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Abstract: Global concerns of decreasing water availability and food security are being exacerbated 

by the increasing demand for food, water quality degradation, and climate change impacts. Rice is 

an essential crop for food security with paddy rice cultivation largely practiced using traditional 

flooding conditions. Water regimes and components of the soil water balance in paddy rice 

catchments affect uptake of water by rice roots. Paddy management, especially puddling, 

significantly affects soil hydrological properties, such as hydraulic conductivity, percolation, and 

seepage in the paddy rhizosphere. Improved knowledge of these interactions is vital for developing 

sustainable water management strategies in paddy fields. Alternate Wetting and Drying (AWD) 

practice contributes to sustainable water management, but little is known about effects of soil 

wetting and drying duration on gravitational soil water flow, moisture dynamics, and hydraulic 

conductivity in the rice paddy rhizosphere. These factors depend on soil type, rice variety, rooting 

conditions, and environmental factors, such as solar radiation and temperature. Here we examine 

the paddy cultivation environment and soil properties under traditional continuous flooding and 

AWD practice. Some studies indicate that the duration and frequency of wetting and soil drying 

under AWD practice in paddy fields affects soil hydraulic conductivity that alters the next cycle of 

water application. During droughts and short rainy seasons, rainfall, soil properties, and 

atmospheric conditions control soil moisture dynamics in paddy fields. Limitations and challenges 

of applying AWD in paddy soils, including the variation of hydrological properties and the need 

for frequent field manual monitoring of water level (WL) head, are discussed. Implications of AWD 

practice on yield, water use efficiency, soil hydrology, and reduction of methane emissions, are 

outlined along with opportunities to improve AWD integration within government policies, 

irrigation schemes, and adoption by farmers. Coupled crop models can provide important insights 

for sustainable agricultural water management. 

Keywords: water management; paddy soils; puddling; ecohydrological processes; climate change; 

preferential flow 

1. Introduction

Water stress is an increasingly common global challenge as climate change affects water 

availability in many regions inhibiting livelihoods and environmental functions, especially related to 

agriculture and food security [1,2]. Water and food are essential for human survival, and there is an 

increasing demand for food with the looming water crisis calling for innovative technologies [3]. Rice 

is a major crop grown primarily in paddy fields where eco-hydrological processes, impacted by water 

regimes, are critical controls for irrigation management. While rice is a global staple crop essential 
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for food security [4,5], the future of rice production is compromised by its greater susceptibility to 

drought stress than other cereal crops. Because drought stress is predicted to increase with global 

warming in many areas, irrigation supplies and costs may restrict paddy rice production, in some 

areas lending it unpracticable [6]. Likewise, extreme weather events, such as heavy rains attributed 

to climate change, cause huge damage and losses to paddy rice production. Similarly, changing 

rainfall patterns in African and Asian countries are prompting later paddy planting by farmers, 

thereby affecting rice yields [7].  

Paddy production is declining and there is a concern that global warming may affect water 

availability and management for future paddy cultivation [8,9]. Increasing water shortages are 

affecting four billion people globally [10] and, by 2025, rice production is predicted to experience a 

20% water deficit [11]. Although rice contributes significantly to ensuring global food security, 

traditional continuous flooding (CF) in paddy rice production requires more water than other cereal 

crops [12]. Furthermore, CF is a weed management strategy that maintains anaerobic conditions in 

the paddy-rice rhizosphere by maintaining anoxic conditions in the soil due to the long duration of 

ponded water [13]. Rice cultivation requires much water, up to 2500 L for 1 kg of rice produced, 

compared to other crops [14,223].  

Therefore, it is critical to implement water management and agronomic strategies that reduce 

water use without affecting rice yields to support growing populations, with attention to minimal 

weed growth [223]. During drought conditions, appropriate irrigation management practices can 

lead to economic gains by maximizing rice productivity of applied water [15]. Several water-saving 

irrigation techniques have been developed recently for paddy rice cultivation. These include direct 

(dry) sowing, intermittent dry spells [16], partial root drying, alternating wetting, and drying 

irrigation (AWD) irrigation [17], and combination of shallow water depth with wetting and drying 

[18]. These irrigation and water management methods aim to improve water use efficiency. AWD is 

currently the most widely used water-saving technology in rice production [19]. A reduction of 10% 

in water use for irrigated rice would save 150,000 million m3, corresponding to about 25% of the total 

freshwater used globally for non-agricultural purposes [11]. Under AWD practice, paddy fields are 

subjected to alternate cycles of saturated and unsaturated conditions where water levels are allowed 

to subside until the soil reaches a specific moisture level, after which the field is re-flooded [14,15]. 

Furthermore, AWD has been reported to reduce water inputs by 23% compared to traditional, 

continuously flooded systems [20]. However, rice is more sensitive to drought stress, especially 

during the vegetative period compared to the flowering period [13]. 

From an agronomic perspective, even water application, as in the case of AWD, increases crop 

production and rice quality [20,21]. However, such water management strategies may mobilize Ni 

and Pb via Fe–Mn oxides, and by the formation of Pb ligands with carbonates and phosphates [22]; 

these may negatively affect microbial activities, such as carbon and nutrient cycling, in the 

rhizosphere. Such growth stage-related dynamics and the effect of metal uptake by crop roots 

depends on agronomic practices, and influence plant growth conditions [23]. Similarly, soil 

microorganisms are essential in producing and consuming carbon dioxide (CO2), nitrous oxide 

(N2O) and methane (CH4) in agricultural and terrestrial ecosystems. Microbes survive and gain 

energy by breaking carbon bonds in dissolved organic compounds [24]. This process becomes 

complete by electron transfer from the dissolved organic carbon (DOC) to electron acceptors. 

Atmospheric processes including carbon sequestration is required and important to reduce several 

Greenhouse Gases (GHG), particularly CO2, though the processes are complex [25].  

Warming temperatures also affect rice growth patterns and emission of GHG. Agriculture is one 

of the main contributors of anthropogenic GHG emissions [Figure 1] and is expected to remain 

dominant in the 21st century [26]. Paddy rice cultivation and wetlands are a major source of global 

CH4 emissions, together contribute to about 41% of global CH4 emissions, although some estimates 

provide values as low as 12% [27]. Hydraulic conductance of roots varies with rice varieties and 

environmental conditions, which influences root anatomy and morphology under AWD practice [28]. 

However, hydraulic conductance of roots is one aspect that is largely overlooked in rice fields, 

including drought-induced reduction in hydraulic conductance due to xylem cavitation [29]. 
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Similarly, research on woody plants indicates an important hydraulic limitation on stomatal 

conductance and photosynthesis [30], a factor that could be equally important for herbaceous crops. 

Hydraulic conductance in rice roots can be lower than in other herbaceous roots. This low root 

conductivity, combined with a relatively high transpiration rate [31], explains the steeper drop in leaf 

water potential and leaf gas exchange in flooded rice environments. 

AWD irrigation is practiced mostly in Asia employing triggering criteria for irrigation such as 

phreatic head or matric potential head [32]. For phreatic head, a perforated pipe (observation well) is 

installed at 15-20 cm below the soil surface and irrigation is applied when the water level in the tube 

disappears [17]. The matric potential head-based criterion involves applying water when the matric 

potential in the rootzone reaches between -20 kPa to -70 kPa measured by the tensiometers [32]. To 

understand AWD application criteria in detail, we review the state-of-knowledge on i) soil water 

interactions in paddy fields comparing traditional flooding and AWD irrigation as a climate smart 

technique, and ii) address questions related to: 

a) The design and hydrological characteristics of paddy-rice catchments. 

b) Whether puddling is essential in paddy rice catchments. 

c) Suitable paddy soil conditions and the implications of intermittent soil wetting and drying on 

changes in hydrological properties, crop yields, irrigation efficiency, and GHG emissions in 

paddy rice catchments. 

d) Reasons farmers are skeptical in adopting AWD practice. 

Finally, the impact of AWD practice, limitations, and suitable soil conditions in paddy soils are 

discussed. Future research perspectives on improving AWD practice for adoption in Africa, primarily 

in the East Africa region, are also highlighted. 

 

Figure 1. Global greenhouse gas emissions by major sectors. Where Energy includes electricity, heat, 

and transport, DIP; Direct industrial processes, Ag-FLU; Agriculture, Forestry and Land Use. 

Adapted from Ref. [222]. 

