin irrigation, which is the most widely used method 
for paddy rice cultivation, has relatively low WUE 
(Table 2). In comparison to other cereals, rice requires 
roughly 2 to 3 times as much water for cultivation. Due 
to their flooded soil surface for almost the whole growing 
season, rice paddy fields diverge significantly from upland 
agricultural systems. CF in rice production accounts for 
more than 45% of total freshwater consumption in Asia. 
Therefore, the Asia-Pacific CF rice production is expected 
to face water scarcity on 15 million hectares by 2025 [45–
46]. In Asia, where around 90% of rice is grown, the 
water problem poses a long-term threat to the viability 
of irrigated rice systems and food security. Therefore, 
there is a need for the development of more efficient 
irrigation methods [47–49]. AWD has gained popularity 
as a water-saving irrigation technique, offering increased 
WUE by reducing water input while potentially increasing 
grain yield. Several countries, including China, Vietnam, 
India, Nepal, Indonesia, and the United States of America, 
have successfully implemented AWD system. In AWD, 
the soil is not maintained submerge all the time; rather, 
it is allowed to drain fora period following the disap-
pearance of the ponded water before being reflooded. 
AWD is not only a promising strategy for increasing 
WUE, but it can also regulate plant development, 
promote plant root vitality, and delay leaf senescence 
[44, 50]. 
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Table 2 The water consumption and water productivity 
of 3 irrigation regimes, CF, AWD and SSI [16] 

Irrigation regime Water 
consumption  

(mm) 

Water 
productivity 

(kg m-3) 

Continuous 
flooding (CF) 

2,869 ± 167 0.9 ± 0.07 

Alternate wetting 
and drying (AWD) 

2,091 ± 158 1.4 ± 0.14 

Saturated soil 
irrigation (SSI). 

1,382 ± 130 1.2 ± 0.14 

 

 The recommended threshold for AWD irrigation is 
a soil water potential of -20 kPa or maintaining the water 
level below the soil surface at 15 cm without compro-
mising yield. Subsurface irrigation also exhibits higher 
WUE compared to surface irrigation [30, 33, 51]. SSI, 
also known as non-flooding irrigation, is another 
promising approach for enhancing water productivity 
in rice cultivation. It suggests that SSI or aerobic rice 
might represent a feasible decision for water scarcity 
scenario. SSI's water productivity was almost twice as 
great as CF's. SSI involves irrigating the field to a depth 
of approximately 1 cm per day after the standing water 
has dissipated. Increased water productivity and a 
significant reduction in wasteful water outflows are 
possible with SSI [26, 46, 52]. In SSI, efforts are made to 
maintain soil moisture close to saturation to reduce 
seepage and percolation. However, this irrigation 
technique requires careful management to prevent 
excessive watering [15, 46]. It is important to consider 
potential stresses and physiological characteristics, such as 
carbohydrate translocation from stems and phosphate 
translocation from leaves, when implementing SSI. Some 
non-flooding irrigation systems have shown significant 
reductions in vegetative growth, carbohydrate allocation, 
yield, and yield components [32, 53]. Rice growth is 
negatively affected by moisture stress, leading to reduced 
grain yield. Therefore, it is crucial to determine appropriate 
irrigation thresholds for different rice varieties when 
implementing water-saving irrigation methods. 
 In summary, water scarcity poses a challenge to rice 
cultivation, and more efficient irrigation methods are 
necessary. AWD and SSI are popular alternatives that 
can improve WUE while considering specific irrigation 
thresholds for different rice varieties. These approaches 
have the potential to address water scarcity issues and 
enhance rice production. 
 
1.2) Greenhouse gas (GHG) emission 
 Currently, water-saving techniques are crucial not 
only for mitigation water scarcity but also for alleviating 
the impact of both climate variation and climate change. 
However, the widely practiced irrigation method in rice 

cultivation, CF, leads to significant water wastage and 
GHGs emissions, particularly methane. Methane, a potent 
GHG, plays a substantial role in the chemistry of the 
troposphere and stratosphere, affecting the composition 
of ozone, water vapor, hydroxyl radical, and various other 
compounds. Under anaerobic conditions, methanogenic 
bacteria decompose organic matter, resulting in the 
production of methane. Agricultural practices, especially 
irrigation and organic matter management, can significantly 
influence methane emissions from rice cultivation [54–56]. 
 Numerous studies have indicated that AWD has the 
potential to reduce methane emission by approximately 
40–80%. However, it has been observed that AWD also 
leads to an increase in nitrous oxide (NO2) emissions by 
40–160% [33, 57]. This trade-off relationship complicates 
the assessment of overall GHG impact. Therefore, it is 
essential to calculate the GHG influence in terms of CO2 
equivalents using metrics such as global warming potential 
(GWP) and greenhouse gas intensity (GHGI). In compa-
rison to CF, AWD generally reduces GWP and GHGI 
by 20–30% and 25–30%, respectively [31, 33, 54, 57]. 
Insufficient data on SSI hinder drawing definitive 
conclusions about the relationship between irrigation 
methods and methane emissions. Therefore, this gap in 
knowledge regarding SSI can be considered a part of 
our current understanding. 
 
2) Soil related characteristics 
 The adoption of alternative irrigation methods with 
an appropriate design is also a growing trend towards 
enhancing the absorption of essential elements while 
minimizing the uptake of certain heavy metals, all without 
compromising the quantity and quality of grain yield. 
 