2. Attributes of Paddy-Rice Environment 

2.1. Smallholder Agricultural Development in East Africa 

The term "paddy" is derived from the Malay word padi, meaning "rice plant", originated from 

Proto-Austronesian. The concept of paddy fields is generally referred to as a paddy rice farm, mainly 

in flooded conditions [33]. Paddy fields are designed with irrigation and drainage canals. Designing 

an irrigation scheme is highly complex, combining a myriad of technical, economic, agronomic, and 

social factors. However, the main task is to create a layout which enhances availability and equitable 

water distribution among farmers. In addition, it involves intensive farmland consolidation to 

enhance regular fields in conjunction with straight segments of ditches and roads [34].  

Depending on the hydrology of the rice field, the paddy rice environment can be classified into 

irrigated lowland rice, rainfed lowland rice, and flood-prone rice (Table 1). Irrigated lowland rice is 
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grown in bunded fields with irrigation to produce one or more crops per year, and farmers usually 

maintain 5–10 cm of flooded water in the field [35]. Rainfed lowland rice is grown in bunded fields 

flooded with rainwater for at least part of the cropping season. In both cases, fields are puddled with 

rice transplanted to establish crops. In flood-prone areas, paddy fields periodically suffer from excess 

water and uncontrolled deep flooding [35,36].  

The paddy field preparation for rice cultivation is one of the most significant operations 

contributing to high rice productivity. Recently, field preparation has been mechanized due to 

availability of power tillers and their matching implements [37]. Field preparation involves bund 

shaping and puddling at the onset of the paddy season. Bunds are shaped uniformly with a desired 

height and plastered with mud to reduce holes [37]. This helps reduce weeds, keeps the field ponded 

during the rainy season, and reduces seepage loss. Similarly, paddy fields are also found in dry 

regions, where adequate rainfall for rice growth is not expected. These are irrigated and require much 

water to maintain flooding. Evaporation of ponded water in these regions is high as are seepage 

losses compared with paddy fields in wet regions.  

Conversely, the hydrological response in paddy fields largely depends on rainfall, irrigation 

management, and soil conditions (Figure 2). Farmers control water within paddy fields during rice 

cultivation [38]. Additionally, rainwater can be stored in a paddy field as pond water or spill out from 

paddy levees. Therefore, paddy fields can buffer small to moderate levels of flooding depending on 

storage capacity. As paddy fields decrease with time, this rather complex effect on flood discharge 

results from changes in the water balance and associated water management of rice paddy fields [38]. 

To evaluate the effect of paddy storage on stream discharge, it is crucial to understand and 

conceptualize the interaction of the paddy field with variations in rainfall and develop a paddy water 

balance model that integrates farm water management practices. 

Paddy fields are also restricted by irrigation or drainage management of the canal. The planning 

and design of irrigation and drainage canals are essential for well-drained paddy fields, large-

sized/small paddy fields, and rotational crop production. Delivery of irrigation water via a pipeline 

is expensive although it reduces maintenance costs and enhances stable water supplies in contrast to 

open channels, such as unlined or poorly constructed channels that lose water and deteriorate with 

time due to siltation and growth of weeds [39]. 

Table 1. Rice cultivation environment, climate, and major regions/countries. 

S/N Major Categories Sub-categories Climate Description Major Regions/countries 

 

 

 

 

1 

 

 

 

 

Irrigated 

 

 

 

With favorable 

temperature. With 

low-temperature, 

tropical zone. With 

low temperature, 

temperate zone 

Warm to hot—

tropics (rice all 

seasons) and 

subtropics (double 

crop summer rice) 

Indonesia, Sri Lanka, 

Vietnam, the Philippines, 

south-eastern India, south-

ern China, Bangladesh 

Warm—tropics 

(higher altitudes) and 

subtropics (sole rice 

after winter crop) 

South Asia hills, Indo-

Gangetic Plain, central China 

Temperate (summer 

rice after winter 

fallow, warm and 

humid) 

Japan, Korean peninsula, 

north-eastern China, 

southern Brazil, southern 

USA 
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Temperate (summer 

rice after winter 

fallow, hot and dry) 

Egypt, Iran, Italy, Spain, 

California (USA), Peru, 

south-eastern Australia 

 

 

2 

 

 

Rainfed Lowland 

RFS, favorable 

RFS, drought prone. 

RFS, drought-and 

submergence-prone. 

RFS, submergence-

prone 

RFM deep, 

waterlogged 

 

 

 

        Tropics 

 

 

Cambodia, North-East 

Thailand, eastern India, 

Indonesia, Myanmar, Nigeria 

 

 

 

3 

 

 

 

Upland 

Favorable upland 

with LGS. 

Favorable upland 

with SGS. 

Unfavorable upland 

with LGS. 

Unfavorable upland 

with SGS. 

 

 

 

         Tropics 

 

 

South Asia, South-East Asia, 

Brazilian Cerrado, western 

Africa, East Africa; Uganda 

4 Deep Water Deep water 

Very deep water 

          Tropics River deltas of South Asia 

and South-East Asia, Mali 

 

 

 

5 

 

 

 

Tidal wetlands 

TW with perennial 

fresh water. TW with 

seasonal or perennial 

saline water. TW with 

acid sulfate soils. TW 

with peat soils 

           

 

          Tropics 

Vast areas near seacoasts and 

inland estuaries in Indonesia 

(Sumatra and 

Kalimantan), Vietnam and 

smaller areas in India, 

Bangladesh, and Thailand 

where RFS; Rainfed shallow, RFM; Rainfed medium, LGS; Long growing season, SGS; Short growing season, TW; Tidal 

wetlands. 

2.2. Components of Water Balance in Paddy Fields 

Irrigation efficiency in flooded rice cultivation is paramount and relates to water requirements 

of paddy fields and crops as measures of water lost from the system [40]. Water use efficiency is the 

ratio of dry crop biomass or grain yield produced to unit water transpired (used) by plants during 

cultivation [41]. Water balance in paddy fields comprises irrigation applications, rainfall, evaporation 

from ponded water or soil surfaces, transpiration, deep seepage losses, and percolation into the soil 

profile (Figure 2). The water balance of lowland rice fields has been widely evaluated [42,43]. 

Similarly, the water balance of irrigation regimes influences the hydrologic relations of plant shoots 

which control crop root water uptake [2,44]. Previous research established that the hydraulic 

properties of roots of various crops have substantial co-regulation pathways that interact with root-

soil systems [28,45,46]. Therefore, drying and wetting conditions of AWD water regimes optimize 

their environment and soil-root hydraulic properties which determines the root profile distribution 

of rice in paddy soils. This has implications for yield due to the variable mechanical resistance of 

puddled and non-puddled soils [47]. 
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A water balance helps to evaluate the efficiency of water usage in paddy fields and groundwater 

recharge [48]: 

I+R=E+T+S+P+D+∆w (1)

where: I; the irrigation supply; R, rainfall; E, evaporation; T, transpiration; S, lateral seepage; P, 

percolation; D, surface drainage or runoff; and ∆w is the change in ponded water depth or water 

storage in the soil profile; all in mm/day. However, the rate of water loss due to deep percolation is 

expressed using Darcy's formula: 

v=IK (2)

where: v, velocity of percolation; K, coefficient of permeability and I, hydraulic gradient [49]. 

The hydraulic gradient (I) is the change in hydraulic head per unit distance of travel in the soil layers. 

I=H/L (3)

Typically, L is constant for vertical flow and changes in H dominate the amount of percolation. 

Additionally, E is highest at early growth stages, when the leaf area index (LAI) is small, accounting 

for most evapotranspiration (ET) losses. 

 

Figure 2. Schematic illustration of conceptual water balance and water flow in paddy field catchment. 

Where, C; capillary rise; Potential ET (evaporation, and transpiration), In; interception loss by canopy, 

I; irrigation, OBF; over-bund flow, P; percolation, R; rainfall, LSI; Lateral seepage inflow from 

irrigation canal, LSO; Lateral seepage outflow to drainage canal, BR; Bund/Ridge. 

2.3. Hydrological Properties of Paddy Rice Catchments Under Traditional Flooding  

2.3.1. Puddling, Bunds, and Preferential Flow 

Paddy field preparation is vital for creating favorable conditions for rice cultivation [50]. This 

includes puddling, a labor and capital-intensive activity where soil is ploughed and harrowed 

repeatedly during submerged conditions. Puddling facilitates transplanting and reduces percolation 

loss of water and nutrients [51]. However, it creates physical soil conditions detrimental for upland 

crops in rice-based cropping systems [52]. A typical soil profile of a paddy rice field consists of three 

distinct layers: top puddled layer, the middle-consolidated layer (also called the hard pan), and the 

bottom undisturbed soil [53]. The puddling index (PI) of soils in paddy rice fields depends on farmers' 

tools, which include mechanical/tractor puddling implements such as cultivators, disc harrows, 

rotovators, and confine wheels. PI can be estimated using the formula [50–54]. 𝑃𝐼 = ௏ೞ௏೟ × 100  (4)

where: PI, puddling index (%); Vs, settled/suspended soil volume in the measuring cylinder after 48 

h (ml); and Vt, total volume of sample collected (ml). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 November 2023                   doi:10.20944/preprints202311.1677.v1

https://doi.org/10.20944/preprints202311.1677.v1


 7 

 

It is logical to question whether puddling is essential in paddy fields and, if yes, in what 

conditions. The benefits of puddling in paddy fields have been reported [51,52] and include: i) 

increased water holding capacity and yield due to increased soil microporosity, but most 

importantly, decreases in macroporosity; ii) reduced air-filled pore volume by replacing it with water; 

and iii) ease of transplanting, nutrient availability, and weed control. Also, disadvantages associated 

with puddling in paddy fields have been highlighted: firstly, the presence of a hardpan (compacted 

layer) and development of a low hydraulic conductivity layer after puddling that resists root 

penetration. The degree of soil compaction depends on soil type, cultivation practices, wetting and 

drying cycles, temperature, and years of crop production. Secondly, puddling destroys soil 

aggregates, breaks capillary pores, and disperses fine clay particles, lowering soil strength in the 

puddled layer and causing waterlogging. Thirdly, it increases field water use and crop water 

requirements [52]. 

Additionally, characteristics of the hardpan are high bulk density and low saturated hydraulic 

conductivity (Ks) since the layer within the hardpan is usually more impervious to water than the 

overlying soil layers [55]. Hydraulic properties of hardpan dominantly control the water regime of 

puddled paddy fields often creating an unsaturated zone below the hardpan [53,56]. Two other 

features of rice fields that affect their hydrology are: 1) the bund of raised soils surrounding the field 

that retains irrigation water; and 2) cracks that form preferential flow channels. Preferential flow in 

the vadose zone travels through localized pathways (macropores) bypassing the surrounding soil 

matrix and sometimes accounting for most of the flow in soils [57,58]. The hardpan formed while 

working paddies in saturated conditions, thus compacting the soil, and destroying aggregates, acts 

as a barrier to water flow. Excavating through the hardpan can significantly increase water loss from 

the field [48,53]. Smaller soil particles fill pore space and seal cracks and macropores as they deposit 

[52]. The difference in effective hydraulic conductivity between the hardpan and subsoil facilitates 

the development of an unsaturated zone directly underneath the pan, even while the field surface is 

flooded [48–59].   

2.3.2. Percolation and Seepage 

While percolation is the vertical movement of water below the root zone to the water table, 

lateral seepage is the movement of subsurface water from one paddy field to another (Figure 2). 

Percolation and lateral seepage represent the primary water losses from lowland paddy rice fields 

[56,59,63]. Water percolation infiltrates the hardpan and progresses deeply, contributing to 

recharging of aquifers and can be reused for irrigation (Figure 2). Percolation rate after puddling 

depends on the soil redox potential and water management [61]. In contrast, seepage moves laterally 

by pressure head differences between fields, thus decreasing the amount of water recharged into the 

aquifer (Figure 2). Therefore, lateral seepage must be separated from infiltration to estimate effective 

groundwater recharge from rice paddies [53,56,59]. 

Water flow through soils is controlled by several factors, including relatively static soil structure 

and composition. In actual field practice, percolation and seepage are inextricable. Percolation rates 

in puddled rice fields are influenced by several factors such as soil structure, texture, puddling 

method and frequency, bulk density, organic matter content, mineralogy, and concentration of salts 

in soil solution [64]. Generally, heavy textures (e.g., montmorillonite clay), high sodium levels in 

irrigation water, and high bulk densities favor effective puddling and low percolation rates [53,56,59]. 

Additionally, these dynamic processes are influenced by soil physical and hydraulic properties and 

water regimes [55]. Increased ponded water depths increase percolation due to the larger hydraulic 

gradient imposed [64]. Paddy rice is a semi-aquatic plant, and percolation influences rice yields [63]. 

Rice cultivation is recommended in soils with minimum percolation rates (mm/day), defined as: 

Excellent, 1-2.5; Good, 2.5-5.0; Marginal, 5.0-10.0 and Unsuitable > 10.0 mm/day [65]. The effect of 

puddling on soil bulk density, hydraulic conductivity and percolation with different methods and 

tools is shown in Tables 2 and 3. 
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Table 2. Effect of puddling on soil bulk density with different puddling methods/tools. Source: [54]. 

Treatment Descriptions 
Bulk density, g/cc 

Bulk density After Puddling 

T1 Cp 1.492 1.333 

T2 CP+HBP 1.492 1.193 

T3 Cp+W+HBP 1.542 1.247 

T4 VP+HBP 1.425 1.305 

T5 VP+W+HBP 1.425 1.322 

T6 CP+HBP+SFR 1.500 1.300 

T7 CP+W+HBP+SFR 1.517 1.283 

T8 CP+W+HBP+W+SFR 1.385 1.252 

T9 CP+HBP+W+SFR 1.450 1.255 

T10 VP+HBP+W+SFR 1.433 1.330 

T11 VP+W+HBP+SPR 1.442 1.277 

T12 VP+W+HBP+W+SFR 1.433 1.383 

T13 VP+HBP+W+SFR 1.492 1.217 

where Cp; Country plough, HBP; Helical bladed puddler, SFR; Sheep foot roller, W; Water (24 h), VP; Victory 

plough. 

Table 3. Comparative effect of different puddling tools on percentage (%) reduction of hydraulic 

conductivity and percolation loss. Adopted from Ref. [54]. 

Treatment 
Puddler Type for 

treatment description 

 Hydraulic Conductivity Percolation Loss 

 Total 

cm/hr 

% reduction 

over control 

Total 

cm 

% reduction 

over control 

T1 Disc harrow  0.052 74.44 111.7 25.56 

T2 Angular bladed 

puddler 

 0.031 84.87 066.1 15.13 

T3 Deshi plough  0.098 51.40 212.3 48.60 

T4 Moldboard plough  0.075 63.17 160.9 36.83 

T5 Control (No puddling)  0.203 - 436.9 - 

2.4. Paddy Rice Cultivation and Crop Water Requirements 

Submerged paddy fields require much water due to percolation losses. Paddy water 

requirements vary widely due to soil properties and management, climate and season, rice variety, 

water management, and other practices (Table 4). Sustainable water management is essential for crop 

survival, growth, and development and to produce economic benefits. Paddy crop water requirement 

is challenging; irrigation planning and design requirements for paddy fields must consider several 

paddy fields (units) with similar characteristics as a basic unit [39]. Several unit blocks are integrated 

to form a beneficiary area. The minimum water requirement for the entire area can be estimated based 

on unit blocks or beneficiary areas – i.e., "regional irrigation requirement" [39]. Research indicates 

that the total water requirement of rice ranges from 750 to 2500 mm for an entire season; 150–200 mm 

for nursery preparation, 200–300 mm for field soaking and puddling of the main field, and 800–1200 

mm applied in the main field from transplanting to harvest [15]. The daily paddy-rice water 

consumption varies from 6 to 10 mm/day depending on agro-climatic conditions during crop 

cultivation [15]. Irrigation planning and design decrease crop water requirements in paddy fields; 
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the planned water requirement rate is at 10–20 mm/day, although actual water requirement rate may 

reach 20–30 mm/day [66,67] due to the change from wet and semi-wet fields to dry fields. However, 

in most tropical regions the average evapotranspiration (ET) rate during the wet season is 4-5 

mm/day, while in the dry season it is 8-10 mm/day. The total seasonal water requirement for rice 

fields (rainfall plus irrigation) is up to 2-3 times that for other cereals [68,69]. Therefore, it is crucial 

to maintain the recommended crop requirement depending on crop stage and other factors 

highlighted herein. Soil water deficit below saturation affects growth and yield due to reduced leaf 

surface area and photosynthetic rate via decreased stomatal conductance to CO2 (gas) and 

photosynthetic metabolic potential [70]. 