2.1) Essential elements 
 In addition to water availability, the choice of 
irrigation method also has an impact on nutrient 
availability. AWD has the potential to influence soil 
physical conditions, such as promoting macropore 
development and providing a slight improvement in soil 
mechanical impedance. While AWD does not directly 
affect soil organic matter or organic carbon supply [58–
60], it does increase the availability of nitrogen (in the 
form of NO3-), phosphorus, and potassium in the 
rhizospheric soil of rice [35]. Furthermore, the implemen-
tation of partly aerobic rice system or PARS (periodic 
aerobic conditions in the soil are produced by water 
management techniques such as intermittent flooding 
or AWD) and changes in phytohormone concentrations 
(increases abscisic acid (ABA) but decreases cytokinin 
and gibberellin) can enhance the nitrogen use efficiency 
(NUE) and phosphorus use efficiency (PUE) of rice 
[36, 61]. Rice cultivated using AWD water management 
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had a PUE that was ap-proximately 21–25% greater 
than rice grown with CF water management [36]. In the 
same a direction, AWD water management can boost 
NUE by 7–33% [61]. A well-implemented AWD strategy 
does not require significant modifications in nitrogen 
management, and may allow rice growers to reduce 
phosphorus fertilizer rates without compromising 
vegetative growth [36, 61]. However, it should be noted 
that some available data suggests a decline in rice yield 
in aerobic rice systems (ARS) over time. ARS involves 
non-puddled, non-flooded, and non-saturated soil 
conditions. The decline in yield implies the potential 
deficiency of nutrients such as nitrogen, phosphorus, 
potassium, iron, and zinc [62]. This raises concerns 
about the long-term viability of ARS as a sustainable 
approach. 
 
2.2) Heavy metals 
 Soil contains not only essential nutrients for plant 
growth but also heavy metals, such as arsenic (As) and 
mercury (Hg), which can be absorbed by plants. 
Cultivating rice in areas with heavy metal contamina-
tion increases the risk of heavy metal accumulation in 
the grains. However, several reports indicate that AWD 
irrigation can help alleviate the accumulation of AS and 
Hg. The levels of As and Hg in rice grains under AWD 
are generally lower compared to CF, with reductions 
ranging from 13.7–91.8% for As and 2.7–89.2% for Hg 
[37, 38, 63, 64]. In comparison to the AWD, the CF 
promoted as accessibility in the rhizosphere, which 
boosted as absorption and transport to the xylem in rice 
via stimulating the expression of silicon transporter 
genes (OsLsi1 and OsLsi2), but decreasing soil available 
sulphur and phytochelatins production [37, 64]. 
Additionally, in the CF-submerged rice fields, anaerobic 
microbes potentially metabolize the less hazardous 
inorganic mercury (Hg) into methylmercury (MeHg), 
which is effectively stored in rice grains [65]. 
Consequently, using AWD irrigation in rice farming 
may be a practical and long-term approach to reduce 
As and Hg contamination in rice, thereby mitigating 
associated human health risks. 
 However, it is important to exercise caution when 
cultivating rice in cadmium (Cd)-contaminated areas. 
Some studies suggest that cereals under AWD irrigation 
may potentially accumulate more Cd compared to CF 
[39]. In contrast to As and Hg, the oxidation of sulphur 
in Cd sulphide precipitates and the subsequent release 
of Cd2+ into soil solution are two of the many reasons 
that Cd Phyto availability in the soil increases with soil 
aeration. Additionally, other factors include the weaker 
adsorption of Cd2+ to manganese and iron hydrous 
oxides at lower pH values that are typical of aerobic 

soils, compared to anaerobic soils [66]. Therefore, special 
attention is needed to manage Cd contamination when 
implementing AWD irrigation in Cd-affected regions. 
 
3) Plant related characteristics 
3.1) Yield, yield component and physiological traits 
 Water deficit stress poses a significant challenge to 
rice growth, leading to a decrease in grain production. 
The impact of water deficit stress on plant growth and 
development directly affects rice grain output. The 
reproductive development and canopy expansion are 
negatively impacted by the decrease in leaf water 
potential, which results in a considerable loss of yield. 
The stage of crop development can influence the extent 
of yield loss, with the panicle development stage being 
particularly susceptible [67–68]. Therefore, when applying 
irrigation methods in rice fields, it is crucial to consider 
the implications of water stress. 
 AWD, the most widely recognized alternative 
irrigation method in rice cultivation, has the potential 
to reduce water consumption without compromising 
yield. Even if some yield components, such as spikelet 
fertility and unfilled grain number, are quite vulnerable 
to a water shortage. Properly implemented AWD does 
not negatively affect yield and other important yield 
components such as grain weight, grain number per 
panicle, percentage of filled grains per panicle, and 
harvest index. Irrigation thresholds generally in the 
range from -20 to -40 kPa, depend on the potential of 
each rice variety. [33, 42, 69, 70]. For example, an 
International Rice Research Institute (IRRI) experiment 
conducted in 2006 found that when soil water potential 
reached the threshold of -60 kPa, the I15 variety did not 
show a significant difference in yield compared to 
irrigated rice by CF, while rice varieties H5 and I4 achieved 
a soil water potential threshold of -30 kPa. Rice varieties 
H10 and I2 had optimal soil water potential and reached 
a threshold value below -30 kPa [71]. In addition, harvest 
index (HI), leaf area index (LAI), leaf elongation rate on 
the main tiller, chlorophyll content, biomass, root 
weight, and productive tillers of rice under appropriate 
AWD are not significantly lower than those under CF 
[19, 41, 51, 72]. 
 Phytohormones, which play a crucial role in plant 
responses to environmental conditions, exhibit diverse 
responses to AWD. AWD and CF have no effect on 
auxin (indole-3-acetic acid; IAA) cytokinins (zeatin 
riboside, ZR; isopentenyl adenine, iP) and gibberellin 
(GA3) content. However, AWD leads to higher levels of 
abscisic acid (ABA) compared to CF. The ABA content 
of rice treated with AWD irrigation (-15 kPa) was 1.4 – 
1.8 times higher than that of CF When the concentra-
tion of ABA in the rice plant increases under drying soil 
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conditions, the rate of filling of the spikelets and the 
remobilization of assimilates stored in the vegetative 
tissues in the grains occurs. Ultimately, it might also 
decrease stomatal conductance, which would increase 
grain weight in the final result [42, 73]. 
 