Field preparation activities for rice production include tilling, sowing, fertilizing, irrigating, 

harvesting, and post harvesting processes. Paddy rice production seasons vary amongst regions, with 

climate with some regions supporting more than one crop. For example, paddy cultivation in Japan 

has one production season. In central Japan, cultivation varies from April-May to August-October, 

while in southern Japan, the rice season is from April–May to August–September [71]. In contrast, 

Bangladesh has three rice-growing stages: aus, aman, and boro. Aus is the pre-monsoon upland rice 

growing where rice is directly seeded/broadcasted in March-April and harvested in July-August. 

Aman season rice is either directly seeded or transplanted and relies on monsoon rains. Rice directly 

seeded in aman season has the same schedule as Aus, though the transplanting is done in July-August 

and harvested in November. Boro is dry season irrigated rice planted from December to early 

February and harvested between April and June [72]. Conversely, the suitable cropping calendar in 

East Africa countries such as Kenya, Uganda, and Tanzania is a combination of January-May and 

July-December, or February–June and August-January cultivations [73]. Mainly two rice varieties are 

cultivated in the world today: African rice (Oryza glaberrima Steud) and Asian rice (Oryza sativa L.). 

Additionally, Oryza sativa L. is furthermore divided into three groups: Indica, Japonica, and Javanica 

[74]. 

Table 4. Crop water requirement of each stage for rice paddy. Adapted from Ref. [202]. 

S/No  Stages of growth  Water requirement 

(mm) 

 Percentage of total water 

requirement (%) 

1  Nursery  40  3.22 

2  Main field preparation  200  16.12 

3  Planting to panicle 

initiation 

 458  37.00 

4  Panicle initiation to 

flowering 

 417  33.66 

5  Flowering to maturity  125  10.00 

2.5. Water Management Strategies in Paddy Rice Watershed. 

Developing and promoting appropriate water management technologies to increase water 

efficiency in paddy fields without affecting yields is desirable and requires a holistic approach, 

including integrated crop, soil, and water management [35]. Water management in paddy fields 

starts from the design, distribution, application and use, and removal of excess water from fields with 

the intent to maximize crop production and improve water use efficiency and labour productivity 

[75]. 

Water use and management techniques in irrigated paddy fields are practiced using the rice 

intensification system (SRI). Caution must be taken in promoting such techniques as "one-size-fits-

all" solutions due to regional differences in paddy environments, and local and site-specific 

adaptations must be considered. SRI is believed to have originated in Madagascar and includes a 

suite of recommendations differing from conventional methods, including crop establishment-
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transplanting of single seedlings, transplanting in the square, irrigation management, weed control, 

and fertilizer application [76]. SRI techniques are based on close field observations of the biological 

characteristics of rice plants while manipulating the natural genetic potential [77]. The promotion of 

SRI assumed that the system is appropriate and beneficial for poor and marginal farming 

communities because high yields can be realized without heavily investing in seeds and chemical 

fertilizers [76,78]. 

Many farmers have modified the original SRI to match their needs and paddy environments, 

although the impacts of water flow and hydraulic conductivity with SRI technologies have been less 

examined [78]. Rice production is strongly affected by water availability and yield increase is a 

function of increases in transpiration and reduction in other water balance factors, i.e., evaporation, 

seepage, and percolation [79,80]. Water conservation and high crop water productivity can be 

realized through SRI practices since they include good agronomic practice that increases the harvest 

index resulting in more grains per unit water transpired by the crop [35,81]. 

Similarly, water-saving techniques are essential to help farmers cope with water scarcity due to 

climate change [82]; these include: i) direct seeding; ii) saturated soil culture; and iii) Alternate 

Wetting and Drying practice [81]. Recently direct seeded rice has increased more in Asian countries 

where farmers seek higher productivity and profitability to offset rising costs and compensate for 

scarcity of farm labour [83]. Direct seeding is a broadcast sowing/row seeding of dry rice seeds on 

dry (or moist) fields. While dry seeding contributes to more efficient water use, the Muda irrigation 

scheme in Malaysia [84] was not effective in reducing the total amount of water used or increasing 

crop productivity. Classifications of directly seeded rice system is shown in Table 5. 

Table 5. Classification of directly seeded rice systems. Adapted from Ref. [83,203]. 

Direct 

Seeding 

Systems 

Seed 

Condition 

Seedbed condition 

and environment 

Seeding pattern Where practiced 

Direct-dry 

seeding 

Dry Dry soil, mostly 

aerobic 

Broadcasting; 

drilling 

or sowing in 

rows 

Mostly in rainfed 

areas and in irrigated 

areas with precise 

water control 

Direct-wet 

seeding 

Pre-

germinated 

Puddled soil, may 

be aerobic or 

anaerobic 

Various Mostly in irrigated 

areas with good 

drainage 

Water 

seeding 

Dry or pre-

germinated 

Standing water, 

mostly anaerobic 

Broadcasting on 

standing water 

In irrigated areas with 

good land levelling 

and in areas with red 

rice problem 

Saturated soil culture (SSC) is a water management technique where the soil is usually kept near 

saturation by typically applying irrigation water at a depth of 1 cm daily after the disappearance of 

ponded water [35]. SSC reduces the hydraulic head of deeper ponded water and decreases seepage 

and percolation losses. Field experiments with SSC treatments show that water inputs decrease on 

average by 23% (range: 5–50%) compared to continuously flooded rice fields, with only a 6% (non-

significant) reduction in yield [20]. 
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2.6. Climate Change and Paddy Cultivation 

Food insecurity is a global challenge, and many countries struggle to provide sufficient and 

affordable food for their families. This is a result of population growth, urbanization, climate, and 

other factors [85,86]. Climate is denoted by either climate variability or climate change, i.e., short-

term, or long-term variations ranging from decades to millennia [87]. Although agriculture is likely 

the most vulnerable sector to climate change because of potential impacts on food production, climate 

effects are not evenly distributed [88]. Developing regions such as Africa are severely affected by 

climate change due to low adaptive capacities and slow recovery trajectories [89,90]. The impacts of 

climate change on rice production have been studied at regional and global scales [92–94]. 

Changes in precipitation and temperature directly affect crop productivity, but severe climatic 

events, such as droughts, are projected to have negative impacts on the crop yield in Sub-Saharan 

Africa (SSA) and Asia, contributing to rice yield reductions [90,94,95]. Climate variability in most 

parts of Africa occurs on seasonal and decadal time scales and the region experiences frequent 

droughts and floods [87,94]. As a result, these climate threats are major causes of hunger, 

malnutrition, poverty, and obstacles to social and economic development [94]. 

Rice is a staple food for more than 3 billion people globally, and consumptive demand has 

surpassed the production rate since 2000 [96]. By 2010, rice production was 696 million tons, with 

90% [Table 6] coming from Asia [97]. Conversely, rice production is equally a contributor to and a 

target of climate change. Climate events such as droughts, floods, saltwater incursion, and extreme 

temperatures globally destroy crops, jeopardizing more than 144 million smallholder rice farmers 

every growing season, with a large percentage of smallholder farmers in SSA [94,98]. Such damaging 

events are projected to exacerbate rice production value chains in the future [98], thus threatening 

global rice value chains, particularly in Africa. Furthermore, little research focus has been given to 

explore the effects of climatic variations and patterns along the rice production value chain at the 

sub-regional scale in SSA [99].  

Studies on climate trends and drought indices, in the Mun River basin, Thailand, revealed 

declining rice yields to the lowest levels in Asia [100]. These declines in rainfed rice yield were 

attributed to water shortages. Additionally, 90% of rice cultivation in the Mun River basin is affected 

by climate variability and change [100]. Vietnam is one of the leading rice-producing regions and the 

world's largest exporter of rice, growing 90% of exported rice in the Mekong River Delta [101,102]. 

Rice production in this region has declined due to low-lying topography, which is vulnerable to sea 

level rise, saltwater intrusion, and storm surges [103]. Likewise, rising temperatures may 

detrimentally impact rice production in the region, which contributes 65% of farm income [104].  