3.2) Grain quality 
 In addition to yield, irrigation management has an 
impact on rice quality, especially cooking and eating 
related characteristics, such as viscosity, temperature of 
gelatinization, and the ration of amylose to amylopectin. 
Since countries have varying preferences for quality, it 
is quite challenging to precisely describe the quality of 
rice grains [69]. Irrigation management not only impacts 
the yield of rice but also influences its quality. The 
appropriate drying conditions, depending on the desired 
moisture content, can lead to a reduction in amylose 
content. Conversely, flood irrigation has been found to 
increase amylose content while decreasing protein 
content in rice. However, it’s important to note that the 
variety or cultivar of rice also plays a role in deter-
mining the quality of the yield.  
 Additionally, the findings of the tasting panel 
generally indicate that the cohesion, softness, color, and 
brightness of cooked rice are negatively correlated with 
the amylose content. In terms of starch characteristics, 
the size of starch granules tends to decrease under 
certain drying conditions, while the amylopectin short 
chain length decreases while medium and long chain 
increase. Additionally, 2-acetyl-1-pyrroline (2-AP), an 
important aromatic compound in fragrant rice, has 
been found to be higher in rice cultivated under AWD 
conditions compared to CF conditions [34, 44, 69]. 
 
3.3) Water consumption and economic returns 
 AWD is widely recognized as a water-saving irrigation 
system that offers multiple benefits, including reduced 
irrigation costs and long-term water sustainability. 
Demonstrations and training courses conducted in 
Asian countries have consistently shown that AWD can 
reduce irrigation water usage by up to 29% without 
significantly affecting yields. In fact, rice crops treated 
with AWD have exhibited higher water productivity, 
achieving 1.25 times the productivity compared to CF 
[74]. Fixed costs and some variable costs—like land 
rent, fertilizers, crop protection, seeds, soil preparation, 
nursery, and field management—are comparable 
throughout the course of this two-year field trial. AWD 
effectively postpones irrigation, which minimizes overall 
irrigation frequency and, consequently, water usage 
when applied to appropriate soils. As a result, irrigation 
application costs can be reduced by up to 30% [43, 75]. 
This not only leads to decreased expenses on water 

pumps and fuel consumption but also contributes to 
increased incomes for farmers. By implementing the AWD 
technique, gross returns for farmers can potentially 
increase by 5% [40, 43]. 
 Another alternative technique, SSI, also offers water-
saving benefits. On average, SSI has been found to save 
around 23% of water consumption with a 1.7 times higher 
water productivity compared to conventional irrigation 
methods [76]. 
 
Discussion 
1) Analyzing knowledge gaps for future research 
 Based on the evaluation of the articles, several research 
issues have been identified that can guide future research 
project. While the data analyzed in this study covers the 
dimensions of water, soil, and plants, there is still a lack 
of research in the area of plant stress and farmer 
resilience (Figure 3). The evaluation of economic and 
environmental impacts of different irrigation systems 
provides substantial data, but there is a shortage of 
physiological data, particularly regarding plant stress. 
However, considering plant stresses, especially related to 
drought and oxidative characteristics, are crucial when 
determining future rice irrigation. Changes in irrigation 
practices directly affect the water status of plants, 
emphasizing the need to monitor stress levels when 
implementing alternative irrigation methods. It is 
essential for these alternative irrigation methods to be 
efficient without causing harm. Therefore, effective 
irrigation techniques, such as AWD and SSI are 
necessary to address issues such as water status and 
management, which are impacted by climate change 
and can hinder traditional cultivation methods, poten-
tially leading to reduced productivity if not addressed 
promptly. 
 Furthermore, recent studies in the past decades have 
revealed the limitations of traditional irrigation tech-
niques in rice fields due to the effectiveness of tools and 
methods. Overwatering has been necessary to prevent 
stress on rice crops. However, with the advancements 
in modern technologies, especially smart agriculture 
technologies, it is now possible to apply modern devices 
to optimize water usage and meet the specific needs of 
rice cultivation. For example, the modern irrigation 
system (MIS) can minimize the water footprint by more 
than 29% by measuring data using an in-field weather 
station to calculate VPD values for use in irrigation 
decisions [49]. In addition, the promotion of smart 
agriculture in Thailand also encourages the use of smart 
sensors to measure water levels, facilitate the decision 
on AWD. The results of the operation showed that the 
amount of water used could be reduced up to 30% 
compared to CF [77–78]. Therefore, current innovations 
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in alternative irrigations methods offer feasible 
solutions to reduce water consumption in rice fields 
and improve WUE. 
 
2) Sustainability component 
 The fundamental components of sustainable manage-
ment approaches typically encompass three key elements: 
economics, society, and the environment. In terms of 
economics and resource depletion, both alternative 
technique, AWD and SSI, have shown the reduction in 
water consumption while increased water productivity. 
AWD and SSI have the potential to decrease irrigation 
water usage by 29% and 23% respectively (Figure 4), 
while also increasing water productivity by 125% and 
172% respectively (Figure 4). These finding demonstrate 
that alternative irrigation methods, when implemented 
appropriately, can reduce water requirements without 
compromising yields. Consequently, it can be inferred 
that “the main cost of fuel consumption for water 
pumping can be reduced, leading to improved farmer 
income”. Additionally, the partially aerobic rice system 
(PARS) employed in both AWD and SSI can enhance 
the rice plant's nitrogen and phosphorus utilization 
efficiency. This has significant implications as it may 
reduce the need for fertilizers, which is a major expense 
for farmers. As a result, alternative irrigation methods 
have the potential to address the demand for fertilizer 
and contribute to cost savings. 

 In terms of the ecological component, implementing 
AWD in paddy fields may result in a reduction of 
approximately 38% in methane emissions compared to 
CF (Figure 4). However, there is still a lack of data on 
methane emissions from paddy fields treated with SSI. 
It has been demonstrated that the availability of oxygen 
in the soil has a significant impact on methane generation, 
with anaerobic conditions promoting its production 
[79]. Therefore, it can be observed that alternative irri-
gation methods, which promote higher levels of oxygen 
in the soil, have the potential to decrease methane 
emissions in rice fields. However, it is important to 
consider the estimation of other GHG emissions for 
AWD or aerobic irrigation as well. 
 Regarding the social component, traditional watering 
methods are still widely used by farmers due to their 
convenience in preventing dehydration and effectively 
controlling weeds in rice fields. Therefore, it is necessary 
to encourage farmers to prioritize environmental consi-
derations and demonstrate that alternative irrigation 
methods do not adversely affect yields. In order to 
achieve a sustainable and environmentally-friendly 
transformation in rice production, it is important for 
the government to promote awareness and under-
standing of this crucial issue. 
 

 

 
Figure 3 Framework of irrigation system in rice cultivation, research gaps and scope for future studies. 
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Figure 4 Percentages of water consumption, water 
productivity and methane emission of AWD and SSI 

compare with CF [25, 33, 80]. 
 
3) Policy implications 
 The framework for irrigation techniques is built 
upon the intersection of six components: WUE, GHG 
emissions, nutrient absorption, yield and yield components, 
grain quality, and economic returns, as indicated by the 
findings and discussions above. Due to the variations in 
plant physiology and environmental factors within an 
economy, specific water policies are necessary. One key 
finding from our research is that efficient water use 
cannot be achieved unless all components are adequately 
addressed. Climate change, as an external influence, 
necessitates the adoption of highly efficient alternative 
irrigation methods that reduce water usage, minimize 
environmental impacts, and pose no harm to plants. 
Hence, comprehensive data on the impact of alternative 
irrigation technique on each component and their 
interactions are crucial for making macro-level policy 
decisions and implementing alternative irrigation systems. 
 Considering the current state of irrigation methods 
in rice fields, CF remains a popular technique due to its 
cost-effectiveness, convenience, and weed prevention 
benefits. However, CF is less efficient and generates 
significantly higher GHG emissions compared to alter-
native techniques such as AWD or aerobic irrigation. 
The development of CF in rice fields to reduce GHG 
emissions is challenging due to the anaerobic conditions 
caused by flooding, which directly contribute to methane 
emissions, a major GHG in rice fields. Consequently, 
both alternative irrigation techniques, AWD and aerobic 
irrigation, prove to be more efficient and environmentally 
friendly than CF. Therefore, it is crucial to promote 
these alternative irrigation methods through policy 
implementation in water management, especially in the 
agricultural sector, which has high water demands and 
limited water resources. 
 Even though alternative irrigations are more 
effective and environmentally friendly than that of CF, 
CF irrigation is still widely used due to its familiarity, 
simplicity of weed control, and economic value—
especially in countries that state-sponsored irrigation 
programs are in place. Consequently, it becomes crucial 

for the government to raise public awareness about the 
importance of water efficiency, environmental friend-
liness, and the risks and crises resulting from global 
warming. These are all aspects that should be commu-
nicated and taught to farmers. 
 To instill confidence in farmers, the government 
needs to establish in-field demonstrations of alternative 
irrigation methods, showcasing that reducing water 
usage in rice fields does not have a negative impact on 
yields. Additionally, it is essential to provide encourage-
ment, support, and incentives for farmers to adopt these 
methods in practice. 
 Implementing alternative irrigation techniques not 
only reduces water consumption at the field level but 
also aids the government in effectively managing water 
resources as a whole, particularly during drought years 
when water supplies are insufficient for all activities. 
Furthermore, alternative irrigation methods contribute 
to the achievement of Sustainable Development Goals 
(SDGs) by effectively reducing GHG emissions in another 
way. 
 
Conclusion 
 Considering the impact of global warming, it is 
imperative to incorporate effective irrigation methods 
in rice cultivation that not only consider the water 
requirements of plants but also prioritize factors such as 
WUE, physiological processes, and resilience in stressful 
situations. The review conducted has demonstrated that 
AWD and SSI are viable alternative irrigation methods 
that can improve WUE in rice fields. 
 Furthermore, numerous studies on AWD have 
highlighted additional benefits, including reduced GHG 
emissions, particularly methane, enhanced nitrogen and 
phosphorus use efficiency, and decreased accumulation 
of contaminants like arsenic (As) and mercury (Hg) in 
the grain. AWD has also been found to be a delicate and 
effective irrigation method that does not compromise 
grain production and quality, while also being econo-
mically feasible. 
 Additionally, the interlinkage between research on 
rice irrigation techniques, such as plant stress, farmers' 
adaptation, and their capacity for resilience, is still in 
the early stages of development within the context of 
rice cultivation systems. 
 