Similar evidence of negative climate impacts on rice production, based on observations or 

projections, are noted in SSA. Reductions in rice yields have been reported in Tanzania, Burkina Faso, 

West Africa, and across SSA [98, 105-107). Reduction in both rice yield and grain quality were found 

in Nigeria, declining crop productivity in South Africa, and substantial crop and income losses 

occurred among smallholder farmers in Madagascar [109,110]. These responses are attributed to 

negative climate impacts that differ from regions to countries with time. In Kenya, changes in 

temperature have a greater impact on rice production than changes in rainfall because irrigated rice 

production dominates [111]. 

Studies indicate that global warming will have considerable impacts on crop productivity and 

quality [112–114]. Research in Japan shows that high temperatures during the growing period 

drastically degrade rice grain quality [114]. Degradation of rice grain quality is a serious issue in 

Japanese rice production, which will likely cause large economic losses [115]. Therefore, 

strengthening climate adaptation and mitigation measures should be emphasized and immediately 

implemented to improve rice yields and reduce GHG emissions from paddy fields. 
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Table 6. Top 15 rice producing countries in the world (Milled production, 1000 metric tons) for the 

past 5 years. Adapted from Ref. [204]. 

Country 2018/19 2019/20 2020/21 2021/22 2022/23 

            China 148,490 146,730 148,300 148,990 145,946 

            India 116,484 118,870 124,368 129,471 132,000 

            Bangladesh 34,909 35,850 34,600 35,850 35,850 

            Indonesia 34,200 34,700 34,500 34,400 34,600 

            Vietnam 27,344 27,100 27,381 26,769 27,000 

            Thailand 20,340 17,655 18,863 19,878 20,200 

            Burma 13,200 12,650 12,600 12,352 12,500 

            Philippines 11,732 11,927 12,416 12,540 12,411 

            Japan 7,657 7,611 7,570 7,636 7,450 

            Brazil 7,140 7,602 8,001 7,337 6,936 

            Pakistan 7,202 7,206 8,420 9,323 6,600 

            Cambodia 5,742 5,740 5,739 5,771 5,933 

            Nigeria 5,294 5,314 5,148 5,255 5,040 

            Korea South 3,868 3,744 3,507 3,882 3,764 

            Nepal 3,736 3,697 3,744 3,417 3,654 

            Others 43,780 46,667 46,939 44,898 44,854 

                 Subtotal 491,118 493,063 502,096 507,769 504,738 

            World Total 498,225 498,940 509,320 513,852 509,830 

2.7. Integrated Paddy Rice-Fish Culture 

Agricultural production in rural areas faces many challenges that differ amongst regions, such 

as aging farmers, low motivation for agriculture work among youth, limited agricultural land, and 

the unpromising sustainability of conventional rice production making it less attractive as an 

agrobusiness in various communities [116]. This widens the gap between rural and urban 

development in several developing countries and has contributed to population increase in cities 

while the poverty rates in rural areas remain high [117]. Likewise, integrated irrigation in paddy 

fields and aquaculture plays important roles in ensuring food security, national economic growth, 

and poverty reduction [118]. Recently, rice-fish culture has been reported in several SSA countries, 

and although precise figures on integrated production are scare, Madagascar is the leader with 

approximately 70% of their freshwater fish production based on integrated rice-fish culture [119,120]. 

Rice-fish culture promotes integrated water use within paddy fields and enhances linkages between 

water management and aquatic ecosystems [121]. However, massive hydraulic engineering works 

associated with large-scale irrigation development can negatively impact river ecosystems, leading 

to loss of biodiversity [122]. Attempts to develop irrigation systems that abate this impact by 

promoting integrated rice-fish culture have not been adequately explored [123].  

Innovative approaches such as rice-fish culture are appropriate technologies to boost rice 

productivity in paddy fields. Integrated rice-fish culture is global heritage system and has been 

widely practiced for about 2000 years in Southeast Asia, including parts of China and Indonesia, 

although it is comparatively new in SSA [124–126]. Rice-fish culture is applicable to production of 

tilapia, carp, ornamental fish, catfish, and giant prawns [116] and can be coupled with technically 

designed irrigated rice fields.  
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Rice-fish culture has been widely practiced in wetlands and floodplains where rice paddies and 

inland fisheries exist. For example, in West Africa, farmers keep wild fish in rice paddies during the 

dry season [127,128]. Total rice-fish farming land potential in Indonesia is about 8.1 million ha, with 

irrigated land and non-irrigated land comprising 39% and 61% of the areas, respectively [116]. Rice-

fish farming business benefits farmers in southern Thailand by maximizing paddy field resources 

[129]. Integrated rice-fish culture is effective in reducing applications of pesticides and chemical 

fertilizers, while boosting farm productivity and income [130]. Rice-fish culture practices vary based 

on biophysical and technical aspects, such as the use of natural or stocked fingerlings, water control 

measures, fingerling density, and volume of production inputs [131,132]. Rice-fish culture has been 

practiced in Cambodia due to consequences of socio-political crises, and recent government policy 

interventions recognize the importance of this as a productive fishery, contribution of food security 

and nutrition, and cultural indebtedness of wild sourced foods [133]. Rice-fish culture occupies 2.6 

million ha in wet season rice landscapes of Cambodia because of little irrigation (17% of total area) 

and expansive rainfed lowlands [133]. 

To utilize the paddy field ecosystem services for societal benefit, better understanding of 

biodiversity components such as phytoplankton, zooplankton, macroinvertebrates, fish, mammals, 

and birds, including structure and function of species diversity within the integrated food web is 

vital [134]. Interaction exists among these factors, for example, rice and phytoplankton control water 

quality through reduction of nitrogen and phosphorous, while zoobenthos facilitate energy flow in 

the entire ecosystem [135,136]. However, limited research has been conducted on the 

interrelationships among these factors in paddy ecosystems supporting rice-fish culture. Thus, the 

adoption of this technology by farmers depends on not only the available resources, but also on social 

conformity. 

3. Defining AWD Practice in Paddy-Rice Catchments 

In AWD, rice paddies are intermittently irrigated, except during the rooting, panicle formation, 

and flowering stages, reducing water use by 15-40% [137]. Water application strategies in AWD 

practice are classified as: a) phreatic head-based or b) soil water potential (SWP) head-based criteria. 

The phreatic head-based criterion is conducted by measuring the water table or water level (WL) in 

an observation tube (well) installed 15-25 cm below the soil surface and irrigation is applied when 

water disappears in the tube (Figure 3) [17]. The SWP is classified as: 1) safe AWD, when soil water 

potential (SWP) in the paddy-rice rhizosphere is allowed to drop below −20 kPa (SWP ≥ −20 kPa) or 

WL is allowed to drop ≤ 15 cm depth inside the water tube; 2) mild AWD, when SWP in the 

rhizosphere is permitted to drop to −45 kPa (SWP ≤ -20 kPa); and 3) severe AWD, when SWP in the 

rhizosphere is reaches -70 kPa [32,35]. 

 

Figure 3. Practical application of AWD practice: a) field observation PVC water tube; b) flooding 

condition, and c) soil drying and water depth measurements using a meter ruler. Adapted from Ref. 

[82,137,139]. 

3.1. AWD Recommendations 

The most practical approach of AWD irrigation by farmers in the paddy field is using a field 

water tube ('observation pipe') [137]. The perforated observation tube has holes (0.5 cm diameter) 
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drilled at 2 cm apart throughout the buried length of the tube (Figure 3). Observation tubes are used 

to monitor water depth in the field using a graduated meter ruler. Diminished water depth is mostly 

due to evapotranspiration, deep percolation, and seepage losses [138]. Usually the tube is placed in a 

readily accessible location close to the bund (≤ 1 m away) for easy monitoring. The location should 

be representative of the average water depth in the field (i.e., it should not be in a high or low location) 

[139]. When the water level drops to about 15 cm below the soil surface, irrigation is applied to re-

flood the field to a depth of about 5 cm. One week before flowering and during panicle formation 

period, the field is kept flooded, up to a depth of 5 cm of ponded water. After flowering, during grain 

filling and ripening, the water level is allowed to drop again to 15 cm below the soil surface before 

re-irrigation [137,139] AWD can be introduced 1-2 weeks after transplanting or when crop height is 

about 10 cm, though when many weeds exist, AWD should be delayed for 2−3 weeks, to quell the 

weeds with ponded water [82]. Fertilizer application, particularly nitrogen, is recommended on dry 

soil before irrigation, similar to traditional flooding [139]. Likewise, care should be taken during the 

installation and maintenance of the tube, including removing soil from inside the tube (siltation) and 

ensuring that the water level inside the tube during flooding is the same as outside the tube, if not 

the holes in the tube may be blocked with compacted soil and reinstallation is required [139]. Siltation 

is a problem due to clogging of perforations and has been reported to reduce the performance of 

AWD using observation water tubes [22]. Relatively narrower water tubes are mostly affected by 

siltation. Paddy sediment and turbid water in catchments where rice is transplanted in puddled 

conditions may pass into water tubes, and after settling, siltation occurs [140]. Huge siltation inside 

the large diameter (15 cm) observation tubes is rare. Similarly, soil siltation depth in AWD irrigation 

regimes was lower compared to continuous submergence [141]. Notably paddy fields do not always 

require ponding and cultivation when such innovative technologies are applied, thus these need to 

be emphasized and promoted.  