References 
[1]  Taiz, L., Zeiger, E. Plant physiology. 4th edition. 

Sunderland: Sinauer Associates, Inc., 2006. 
[2]  Campbell, N.A., Reece, J.B., Mitchell, L.G. 

Biology. 8th edition. California: Addison Wesley 
Longman, Inc., 2008. 



App. Envi. Res. 45(4) (2023): 024 

 
https://doi.org/10.35762/AER.2023024 

[3]  Hopkins, W.G., Huner, N.P.A. Introduction to 
plant physiology. 4th edition. New Jersey: John 
Wiley & Sons, Inc., 2009. 

[4]  Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., 
Basra, S.M.A. Plant drought stress: Effects, 
mechanisms and management. France: EDP Sciences, 
2009. 

[5]  Mishra, A.K., Singh, V.P. A review of drought 
concepts. Journal of Hydrology, 2010, 391, 202–
216. 

[6]  Mastrangelo, A.M., Mazzucotelli, E., Guerra, D., 
De Vita, P., Cattivelli, L. Improvement of 
drought resistance in crops: From conventional 
breeding to genomic selection. In: Venkateswarlu, 
B., Shanker, A., Shanker, C., Maheswari, M. (eds) 
Crop stress and its management: Perspectives 
and strategies. Springer, 2012. 

[7]  Zhao, H., Xu, Z., Zhao, J., Huang, W. A drought 
rarity and evapotranspiration-based index as a 
suitable agricultural drought indicator. Ecological 
Indicators, 2017, 82, 530–538. 

[8]  Mahato, B.K., Ogunlana, S.O. Conflict dynamics 
in a dam construction project: A case study. Built 
Environment Project and Asset Management, 
2011, 1(2). 

[9]  Brown, PH., Tullos, D., Tilt, B., Magee, D., Wolf, 
A.T. Modeling the costs and benefits of dam 
construction from a multidisciplinary perspective. 
Journal of Environmental Management, 2009, 
90, 303–311. 

[10] FAO Rome, Water for sustainable food and 
agriculture, A report produced for the G20 
Presidency of Germany, 2017. 

[11] Siebert, S., Burke, J., Faures, F.M., Frenken, K., 
Hoogeveen, J., Doll, P., Portmann, F.T. 
Groundwater use for irrigation – a global 
inventory. Hydrology and Earth System Science, 
2010, 14, 1863–1880. 

[12] Widiasri, E., Gaib, B.K., Karnia, D., Putri, R.J., 
Adilaksono, I.C., Nofitasari, D., Manurung, R., 
Abduh, M.Y. A water recirculation system for the 
cultivation of Oryza sativa L. at Sumedang, 
Indonesia. The Agricultural Science Society of 
Thailand, 2021, 54, 258–271. 

[13] Patil, S.B., Khan, M.K. Germinated brown rice as 
a value added rice product: A review. Journal of 
Food Science and Technology 2011, 48, 661–667. 

[14] Das, S.K. Rice cultivation under changing 
climate with mitigation practices: A mini review. 
Universal Journal of Agricultural Research, 2017, 
5, 333–337. 

[15] Tuong, T.P., Bouman, B.A.M., Rice production 
in water-scarce environments, In: Kijine, J.W., 

Barker, R., and Molden, D. Water productivity 
in agriculture: Limits and opportunities for 
improvement. Wallingford, UK: CAB Interna-
tional, 2003, 53–67. 

[16] Ishfaq, M., Akbar, N., Anjum, S.A., Anwar-Ul-
Haq, M. Growth, yield and water productivity of 
dry direct seeded rice and transplanted aromatic 
rice under different irrigation management 
regimes. Journal of Integrative Agriculture, 2020, 
19, 2656–2673. 

[17] Singh, S., Shukla, U.N., Khan, I.M., Sharma, A., 
Pawar, K., Srivastawa, D., …, Singh, S. 
Technologies for water-saving irrigation in rice. 
International Journal of Agriculture and Food 
Science Technology, 2013, 4, 531–536. 

[18] Hoekstra, A.Y., Chapagain, A.K. Globalization of 
water: Sharing the planet's freshwater resources. 
Oxford, Uk: Blackwell Publishing Ltd., 2008. 

[19] Howell, K.R., Shrestha, P., Dodd, I.C. Alternate 
wetting and drying irrigation maintained rice 
yields despite half the irrigation volume, but is 
currently unlikely to be adopted by smallholder 
lowland rice farmers in Nepal. Food and Energy 
Security, 2015, 4, 144–157. 

[20] Carrijo, D.R., Lundy, M.E., Linquist, B.A. Rice 
yields and water use under alternate wetting and 
drying irrigation: A meta-analysis. Field Crops 
Research, 2017, 203, 173–180. 

[21] Chu, G., Chen, T., Chen, S., Xu, C., Wang, D., 
Zhang, X. The effect of alternate wetting and 
severe drying irrigation on grain yield and water 
use efficiency of Indica-japonica hybrid rice 
(Oryza sativa L.). Food and Energy Security, 
2018, 7. 

[22] Rungrat, T., Poothab, C. Short-term water 
deficit stress induces anthocyanin accumulation 
and changes in grain yield and yield components 
in colored rice grain. Agriculture and Natural 
Resources, 2019, 53, 292–297. 

[23] Islam, S.M.M., Gaihre, Y.K., Ishfaq, M.R., Akter, 
M., Mahmud, A.A., Singh, U., Sander, B.O. 
Effects of water management on greenhouse gas 
emissions from farmers' rice fields in Bangladesh. 
Science of the Total Environment, 2020, 734. 