Generally, lowland rice-growing areas where soil can be drained in 5-day intervals are suitable 

for AWD though high rainfall may impede AWD. If rainfall exceeds water lost to evapotranspiration 

and seepage, the field will be unable to dry during the growing season. Farmers must avoid over-

irrigation of fields and understand that water will be accessible once fields drain. AWD in rainfed 

rice is not recommended due to uncertain water availability when fields must be re-flooded [139]. 

3.2. Impacts of AWD Irrigation Practice 

3.2.1. Crop Height, Yield, and Yield Components 

Rice is sensitive to any water stress and unsaturated soil conditions [13]. Thus, it is not surprising 

that yield reduction may occur in AWD practice but may not be significant in some cases, if managed 

well. The degree of soil drying greatly affects yields [14]. Any decrease in irrigation regimes tends to 

induce drought stress, contributing to a decline in net photosynthesis and reduced growth through 

the inhibition of cell elongation or cell division [142]. As noted, water application in paddy rice with 

AWD practice must be conducted once water drops to the threshold WL to avoid induced water 

stress. Research on water productivity and harvest indices for different safe AWD water regimes, 

indicate that crop height after 40 days and growth after direct seeding was similar for both control 

(CF) and safe AWD regimes (when WL dropped to 5, 10 and 15 cm depth in observation tube) [13]. 

Furthermore, if water declines to 15 cm in observation tubes, the soil is still near saturation and 

water is available for rice growth [Figure 4] Therefore, irrigation can be applied when the water level 

in the paddy rice field drops to 10–20 cm below the soil surface without significant yield reduction 

[143]. The ponded water depth intermittently used in AWD regimes varies from 3 to 5 cm and WL 

will drop 5-10 cm in the observation tube by delaying irrigation from 2-8 days before re-irrigation 

[20]. Such scenarios may vary depending on soil type, structure, and hydrological properties. 

However, yields in acidic soils with AWD practice were higher than in soils with a pH ≥ 7 [14]. These 

differences can be due to the high percentage of exchangeable sodium (Na) which causes dispersion 

in alkaline soils [144]. This does not limit crop growth in flooded conditions, where rice has shallow 

roots, but it affects crop development with AWD practice since plant roots tend to grow deeper [145]. 
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Additionally, high levels of Na can be toxic to crops, which is not a problem under flooded conditions 

since Na leaches out of the root zone. Conversely, in AWD regimes with drier soils, higher Na 

concentrations can cause more uptake when the paddy rice variety is less tolerant to Na [144]. When 

AWD is practiced throughout the season, yield reductions were observed compared to when 

practiced in either the vegetative or reproductive stages [14].  

Not all the rice crop tillers develop to mature tillers; some become dormant when young and die 

later depending on environmental and nutritional conditions [146], thus affecting final yield. The rate 

of the crop recovery due to reapplication of water depends on soil conditions, such as soil water, pre-

drought intensity, and duration of soil drying [147]. In contrast, short-duration soil drying does not 

affect crop growth, rice tillering, and general yields [13]. 

 

Figure 4. Illustration of AWD conditions: a) soil wetting during irrigation; b) soil drying after given 

days; FOT-field observation tube or well, WL-water level/water table below soil surface, PW-ponded 

water after irrigation. When WL is allowed to drop ≤ 15 cm depth is considered safe AWD condition. 

3.3.2. Water Use Efficiency and Productivity. 

Several studies on AWD practice have shown increased water productivity where water inputs 

are reduced. Various field experiments comparing AWD to continuous flooding have been 

conducted in Asia, including China [148,149], India [150] and The Philippines [151], all confirming 

the high water-saving potential of AWD.  

AWD irrigation reduces water use on average by 26% compared to C.F., although severe AWD 

practice reduces water by 33% with corresponding yield reductions [14]. With increasing global water 

scarcity and dwindling water resources, AWD irrigation can benefit sustainable water use. However, 

comparing the cost of water and rice, higher water productivity does not necessarily mean that AWD 

practice is more economical for farmers. Research on the economic viability of different AWD 

treatments shows the lowest profit in the treatment with highest water productivity, therefore factors 

other than water productivity must be considered [152]. Nevertheless, AWD technology significantly 

reduces irrigation frequency compared to typical rice paddy practices, lowering irrigation water 

consumption by 25%, as well as fuel (30 L/ha, during one growing season) [153]. The effect of AWD 

practice on yield and water productivity is summarized in Table 7. 

Table 7. Summary of impacts AWD irrigation practice on paddy rice yields, water saving and water 

productivity. 

S/N Component  Details Authors 

 

 

 

 

 

 

 

 

 

 

Higher Wp (1.74 g L−1) in AWD compared to CF (1.23 g L−1) [205] 

WUE (85.55 (kg ha−1 cm) in AWD with quite a large water 

saving (15 cm) compared to continuous submergence 

[206] 

Water saving of 15–20% with AWD without a significant 

impact on yield 

[148] 
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1 

 

 

 

Wp, WUE, 

Water Saving 

A 26.34 % reduction in water use and only a 6.40% reduction 

in grain yield compared to the CF. Observed up to 36 % water 

saving in AWD conditions 

[13,223] 

Water application once in 7 days consumed the lowest 

amount of water (80.30 cm) and saved 41% water 

[207] 

Water savings in AWD by 40–70%, 20–50% compared to CF [208] 

AWD irrigation regimes consumed water to the 50.9–82.1% of 

CF (1390 mm), with water saving (13.8–36.4%) and water 

productivity (1.148 to 1.266 kg m−3) 

[138] 

AWD improves WUE and yields with 5, 7 and 10 days of 

irrigation interval 

[140,209] 

 

 

 

 

 

 

 

2 

 

 

 

 

 

 

Yield 

components 

Average grain yield of 5.8–7.4 t ha−1 with AWD irrigation 

methods and 7.5–7.6 t ha−1 with continuous submergence 

[138,210] 

Soil drying period of 8 days gave the highest yield (7.13 t ha− 

1) compared to CF (4.87 t ha−1) in Kenya 

[211] 

Highest grain yield (5.9—6.2 t ha−1) with irrigation schedule 

when water table dropped to 15 cm below ground level in 

Bangladesh 

[212] 

Water application intervals of 5 and 8 days with CF produced 

statically the same grain yield. (7342, 7079 and 7159 kg ha−1, 

respectively) 

 

[213]  

Grain yield was higher in saturated condition (7.6 t ha−1) 

compared to CF (7.1 t ha−1) in Malaysia 

[214] 

Application of safe AWD levels did not result in loss of rice 

yield 

[215] 

Increases rice yield by 10% with AWD [180] 

Where Wp; Water productivity, WUE; Water use efficiency, CF; Continuous flooding method. 

3.2.3. Paddy Soil Hydrological Properties with AWD Practice 

Paddy soils generally have high clay content, water holding capacity, and nutrients [154]. Paddy 

soil typically consists of at least 35% clay, thus, clay-textured according to USDA [155]. Formation of 

cracks in heavy clay soils affects agricultural water and crop production, a characteristic feature of 

paddy soils with AWD practice [156]. Alternatively, swelling and shrinkage in paddy soils are driven 

by decreased soil moisture and clay content that differ spatially [154,157]. Periodic wetting and 

drying patterns in paddy soils during AWD practice is another factor that promotes swelling, 

shrinkage, and creation of cracks in the soil surface due to discharge of water from the clay 

microstructures, thus the soil matrix shrinks [58,156]. These cracks are less conspicuous with 

continuous flooding [158,159]. Hydrological properties of paddy soils are significantly changed by 

cracks. Wide and deep cracks, transfer more water quickly from the soil surface to subsurface soil 

layers [160]. The amount and extent of crack occurrence controls the preferential routing of water 

losses via percolation and seepage [161]. Therefore, cracks significantly affect the accuracy of the field 

measurement of ponded water after irrigation. 