[24] Borrell, A., Garside, A., Fukai, S. Improving 
efficiency of water use for irrigated rice in a semi-
arid tropical environment. Field Crops Research, 
1997, 52, 231–248. 

[25] Tabbal, D.F., Bouman, B.A.M., Bhuiyan, S.I., 
Sibayan, E.B., Sattar, M.A. On-farm strategies for 
reducing water input in irrigated rice: Case 
studies in the Philippines. Agricultural Water 
Management, 2002, 56, 93–112. 



App. Envi. Res. 45(4) (2023): 024 

 
https://doi.org/10.35762/AER.2023024 

[26] Kima, A., Chung, W., Wang, Y. Improving 
irrigated lowland rice water use efficiency under 
saturated soil culture for adoption in tropical 
climate conditions. Water, 2014, 6, 2830–2846. 

[27] Chapagain, A. K., Hoekstra, A. Y. The blue, green 
and grey water footprint of rice from production 
and consumption perspectives. Ecological Econo-
mics, 2011, 70, 749–758. 

[28] Thomas, K.M., Georgios, M.C., Dordas, C.A. An 
efficient framework for conducting systematic 
literature reviews in agricultural sciences. Science 
of the Total Environment, 2019, 682, 106–117. 

[29] Liberati, A., Altman, D.G., Tetzlaff, J., Mulrow, 
C., Gotzsche, P.C., Ioannidis, J.P., …, Moher, D. 
The PRISMA statement for reporting systematic 
reviews and meta-analyses of studies that evaluate 
health care interventions: Explanation and elabo-
ration. Journal of Clinical Epidemiology, 2009, 62, 
1–34. 

[30] Darzi-Naftchali, A., Ritzema, H., Karandish, F., 
Mokhtassi-Bidgoli, A., Ghasemi-Nasr, M. Alternate 
wetting and drying for different subsurface 
drainage systems to improve paddy yield and 
water productivity in Iran. Agricultural Water 
Management, 2017, 193, 221–231. 

[31] Oliver, V., Cochrane, N., Magnusson, J., Brachi, 
E., Monaco, S., Volante, A., …, Teh, Y.A. Effects 
of water management and cultivar on carbon 
dynamics, plant productivity and biomass allo-
cation in European rice systems. Science of the 
Total Environment, 2019, 685, 1139–1151. 

[32] Kima, A.S., Kima, E., Bacye, B., Ouedraogo, 
P.A.W., Traore, O., Traore, S., …, Wang, Y.M. 
Evaluating supplementary water methodology 
with saturated soil irrigation for yield and water 
productivity improvement in semi-arid rainfed 
rice system, Burkina Faso. Sustainability, 2020, 
12(12), 4819. 

[33] Wang, H., Zhang, Y., Zhang, Y., McDaniel, M. 
D., Sun, L., Su, W., …, Xiao, X. Water-saving 
irrigation is a ‘win-win’ management strategy in 
rice paddies – With both reduced greenhouse gas 
emissions and enhanced water use efficiency. 
Agricultural Water Management, 2020, 228. 

[34] Bao, G., Ashraf, U., Wang, C., He, L., Wei, X., 
Zheng, A., …, Tang, X. Molecular basis for 
increased 2-acetyl-1-pyrroline contents under 
alternate wetting and drying (AWD) conditions 
in fragrant rice. Plant Physiology and Bio-
chemistry 2018, 133, 149–157. 

[35] Li, Z., Li, Z., Letuma, P., Zhao, H., Zhang, Z., 
Lin, W., Chen, H., Lin, W. A positive response of 
rice rhizosphere to alternate moderate wetting 

and drying irrigation at grain filling stage. 
Agricultural Water Management, 2018, 207, 26–
36. 

[36] Acosta-Motos, J.R., Rothwell, S.A., Massam, M. 
J., Albacete, A., Zhang, H., Dodd, I.C. Alternate 
wetting and drying irrigation increases water and 
phosphorus use efficiency independent of sub-
strate phosphorus status of vegetative rice plants. 
Plant Physiology and Biochemistry, 2020, 155, 
914–926. 

[37] Cao, Z., Pan, J., Yang, Y., Cao, Z., Xu, P., Chen, 
M., Guan, M. Water management affects arsenic 
uptake and translocation by regulating arsenic 
bioavailability, transporter expression and thiol 
metabolism in rice (Oryza sativa L.). Ecotoxicology 
and Environmental Safety, 2020, 206. 

[38] Ishfaq, M., Farooq, M., Zulfiqar, U., Hussain, S., 
Akbar, N., Nawaz, A., Anjum, S.A. Alternate 
wetting and drying: A water-saving and ecofriendly 
rice production system. Agricultural Water 
Management, 2020, 241. 

[39] Monaco, S., Volante, A., Orasen, G., Cochrane, 
N., Oliver, V., Price, A.H., …, Vale, G. Effects of 
the application of a moderate alternate wetting 
and drying technique on the performance of 
different European varieties in Northern Italy 
rice system. Field Crops Research, 2021, 270, 
108220. 

[40] Lampayan, R.M., Rejesus, R.M., Singleton, G.R., 
Bouman, B.A.M. Adoption and economics of 
alternate wetting and drying water management 
for irrigated lowland rice. Field Crops Research, 
2015, 170, 95–108. 

[41] Kumar, A., Nayak, A.K., Pani, D.R., Das, B.S. 
Physiological and morphological responses of 
four different rice cultivars to soil water potential 
based deficit irrigation management strategies. 
Field Crops Research, 2017, 205, 78–94. 

[42] Song, T., Xu, F., Yuan, W., Chen, M., Hu, Q., 
Tian, Y., …, Xu, W. Combining alternate wetting 
and drying irrigation with reduced phosphorus 
fertilizer application reduces water use and pro-
motes phosphorus use efficiency without yield 
loss in rice plants. Agricultural Water Management, 
2019, 223. 

[43] Alauddin, M., Sarker, Md.A.R., Islam, Z., Tisdell, 
C. Adoption of alternate wetting and drying 
(AWD) irrigation as a water-saving technology 
in Bangladesh: Economic and environmental 
considerations. Land Use Policy, 2020, 91, 104430. 

[44] Xiong, R., Xie, J., Chen, L., Yang, T., Tan, X., 
Zhou, Y., …, Zeng, Y. Water irrigation management 
affects starch structure and physico-chemical 



App. Envi. Res. 45(4) (2023): 024 

 
https://doi.org/10.35762/AER.2023024 

properties of indica rice with different grain 
quality. Food Chemistry, 2021, 347. 

[45] Wang, Y., Zhou, L., Jai, Q., Yu, W. Water use 
efficiency of a rice paddy field in Liaohe Delta, 
Northeast China. Agricultural Water Manage-
ment 2017, 187, 222–231. 

[46] Patel, D.P., Das, A., Munda, G.C., Ghosh, P.K., 
Bordoloi, J.S., Kumar, M. Evaluation of yield and 
physiological attributes of high-yielding rice 
varieties under aerobic and flood-irrigated 
management practices in mid-hills ecosystem. 
Agricultural Water Management, 2010, 97, 1269 
–1276. 

[47] Akinbile, C.O., Abd El-Lat, K.M., Abdullah, R., 
Yusoff, M.S. Rice production and water use 
efficiency for self-sufficiency in Malaysia: A 
review. Trends in Applied Sciences Research, 
2011, 6, 1127–1140. 

[48] Ye, Y., Liang, X., Chen, Y., Liu, J., Gu, J., Guo, R., 
Li, L. Alternate wetting and drying irrigation and 
controlled-release nitrogen fertilizer in late-season 
rice. Effects on dry matter accumulation, yield, 
water and nitrogen use. Field Crops Research, 
2013, 144, 212–224. 

[49] Laphatphakkhanut, R., Puttrawutichai, S., 
Dechkrong, P., Preuksakarn, C., Wichaidist, B., 
Vongphet, J., Suksaroj, C. IoT-based smart crop-
field monitoring of rice cultivation system for 
irrigation control and its effect on water foot-
print mitigation. Paddy and Water Environment, 
2021, 19, 699–707. 

[50] Rana, M.M., Rahman, M. M., Oliver, M.M.H., 
Miah, M.Y. Development and evaluation of the 
first automated irrigation system for alternate 
wetting and drying technique in rice cultivation 
in Bangladesh. Smart Agricultural Technology, 
2023, 6, 100348. 

[51] Maneepitak, S., Ullah, H., Paothong, K., 
Kachenchart, B., Datta, A., Shrestha, R. P. Effect 
of water and rice straw management practices on 
yield and water productivity of irrigated lowland 
rice in the Central Plain of Thailand. Agricultural 
Water Management, 2019, 211, 89–97. 

[52] Jonubi, R., Rezaverdinejad, Salemi, H. Enhancing 
field scale water productivity for several rice 
cultivars under limited water supply. Paddy and 
Water Environment, 2017, 16, 125–141. 

[53] Tao, L., Wang, X., Tan, H., Shen, J., Cheng, S. 
Effects of soil water saturation on rice growth 
and development. Indian Journal of Crop Science, 
2006, 1, 59–64. 

[54] Naser, H.M., Nagata, O., Tamura, S., Hatano, R. 
Methane emissions from five paddy fields with 

different amounts of rice straw application in 
central Hokkaido, Japan. Soil Science and Plant 
Nutrition 2007, 53, 95–101. 

[55] Chen, H., Zhu, Q., Peng, C., Wu, N., Wang, Y., 
Fang, X., …, Yu, G. Methane emissions from rice 
paddies natural wetlands, lakes in China: Synthesis 
new estimate. Global Change Biology, 2013, 19, 
19–32. 

[56] Saha, M.K., Mia, S., Biswas, A.A.A., Sattar, M.A., 
Kader, M.A., Jiang, Z. Potential methane emission 
reduction strategies from rice cultivation systems 
in Bangladesh: A critical synthesis with global 
meta-data. Journal of Environmental Management, 
2022, 310. 

[57] Feng, Z.Y., Qin, T., Du, X.Z., Sheng, F., Li, C.F. 
Effects of irrigation regime and rice variety on 
greenhouse gas emissions and grain yields from 
paddy fields in central China. Agricultural Water 
Management, 2021, 250. 

[58] Yang, C., Yang, L., Ouyang, Z. Organic carbon 
and its fractions in paddy soil as affected by 
different nutrient and water regimes. Geoderma, 
2005, 124, 133–142. 

[59] Xu, Y., Zhan, M., Cao, C., Ge, J., Ye, R., Tian, S., 
Cai, M. Effects of irrigation management during 
the rice growing season on soil organic carbon 
pools. Plant and Soil, 2017, 421, 337–351. 

[60] Fang, H., Zhou, H., Norton, G.J., Price, A.H., 
Raffan, A.C., Mooney, S.J., …, Hallett, P. D. 
Interaction between contrasting rice genotypes 
and soil physical conditions induced by hydrau-
lic stresses typical of alternate wetting and drying 
irrigation of soil. Plant and Soil, 2018, 430, 233–
243. 