Cracks create preferential flow pathways, facilitating water infiltration [162] and increase the 

risk of groundwater pollution via fertilizer, pesticide, and herbicide percolation [163]. These 

pathways allow water to bypass the soil matrix [164]. Evidence from field research indicates that 70–
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85% of water flux may be attributed to preferential flow. This creates challenges for predicting water 

and solute movement in field conditions [165–167]. Cracks formed during soil drying increase 

hydraulic conductivity; during wetting, crack closure reduces the infiltration rate [162]. Little is 

understood about changes in the hydraulic properties during drying and wetting within the paddy 

rhizosphere with AWD practices in general and safe AWD practices at each crop growth stage remain 

elusive. 

3.3.4. Redox Potential with AWD Practice 

Although water savings are achieved with AWD practice, savings can be improved by 

modifying the rooting behavior of rice cultivars [168]. AWD has potential to alter macro and 

micronutrient availability and uptake. Aerobic growth favors enhanced selenium accumulation in 

rice [169], while decreasing arsenic uptake [170,171]. Arsenic accumulation increases in anaerobic 

soils because inorganic arsenic is present as arsenite (as opposed to arsenate in aerobic soils), the 

former which is more readily taken up by plant roots [172].  

The AWD regime affects soil redox potential since metals in pore water and the readily 

exchangeable solid phase pool vary significantly. Research on these trends at relevant temporal and 

spatial scales is limited [168]. Additionally, redox potential is challenging factor with water regimes, 

although high redox potential with AWD practice can be evident between booting to grain formation 

in rice paddy [223]. Soil redox potential (Eh) influences net NH4+ (de) fixation, which refers to both 

fixation and de-fixation of NH4 in paddy soils through nitrogen (N) fertilizer application. All 

structural Fe3+ in phyllosilicates is biogenically reduced with a consequent increase in the negative 

charge of clay minerals, which creates strong action between NH4 cations and clay minerals at low 

Eh [173,174]. The effect of Eh on NH4+ (de) fixation is also indirect through its control on the 

occurrence of external N transformation processes, including mineralization and (de) nitrification, 

that could affect the exchangeable NH4+ concentrations and dynamic balance with fixed NH4 [175].  

4. Adoption, Potential Challenges and Limitations of AWD Practice 

Policies for promoting and disseminating AWD were introduced in several Asian countries due 

to its benefits. For example, safe-AWD was proposed in northwest Bangladesh in 2004, a major rice-

growing area that experiences water scarcity due to rapid expansion of groundwater use for irrigation 

[176]. However, despite AWD's potential water saving and economic impacts, limited data exist on 

the integration and adoption of AWD by farmers and in large irrigation systems.  

Additionally, AWD has been assumed to promote growth of weeds that require additional labor, 

although recent research indicates no weed increase and additional labor with AWD [177]. Similarly, 

unreliable water and energy supplies are potential obstacles for adopting AWD because it requires 

well-tuned irrigation intervals and management measures. The technology requires more time for 

field inspection and manual measurements of WL in observation tubes. Therefore, some uncertainty 

arises due to the mismatch between the actual time of WL decline in tubes and measured WL, as 

farmers do not know when the water has dropped to critical levels in the tubes.  

Rice cultivars with shallow roots will have a more significant proportion of their root system in 

aerobic conditions than those with deep rooting. Therefore, the architecture of root systems compared 

to the timing and magnitude of soil matric potential and soil redox fluctuations can significantly affect 

water regimes in AWD practice, thus affecting the availability and nutrient uptake of phosphorous 

[168,178]. Cadmium (Cd) accumulation in grains is debatable for paddy rice grown in more aerobic 

conditions [179]. However, some research has shown that mild and severe paddy soil drying can 

reduce grain accumulation of Cd [180]. Therefore, in promoting and adopting AWD programs, 

reducing Cd accumulation in rice grains should be prioritized [181].  

Optimizing AWD irrigation requires addressing several questions: "To what extent is the root 

system of the rice cultivars suitable to the temporal and spatial variation of soil moisture and oxygen 

considering paddy soil type, structure, and characteristics?". Similarly, design criteria for the number 

and distance between observation water tubes needs to be evaluated because one observation tube 

per paddy may not fully represent WL variation in the paddy field. Integrating this WL monitoring 
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design into large irrigation schemes necessitates solving the first question due to the impact of AWD 

on hydrological properties in paddy soils. Such technologies improve water management in a 

changing climate. Therefore, governments in SSA, should develop workable policies that enhance 

adopting such appropriate technologies given changing climatic conditions affecting paddy rice 

farming.  

4.1. AWD Practice as Climate Adaptation and Mitigation Strategy 

The efforts to increase water productivity, climate adaptation, and mitigation in paddy 

production systems is part of the growing subject on climate-smart agriculture (CSA). Specific 

indicators focused on those efforts in line with governmental plans and policies on adoption of 

agricultural water management practices (including AWD), are necessary to support the concept of 

CSA. Therefore, evaluating the relative climate ‘smartness’ of these water management techniques 

require metrics that concurrently amalgamate all the three points (productivity, adaptation and 

mitigation) while comparing various water management strategies and offering different benefits, 

trade-offs or synergies from the three points [182].  

However, water resources and irrigation development for paddy rice production require a 

significant transformation, especially in developing countries, to meet food security challenges and 

climate change. Recently, increased human activities have influenced global climate where water and 

GHG emissions are two key factors affecting climate [153]. Besides, AWD technology has been 

proven as a GHG mitigation measure, particularly reducing CH4 emissions up to 50 %. CH4 is 

produced anaerobically by methanogenic bacteria that thrive in paddy rice fields (Figure 5). Hence, 

traditional flooding in paddy rice catchments is the largest source of CH4 emissions, the second 

largest anthropogenic source after ruminant livestock [153]. Previous studies indicate that AWD 

technology can reduce CH4 production up to 60% [183].  

In contrast, AWD influences the production of nitrous oxide (N2O), another potent GHG gas. 

The N2O has a global warming potential (GWP) of 298, implying that it is 298 times more effective in 

trapping heat in the Earth's atmosphere than CO2, while CH4 has a GWP of 25 [184]. N2O emissions 

tend to increase due to increased nitrification and denitrification activities, when the soil conditions 

constantly change between anaerobic and aerobic conditions, and related changes in soil redox 

potential. However, data on N2O emissions under different water management regimes are scarce 

[153]. 

 

Figure 5. Conceptual illustration of changes in SOC and GHG interactions in paddy field under; a) 

Anaerobic respiration in absence of oxygen under traditional flooding conditions (CF), and b) Aerobic 

respiration in presence of oxygen due to soil drying conditions under AWD Irrigation. Where GWP; 

Global Warming Potential, PAR; Photosynthetically active radiation, HS; Sensible Heat, NR; Net 

Radiation; LE, Latent heat. 
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4.2. Methane GHG and Carbon Equivalent Estimation in Paddy Rice Catchment 

There are several approaches for estimation of GHG emissions including methane in paddy 

fields. However CH4 emissions from paddy fields can be estimated as follows [185]: 𝐶𝐻ସ𝑅𝑖𝑐𝑒 = 𝐴 × 𝑡 × 𝐸𝐹௜ × 10ି଺     (5)

where: CH4Rice = Amount of CH4 emissions from rice cultivation (Gg CH4 yr-1)  

A = Annual harvested area (ha yr-1) or (m2/yr) 

t = Cultivation period of rice (day)  

EFi = Emission factor for harvested area (kg CH4 /ha/ day)  

The seasonally integrated emission factor is evaluated from direct field measurements of 

methane fluxes for a single crop. In field practice, it is necessary to calculate the total annual emissions 

for a country as a sum of the emissions due to several conditions. Total rice production is divided 

into subcategories based on different biological, chemical, and physical factors that control methane 

emissions from rice fields. For large countries, this may include different geographic regions. To 

account for the different conditions, Fc is defined as the sum of EFi (Eqn. 6). This approach to 

emissions estimation can be represented as follows: 𝐹௖ = ∑௜∑௝∑௞𝐸. 𝐹.௜௝௞× 10ିଵଶ (6)

where,  i, j, and k are categories under which methane emissions from rice fields may vary. For 

example, i may represent water levels in the rice fields, such as fields inundated for the duration of 

the growing season (flooded regime) or fields under water with AWD practice conditions. This occurs 

either under managed irrigation when water is not readily available or when rains do not maintain 

flooded conditions throughout the growing season (intermittent regime). Subscripts j and k may 

represent water regimes modified by other factors like organic inputs, soil texture, fertilization 

regimes for each condition represented by index i. When more factors are identified, more categories 

need to be included. The additional parameters should lead to an improvement in the estimate of the 

total emissions. The summation should include all cropping seasons. 