[61] Cabangon, R.J., Castillo, E.G., Tuong, T.P. 
Chlorophyll meter-based nitrogen management 
of rice grown under alternate wetting and drying 
irrigation. Field Crops Research, 2011, 121, 136–
146. 

[62] Prasad, R., Aerobic Rice Systems, In: Sparks, D. L. 
Advances in Agronomy. Academic Press, 2011, 
207–247. 

[63] Carrijo, D.R., Akbar, N., Reis, A.F.B., Li, C., 
Gaudin, A.C.M., Parikh, S.J., …, Linquist, B.A. 
Impacts of variable soil drying in alternate 
wetting and drying rice systems on yields, grain 
arsenic concentration and soil moisture dynamics. 
Field Crops Research, 2018, 222, 101–110. 

[64] Jahan, I., Abedin, M.A., Islam, M.R., Hossain, 
M., Hoque, T.S., Quadir, Q.F., …, Rahman, M.M. 
Translocation of soil arsenic towards accumu-
lation in rice: Magnitude of water management 
to minimize health risk. Water, 2021, 13. 



App. Envi. Res. 45(4) (2023): 024 

 
https://doi.org/10.35762/AER.2023024 

[65] Rothenberg, S.E., Anders, M., Ajami, N.J., 
Petrosino, J.F., Balogh, E. Water management 
impacts rice methylmercury and the soil micro-
biome. Science of the Total Environment, 2016, 
572, 608–617. 

[66] Carrijo, D.R., Lahue, G.T., Parikh, S.J., Chaney, 
R.L., Linquist, B.A. Mitigating the accumulation of 
arsenic and cadmium in rice grain: A quanti-
tative review of the role of water management. 
Science of the Total Environment, 2022, 839. 

[67] Boonjung, H., Fukai, S. Effects of soil water 
deficit at different growth stages on rice growth 
and yield under upland conditions. 2. Phenology, 
biomass production and yield, 1996, 47–55. 

[68] Zaman, N.K., Abdullah, M.Y., Othman, S., Zaman, 
N.K. Growth and physiological performance of 
aerobic and lowland rice as affected by water stress 
at selected growth stages. Rice Science, 2018, 25, 
82–93. 

[69] Pandey, A., Kumar, A., Pandey, D.S., Thongbam, 
P.D. Rice quality under water stress. Indian 
Journal of Advances in Plant Research, 2014, 1, 
23–26. 

[70] Zhang, Y., Zhang, W., Wu, M., Liu, G., Zhang, 
Z., Yang, J. Effects of irrigation schedules and 
phosphorus fertilizer rates on grain yield and 
quality of upland rice and paddy rice. Environ-
mental and Experimental Botany, 2021, 186. 

[71] Bueno, C.S., Bucourt, M., Kobayashi, N., 
Inubushi, K., Lafarge, T. Water productivity of 
contrasting rice genotypes grown under water-
saving conditions in the tropics and investigation 
of morphological traits for adaptation. Agricul-
tural Water Management, 2010, 98, 241–250. 

[72] Orasen, G., Nisi, P.D., Lucchini, G., Abruzzese, 
A., Pesenti, M., Maghrebi, M., …, Sacchi, G.A. 
Continuous flooding or alternate wetting and 
drying differently affect the accumulation of health-
promoting phytochemicals and minerals in rice 
brown grain. Agronomy, 2019, 9, 628–644. 

[73] Norton, G.J., Shafaei, M., Travis, A.J., Deacon, 
C.M., Danku, J., Pond, D., …, Price, A.H. Impact 

of alternate wetting and drying on rice physio-
logy, grain production, and grain quality. Field 
Crops Research, 2017, 205, 1–13. 

[74] Carracelas, G., Hornbuckle, J., Rosas, J., Roel, A. 
Irrigation management strategies to increase water 
productivity in Oryza T sativa (rice) in Uruguay. 
Agricultural Water Management, 2019, 161–172. 

[75] Jabran, K., Hussain, M., Fahad, S., Farooq, M., 
Bajwa, A.A., Alharrby, H., Nasim, W. Economic 
assessment of different mulches in conventional 
and water-saving rice production systems. 
Environmental Science and Pollution Research, 
2016, 23, 9156–9163. 

[76] Bouman, B.A.M., Tuong, T.P. Field water 
management to save water and increase its 
productivity in irrigated lowland rice. Agricul-
tural Water Management, 2001, 49, 11–30. 

[77] Wichaidist, B., Intrman, A., Chansong, P., 
Intama, R., Sathuwijarn, S., Chamsing, A., …, 
Phinjongsakuldit, A. Smart agriculture demon-
strational farm according to smart agricultural 
pilot project, Ministry of Agriculture and Coope-
ratives. In Rice academic conference of the central 
and western rice research center group and the 
eastern rice research center group. 10–12 March 
2020. Chantaburi: Rice Department, 2020. 

[78] Intrman, A., Wichaidist, B., Chansong, P., 
Intama, R., Seepanomwan, L., Khumkhun, K. 
Improvement of rice production efficiency using 
smart agriculture technology. In Rice academic 
conference of the central and western rice research 
center group and the eastern rice research center 
group. 23–25 March 2021. Pathum Thani: Rice 
Department, 2021. 

[79] Yang, S., Chang, H. Effect of environmental 
conditions on methane production and emission 
from paddy soil. Agriculture, Ecosystems and 
Environment 1998, 69(1), 69–80. 

[80] Oliver, M.M.H., Talukder, M.S.U., Ahmed, M. 
Alternate wetting and drying irrigation for rice 
cultivation. Journal of the Bangladesh Agricul-
tural University, 2008, 6, 409–414.

 