The GHG emission to carbon dioxide equivalent can be estimated from the equation: 𝐶𝑂ଶ𝑒 = 𝐺𝐻𝐺 × 𝐺𝑊𝑃 (7)

where: 

CO2e = Equivalent Carbon dioxide 

GHG = Greenhouse gas   

GWP = Global warming potential (Metric ton) 

4.3. Water Management and Carbon Dynamics with AWD in Paddy Rice Fields 

The campaign and polices for expansion of rice production to meet future demands need to 

match appropriate water conservation and management approaches. Understanding the carbon cycle 

in rice cropping is critical to interpreting the potential for more climate-friendly grain production 

[186]. Soil organic matter is crucial for both plant and CH4 productivity [Figure 4] and quantifying 

the carbon balance helps constrain estimates of change in organic matter.  

The sustainability of rice yields depends on soil fertility, which is related to soil organic carbon 

(SOC) [187]. While few studies have addressed the effects of water-saving irrigation management 

strategies such as AWD on the soil C balance, much attention has been placed on reduction of 

consumptive water use without affecting yields. The loss of SOC due to changes in water 

management contributes to yield reductions [188]. Therefore, quantifying SOC losses is important to 

predict the impacts of water saving irrigation on yield and yield growth, as well as GHG emissions 

and global warming potential [189]. Likewise, a comprehensive accounting is needed to place GHG 

reduction and carbon dynamics in a broader context thus balancing reduction in CH4 emissions with 

increase in CO2 production [186].  
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5. Suggestions and Future Research Perspectives  

Decreasing water availability for irrigated agriculture due to climate change is threatening 

paddy rice production. Any water stress on paddy rice will likely decrease rice yield and quality. 

Water saving techniques, such as AWD, are unique management practices for paddy rice catchments 

that change hydrological properties of the paddy fields; however, such changes have been little 

studied.  

Our synthesis from studies and practice suggests that the application of the AWD technology is 

either conducted by WL or moisture status (SWP). Additionally, the general classification of AWD 

based on SWP exceeds the defined recommendations by IRRI prompting further research and 

redefining AWD depending on soil type and structure. While the application of AWD using SWP in 

the rice rhizosphere gives valid values that indicate the ability of rice roots to absorb water from the 

soil matrix, it is difficult for farmers to implement AWD with SWP due to the cost of sensors and 

devices, as well as the required technical knowledge. Applying AWD by measuring the declining 

water table in the field (WL) using observation tubes is widely accepted. The corresponding SWP 

may not match the WL and the efficiency of WL measurement is affected by soil type, variations in 

paddy field slopes, and spatial variation of hydraulic conductivity with depth in paddy fields. 

Likewise, automation of AWD practice using smart sensors based on internet of things (IoT) could 

improve water use efficiency based on real-time alerts applying information on soils, crops, and 

weather [190]. IoT is an emerging concept that deals with connections of physical and digital items.  

AWD practice influences hydrological properties in paddy rice catchments. Assessing climate 

suitability of AWD combined with research on changes of hydrological properties of paddy 

catchments will improve water management and adoption in several parts of the world. Therefore, 

seasonal mapping of paddy catchments at sub-regional, national, and local paddy rice field scales 

using GIS and remote sensing can provide appropriate information on the suitability for AWD 

adoption. Research on climate suitability analysis and potential of AWD practice was assessed in 

Cagayan province, The Philippines, and Burkina Faso, SSA. These evaluations were based on soil 

water balance models (SWB) and remotely sensed data to assess the viability of AWD as a climate 

mitigation option. SWB models rely on readily available and easily derived spatial and statistical data 

for rice areas, rice seasons, rainfall, potential evapotranspiration, soil texture, and percolation rates in 

paddy rice catchments [191]. The climate suitability for AWD from the Philippines for the dry season 

was highly reliable as expected for dry season rice systems that rely on irrigation. Considerable rice 

areas were deemed climatically suitable for AWD during the wet season, contrary to the perception 

that AWD is not suitable in rainy seasons because excessive rainfall prevents drainage [191]. Similar 

research on the potential for expansion of irrigated rice under AWD in Burkina Faso shows that the 

entire dry season was suitable for AWD implementation compared to 25–100% of the wet season. 

Additionally, soil percolation is the driver of the variation in irrigated land suitable for AWD in the 

wet season [192]. 

Detailed modelling of soil water dynamics of AWD regimes for different paddy soils is 

important to understand the implications of soil wetting and drying on the paddy rhizosphere and 

ecohydrological properties such as evaporation, transpiration, puddling, water flow, and nutrient 

transport in paddy rice catchments. Numerical models are helpful in determining the optimal WL in 

water pipes or SWP and deciding the irrigation triggering conditions in AWD without performing 

field experiments. These numerical models, including FEMWATER, SAWAH, SWAP, SWAT, and 

HYDRUS, have been adopted to simulate soil-water dynamics in paddy conditions in one, two, or 

three dimensions, basing on hydrological characteristics. While the 1-D SAWAH model cannot 

simulate both horizontal and vertical water movements, a 3-D FEMWATER finite element model was 

developed to differentiate vertical percolation and lateral seepage from surface infiltration for 

varying wet and dry conditions [193]. Similarly, HYDRUS is a comprehensive model that simulates 

soil water flow of AWD regimes due to changes in wet and dry conditions in 1-D, 2-D, or 3D [194]. 

HYDRUS-1D has been applied to simulate water flow, water balance components, and ponding in 

paddy soils under AWD practice while accounting for groundwater capillary rise during the wet 

season [32,195].  
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Long term evaluation of drought (water) stress index in rice fields and its effect on the yields, 

soils, and root architecture of different paddy rice cultivars is vital. Crop water stress index (CWSI) 

is a classic index developed for wet or dry surfaces to capture progressive water stress of different 

crops. Additionally, evaluation of CWSI using an infrared thermometer to measure canopy 

temperature enhances precision irrigation water management, enabling continuous monitoring of 

crop water status by integrating both soil water status and climatic conditions. This application is 

non-destructive, scalable from plant to field conditions, less laborious, and implemented at larger 

spatial or temporal scales compared to other techniques, such as soil moisture sensors [196–199].  

Additionally, improving integrated climate and rice crop (Oryza sativa) models through 

coupled modeling for paddy rice catchments is necessary since rice feeds more people compared to 

other crops [36]. Agricultural water uses and management relies on various factors, such as climatic 

conditions, topography, lithology, soil, management practices, and crop type. Coupling hydrologic 

and crop models is becoming increasingly important for sustainable water management, irrigation 

systems, and alleviating challenges related to data availability. Research on coupling hydrologic and 

crop models is relatively scarce and is still at an early stage of development [216]. Modelling studies 

have shown varying results on rice response to future climate change. Whereas increased night 

temperatures are correlated with declining rice yields [8], several model results suggest that CO2 

'fertilization', i.e., increasing atmospheric CO2 levels that improve crop productivity, may offset yield 

losses from increasing temperatures [217–220].  

Finally, designing an integrated approach for adoption and promotion of AWD technology to 

improve on water management, especially in East Africa, requires: 1) increased funding for research,  

pilot demonstration, and technology transfer of the AWD practice; 2) feasibility analysis of paddy 

rice catchments, ground water resources and integration in irrigation system design planning by 

engineers, administrators, and managers to implement the technology; 3) selection of champion 

farmers as visible examples, thereby promoting farmer to farmer learning approaches; and 4) develop 

partnership with stakeholders and AWD practitioners will facilitates information dissemination to 

more farmers [221]. Improving emission trading, by designing AWD technology as climate smart 

practice based on a clean development mechanism (CDM) of the Kyoto protocol of 1997, will 

accelerate the adoption of the practice. Since the technology involves sustainable, efficient use of 

energy and natural resources, offering win-win options for climate and sustainable development, and 

economic benefit to farmers [153].  
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